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ABSTRACT 

Peripheral nerve regeneration is impaired in diabetes mellitus, but the underlying 

mechanisms are obscure. The first objective was to validate neuropathy in an 

streptozotocin (STZ)-diabetic mouse model. STZ-mice were found to have a reduced 

conduction velocity and fiber loss in distal sural nerves. As duration of diabetes 

increased, tibial fiber caliber became smaller, dorsal root ganglion (DRG) neurons were 

lost, and there was a reduction in epidermal nerve fiber density. Animals that 

unexpectedly reverted to euglycemia 6 months following STZ injection did not 

reconstitute their sensory neuron pool. 

Serial studies of nerve regeneration in diabetic mice demonstrated delays in motor 

and sensory fiber reinnervation with substantial retardation in regrowth of myelinated 

fibers in tibial and sural branches. There was also an associated delay in macrophage 

invasion and later resorption. Early outgrowth studies indicated that regenerating diabetic 

neurites immunoreactive for galanin did not elongate as far as nondiabetics. 

Nerve injury induced upregulation of blood flow was attenuated in diabetic 

proximal and distal stumps as assessed by Laser Doppler flowmetry and hydrogen 

clearance polarography. These reductions were associated with comparatively smaller 

vessels and less angiogenesis. Nitric oxide synthase (NOS) activity was also influenced 

by diabetes. NOS activity was enhanced in intact diabetic nerve. Following axotomy, 

NOS activity increased in diabetic proximal stumps but proportionately more so in 

nondiabetics. Distal stump NOS activity was significantly reduced by diabetes indicating 
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poor NO available for degeneration. Protein expression of iNOS appeared to be higher 

in diabetic proximal and distal stumps but may have been post-translationally modified. 

Diabetic neurons in intact rat L4 DRG were smaller with numbers comparable to 

nondiabetics. However, diabetics lost significantly more sensory neurons by 14 days 

post-axotomy. Diabetics tended to lose predominantly small diameter neurons (<30 um) 

while nondiabetics lost more large diameter neurons (>30 um). Injury-induced 

hyperalgesia was absent in diabetic rats 14 days following axotomy, perhaps related to 

greater neurological damage. 

Diabetic neuropathy may be more appropriately studied in mouse models such as 

the STZ-induced mouse. Diabetes impairs peripheral nerve regeneration by preventing 

injury-induced upregulation of blood flow, altering NOS activity, and making neurons 

more susceptible to cell death. 
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CHAPTER 1: 

GENERAL INTRODUCTION 

The peripheral nervous system (PNS) consists of a series of afférents and efferents 

conveying information to and from the central nervous system (CNS) by means of 

electrical or chemical signals. An interruption of this established pathway, for instance by 

nerve injury, will compromise sensation and muscle movement that may be mediated by 

the involved nerve. Detrimental effects of injury sparked interest when it was realized by 

early 20 century physiologists that peripheral nerves are capable of regeneration, albeit to 

a moderate degree. Santiago Ramon y Cajal estimated that even under superior conditions 

following nerve transection and coaptation (reattachment of proximal and distal nerve 

stumps) only 1$ - V7 of sprouting axons reach the distal stump and continue to grow 

distally (Weiss, 1944). 

Subsequent investigation set forth key elements that must be present for any attempt 

at regeneration. First, injured neurons must sense the extent of axonal damage, survive, and 

initiate an effective metabolic response (Grafstein, 1975). Axonal sprouts must emerge and 

elongate. The growth environment distal to the injury site must be restructured to provide 

sufficient support for regenerating axons (Cajal, 1928). The regenerated axon must then 

reinnervate the proper target assuming the target retains the ability to accept reinnervation 

(Thomas et al., 1987). However, the presence of all facets of regeneration does not 

guarantee complete functional recovery and thus is rarely achieved (Seckel, 1990). 

Regenerative potential can be influenced by a number of factors. The type of injury, 

such that nerve crush results in a faster outgrowth (Thomas, 1964) and a greater 

regeneration rate and accuracy compared to complete transection (Pestronk et al., 1980). 
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Better regeneration tends to be seen following injuries that sever the nerve close to the 

target or with rapid surgical repair (Gordon and Fu, 1997). In addition, age of the 

individual/animal and distance between the proximal and distal nerve stumps will influence 

the degree of functional recovery (Himes and Tessler, 1989b;Buti et al., 1996). 

Minute adjustments in any feature of the regenerative process can either slow or 

prevent outgrowth (Gulati, 1988). The metabolic disorder, Diabetes mellitus, causes 

marked alterations in peripheral nerves leading to the complication of diabetic neuropathy 

(Peltonen et al., 1997;Brewster et al., 1994). It is not surprising then, that diabetes also 

impacts on the regenerative process (Ekstrom and Tomlinson, 1989;Terada et al., 

1998;Bisby, 1980). The neuropathy itself may even be the result from an imbalance 

between excessive axonal degeneration and improper regeneration. 

Despite the large number of people with diabetes mellitus [1.5 - 2.0 million in 

Canada] (Tan and Wornell, 1991) and the damaging effects observed in neuropathy, no 

known mechanisms have been demonstrated to account for the regenerative deficit. The 

objectives of this dissertation are to address whether there are marked regenerative deficits 

in the peripheral nerve of experimental diabetes and whether mechanisms that include 

vascular dysfunction, nitric oxide synthase (NOS) alterations, or retrograde changes in the 

neuron following injury are associated. 

This introduction serves to provide background material relevant to the content of 

the dissertation. I will commence with a brief overview of peripheral nerve structure and 

function, followed by the dynamics of diabetes mellitus and it's experimental forms. 

Further discussion will elucidate the effect of diabetes mellitus on peripheral nerve leading 

to the clinical entity of diabetic neuropathy. The introduction will conclude by reviewing 
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forms of nerve injury seen in clinical settings and used in this dissertation, an overview of 

peripheral nerve regeneration, and the influence of diabetes on this process. 

In the chapters following the introduction I will present data characterizing diabetic 

neuropathy in an experimental mouse model (Chapter 2) with demonstration of an overt 

regenerative deficit in this same model (Chapter 3). The next three chapters examine 

specific aspects of the regenerative process that may be perturbed in the diabetic state such 

as nutritive perfusion (Chapter 4), NOS (Chapter 5), and the retrograde cell reaction of the 

neuron (Chapter 6). The last chapter (Chapter 7) serves to amalgamate previous chapters 

and discuss potential future analysis. 

1.1 STRUCTURE OF THE PERIPHERAL NERVOUS SYSTEM 

1.1.1 Macroscopic Anatomy of Peripheral Nerves 

The PNS is a complex composite of neurons, their supportive connective tissue, 

cellular elements and associated end-organs. It is often divided up into somatic (subserving 

sensory and motor function) and autonomic (controlling visceral activities involving 

smooth muscle, cardiac, and secretory tissues) components. Peripheral nerves, themselves, 

consist of an extensive array of myelinated (MF) and unmyelinated fibers (UMF) 

suspended in a connective tissue matrix. One half of the cross-sectional area of the nerve 

trunk consists of longitudinally arranged areolar connective tissue forming an outer 

covering that is continuous with spinal dura mater, called the epineurium (Sunderland, 

1965). The mesodermally derived epineurial coating is reinforced with variable amounts of 

fat allowing it to serve a protective function against compression. It also contains a 
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longitudinal anastomotic network of arterioles, venules, and the lone lymphatic drainage of 

the nerve (to be discussed in more detail in vascular section). 

Internal to the epineurium resides the perineurium that compartmentalizes nerve 

fibers into densely packed bundles, called fascicles (Figure 1). The perineurial coating 

consists of inner layers of lamellated-squamous like perineurial cells and an outer layer of 

collagen fibers condensed into a lattice of longitudinal, circumferential, and oblique 

bundles (Thomas, 1963). Perineurial cells are linked by either interdigitation of by multiple 

tight junctions resulting in the formation of a diffusion barrier ("blood-nerve barrier") that 

regulates the internal milieu of fascicles (Reale et al., 1975;Allt, 1972). 

Within the fascicles lie the nerve fibers themselves, packed in a 

mucopolysaccharide ground substance with longitudinally-oriented collagen fibrils and 

smaller reticulin fibers collectively called the endoneurium. Due to the tight perineurial 

coating the endoneurium is under mild pressure giving it a circular appearance in cross-

section (Figure 1). 
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Figure 1: Anatomy of a peripheral nerve 

Schematic representation of the composition of a peripheral nerve demonstrating a 

heterogeneous mixture of unmyelinated and myelinated fibers. Connective tissue 

compartments such as the endoneurium, perineurium, and epineurium are also highlighted 

(from Terzis & Smith, 1990). 



6 

1.1.2 Peripheral Nerve Fibers 

As previously mentioned, fibers can be either myelinated (MF) or unmyelinated 

(UMF). The U M F component exceeds the MF subset with some estimates indicating a 4:1 

ratio of U M F to MF (Thomas et al., 1993). Myelinated fibers differ from U M F by their 

large size (l-22u.m), presence of a dedicated array of Schwann cells, and of course a 

myelin sheath. Myelin sheaths are segmented, the junctions between adjacent segments 

corresponding to the edges of adjacent Schwann cell territories with the interruptions in 

myelin referred to as nodes of Ranvier. The nodes allow for quick transmission of impulses 

through a mechanism termed saltatory conduction. In contrast, U M F have a continuous 

Schwann cell sheath with no gap, whereby one Schwann cell will invest several fibers 

forming a Remak bundle. Diameters of U M F are also smaller (0.2-3.0|im) creating higher 

resistance and resulting in further slowing of electrical impulses. 

For ease of use, nerve fibers have been previously classified into 3 groups based on 

caliber- A , B, and C. Group A consists of the large MF with the fastest conduction 

velocities. Due to variability in Group A , further subdivision is based on function (a, p\ y, 

8) but includes both sensory and motor fibers. Preganglionic autonomic fibers make up 

Group B with unmyelinated postganglionic autonomic fibers and sensory for pain and 

temperature making up Group C. 

1.1.3 Microscopic Anatomy of Axonal Structure 

The axon consists of essentially 2 compartments: the amorphous matrix that 

suspends filamentous and membranous organelles- the axoplasm, and the extension of the 

cell membrane- the axolemma. The axoplasm contains such formed elements as 

mitochondria, smooth endoplasmic retícula, multivesicular bodies, and cytoskeletal 
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elements. Ribosomes and golgi complex are absent. The cytoskeleton consists of three 

main types of proteins. The smallest, actin filaments, are found in an oblique array 

associated with the axolemma where they may have a contractile function playing a part in 

intra-axonal transport. They are most conspicuous in the growth cones of actively 

elongating neurites. Neurofilaments are longitudinally oriented and linked together into a 

lattice-like structure. The number of neurofilaments is thought to dictate axon size. 

Microtubules are bipolar structures that are also longitudinally-oriented with their positive 

end distally to the direction of the cell body. They are responsible for the bulk of axonal 

transport and contain the molecular motors (kinesin and dynein subunits) necessary for fast 

anterograde and retrograde transport. 

1.1.4 Accessory Cells 

Nucleated cells are found throughout the peripheral nerve. The list includes 

Schwann cells, fibroblasts, vascular endothelial cells, pericytes, smooth muscle cells, 

macrophages, lymphocytes, and mast cells. Schwann cells are the most numerous and thus 

subserve multiple functions, most notably production of myelin, and assume an amplified 

role following nerve injury. A l l axons are ensheathed and nourished by Schwann cells to 

varying degrees. The Schwann cell basal lamina surrounds axons and is continuous across 

cell junctions to entirely isolate the axon from its surrounding environment. The unique 

relationship between axons and Schwann cells is evidenced in the case that no basal lamina 

is produced in the absence of an axon (Bunge et al., 1982). The role of Schwann cells in 

regeneration is highlighted by their formation of scaffolds for regenerating neurites and 

production of trophic/tropic factors (Bunge, 1993). 
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Fibroblasts are the next most common cell in nerve and are responsible for 

producing the endoneurial connective tissues (Thomas et al., 1992). Perineurial cells have 

been thought to be derived from fibroblasts (Bunge et al., 1989). Leukocytes are fairly rare 

in peripheral nervous tissue with the bulk consisting of resident macrophages that comprise 

only 2-9% of the nerve cell population. Macrophages role in the intact state likely revolves 

around a housekeeping function by ridding the nerve microenvironment of waste or 

degenerating cells. Mast cells are present in every layer and synthesize histamine, 

serotonin, proteases, and other molecules (Thomas et al., 1993). Dorsal root ganglion 

(DRG) neurons are also surrounded by small satellite cells that may function to further 

nourish the perikaryon. 

1.1.5 Vascular System of Peripheral Nerve 

Peripheral nerves depend upon a continuous supply of glucose and oxygen for 

survival (Greene et al., 1979;Heller and Hess, 1959). A dynamic vascular plexus linking all 

layers of the nerve together meets these demands. Essentially, the vascular supply can be 

divided into two integrated but functionally independent components, sometimes referred 

to as extrinsic and intrinsic systems. Segmentally arranged vessels that branch off nearby 

regional arteries and veins form a longitudinal plexus on and within the outer surface of the 

nerve making up the extrinsic system. These epineurial vessels are fenestrated and 

sympathetically innervated. Periodically, epineurial vessels will pierce down into the 

perineurium to represent the beginning of the intrinsic compartment. Perineurial vessels 

take an oblique course into the endoneurium, often carrying a sleeve of perineurial tissue 

with them (Figure 2). It has been thought that perineurial vessels are susceptible to 

compression at this point of entry into the endoneurium (Myers et al., 1986). The 
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endoneurial system is once again longitudinally oriented, but consists of simple capillaries 

with tight junctions that reinforce the blood-nerve barrier (Olsson, 1966). Endoneurial 

vessels are not sympathetically innervated and this system is often thought to operate on its 

own, independent of the epineurial and perineurial compartments. 
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Figure 2: Peripheral nerve vasculature 

A representation of the extrinsic (epineurial) and intrinsic (perineurial and endoneurial) 

vascular system of peripheral nerve. Extensive anastomoses are evident between the 

different nerve compartments, but each system is thought to act independently. A 

perineurial sleeve can be seen carried into the endoneurium. The venous system has not 

been included (from Terzis & Smith, 1990). 



11 

1.2 DIABETES MELLITUS 

"Like water passing through a siphon" 

(One of the first clinical descriptions of diabetes mellitus over 2000 years ago by Arataeus 

of Cappadocia in Asia Minor) 

1.2.1 Clinical Human Spectrum 

Unlike HIV or coronary artery disease, Diabetes mellitus, is an old clinical 

syndrome being described over 2000 years ago and even noticed by ancient Indians in the 

4 t h century BC. In earlier times, diabetes was thought to be relatively uncommon such that 

Galen documented that he had only seen 2 cases in his lifetime. However, over centuries 

the disease slowly progressed and has seen an explosive incidence, particularly over the 

past 2 decades (Amos et al., 1997;King et al., 1998). Globalization of the disease is thought 

to be due to pronounced changes in human environment and lifestyle (ie. thrifty genotype 

hypothesis). It is now estimated that by 2010, 220 million people worldwide will have the 

condition, consisting of a 23% increase in North America alone. Some populations, such as 

the Pima Indians of Arizona and the Sioux Plains Indians of Manitoba/Saskatchewan 

already have a 50% prevalence in adults (Knowler et al., 1978). 

Identification of the pancreas as the origin of diabetes, by von Mering and 

Minkowski in 1889, led to the realization that diabetic individuals possess a deficiency in 

either insulin secretion or sensitivity. Due to the diverse nature of the disease, classification 

of the different disease entities has continued to evolve. Recently, a new etiologic criterion 

was set forth (Alberti and Zimmet, 1998). Two main forms are recognized (Table 1) 

interspersed with a variety of transient (ie. gestational) or secondary forms. 
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Table 1. The two main types of clinical Diabetes mellitus. 

Typel 

a. Destruction of the insulin-secreting (3-cells of the islets of 

Langerhans 

b. Production of little or no insulin by the body 

c. Often immune-mediated pathogenesis 

d. Presence of islet cell autoantibodies with altered frequency of 

immune-regulating genes in the H L A region 

e. Often requires exogenous insulin 

Type 2 

a. No autoimmune phenomena 

b. Insufficient insulin secretion with/without insulin resistance 

c. Does not usually require insulin. Other pharmacological therapies 

(oral anti-hyperglycemic medications) 
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Recently, type 2 (originally thought to be exclusive to adults over age 45) is now 

being detected in children, teenagers, and adolescents perhaps related to the inactive 

lifestyle of today's youth (Fagot-Campagna et al., 2001 ;Rosenbloom et al., 1999). This 

new emergence raises some obstacles since most current therapies for type 2 diabetes (ie. 

anti-hyperglycemic medications) have not previously been approved for use in children. 

Mature-onset diabetes of the young (MODY) is another series of disease entities that has 

quickly gained recognition, differing from type 2 in youth by lack of association with 

obesity and absence of a metabolic syndrome [see below] (Fajans et al., 2001). 

Causative agents that have been conventionally implicated in type 1 diabetes 

mellitus involve a genetic predisposition (MHC H L A class II region on chromosome 6p21) 

(Buzzetti et al., 1998) that can be triggered to disease progression by an environmental 

agent (viral infection- coxsackievirus; early infant diet; toxins; vaccinations; psychological 

stress; and climatic influences) (Ellis and Atkinson, 1996;Dahlquist, 1997;Atkinson and 

Maclaren, 1994). A n interaction of environment and heredity have also been implicated in 

the impaired insulin action evident in type 2 diabetic individuals. However, type 2 diabetes 

also shows a tendency to simultaneously occur with a collection of clinical and 

biochemical features termed metabolic syndrome X (Wajchenberg et al., 1994). These 

features include obesity, hypertension, accelerated atherosclerosis, hypertriglyceridemia, 

and low-serum concentrations of high-density lipoprotein (HDL) cholesterol. Thus a 

similar underlying mechanism may be involved to account for all of these impairments. 

Before the availability of insulin preparations in 1921, survival of diabetic patients 

was measured in weeks. Even though the life of a diabetic is prolonged, achieving adequate 

control of glycemia represents a major and frustrating challenge for the patient and his or 
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her family. On the one hand, fear of severe hypoglycemia limits the chance of the patient 

achieving euglycemia with intensive insulin therapy (1991). On the other, persistent 

hyperglycemia predisposes individuals to microvascular and macrovascular disease, 

retinopathy, nephropathy, and neuropathy. Seventy-five percent of all deaths from diabetes 

today are due to accelerated atherogenesis (Timmis, 2001). Appearance of the 

hyperglycemia-mediated damage can only be delayed or prevented with intensive therapy 

aimed at the difficult-to- achieve, euglycemia (1993). However, even short periods of 

hyperglycemia may cause irreparable damage leading to persistence and progression of 

complications during periods of subsequent normal glucose homeostasis, a phenomenon 

called hyperglycemic memory (Engerman and Kern, 1987) 

Due to the persistent and expected health costs of diabetes treatment (Songer, 

2001), extensive research has been focused on careful screening, prevention, and reversal 

of the disease. Pre-diabetes assays for type 1 are currently available for early detection, but 

remain unreliable. A large-scale trial (European Nicotinamide Intervention Trial) continues 

to examine a preventative therapy (Knip et al., 2000;1995), but once again results do not 

appear to be promising. Recent evidence from the Diabetes Prevention Trial Type-1 (DPT-

1) indicates that the presence of islet cell autoantibodies in diabetic relatives may be 

indicative of future diabetes progression but an established relationship remains complex 

(Yu et al., 2002). Two attractive possibilities for treatment revolve around islet 

transplantion and gene therapy, although shortcomings of each still remain (Lee et al., 

2000;Cheung et a l , 2000;Shapiro et a l , 2000). 
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1.2.2 Experimental Diabetes mellitus 

Animal research in diabetes began with von Mering and Minkowski in 1889 who 

demonstrated that the pancreas secretes hormones that could prevent the appearance of 

hyperglycemia in diabetic dogs (Karasik and Hattori, 1994). However, it was Banting, 

Best, & Collip's use of dogs to yield a useful insulin preparation that highlighted the value 

of an animal model in diabetic research (Bliss, 1982;Banting et al., 1922). 

Some animals develop diabetes spontaneously such as the non-obese diabetic 

mouse (NOD mouse) and the Biobreeding (BB) rat (Strandell et al., 1990;Colle et al., 

1981), both providing clues to understanding the genetic basis of the disease (Hattori et al., 

1986). However, insulin is often required to maintain the animals (Karasik and Hattori, 

1994) and since insulin is thought to exert direct growth-promoting effects on nerves in 

vivo (Xue et al., 1988;Kuntz and Oesterle, 1998;Singhal et al., 1997;Cheng et al., 1997) 

any investigation of nerve regeneration could be complicated by insulin supplementation. 

Experimentally-induced diabetes can be nutritionally-invoked (i.e. the sand rat) and 

thus transient (Schmidt-Nielsen et al., 1964), virally-mediated (i.e. Reovirus type 1) 

(Onodera et al., 1982) or chemically-induced (i.e. alloxan or streptozotocin). Chemical 

approaches typically result in selective destruction of the pancreatic islets leading to a 

deficiency in insulin production. Streptozotocin (STZ) is a nitrosamide initially isolated 

from the soil organism Streptomyces archromogenes and now used extensively to produce 

diabetes in experimental models (Rakieten et al., 1963). 

Typically, the effective diabetogenic dose of STZ is usually lA the lethal dose in the 

fasting state (Gold et al., 1981). STZ is of particular interest because it causes apoptosis of 

pancreatic beta cells without disturbance of glucagon-producing alpha cells (Junod et al., 
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1967;0'Brien et al., 1996). As a result, an inflammatory infiltrate creates pancreatic lesions 

that closely resemble those in type 1 (Karasik and Hattori, 1994). In fact, some believe that 

the STZ mouse model mimics recent-onset type 1 in human patients (Cepts, 

1965;Eisenbarth, 1986). However, it also exhibits features of type 2 since exogenous 

insulin is not required for the survival of the animals. 

Despite its potential carcinogenicity, STZ is selectively taken up by glucose-

sensing-cells [likely because the chemical contains glucose in its structure (Wilson et al., 

1988)] unlike its counterpart, alloxan, which may induce extraneous lesions in kidney and 

liver (Vargas et al., 1970;Lenzen and Mirzaie-Petri, 1992). Due to its specificity for beta 

cells the STZ model has served as a primary focus in diabetes research in the last decade 

and will be used in this dissertation. Advantages and disadvantages of STZ are presented in 

Table 2. 
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Table 2. Advantages and disadvantages of using streptozotocin animal models in 
research. 

A D V A N T A G E S 
Type Reference 

1. Relatively permanent and stable disease duration in higher mammals (i.e. can 
maintain an STZ animal for 1-2 years). 

Zemp et al., 
1981 

2. Symptoms of animal resemble the human patient (i.e. hyperglycemia, 
glycosuria, polyuria, and polydipsia). 

Cameron, 
Cotter et al., 
1991 

3. Eliminates need for continuous insulin supplementation. 
4. Highly specific to pancreatic P-cells Wilson, 

Hartig et a l , 
1988; 
Rakieten et 
al., 1963 

5. Pancreatic lesions are produced very rapidly (visible within 2 hours by electron 
microscopy and 24 hours by light microscopy). 

Junodetal., I 
1967 

6. STZ animals possess normal levels of ketones, plasma free fatty acids, 
glycolytic intermediaries, glycogen, and citrate (these are all increase with 
alloxan treatment). 

Mansford & 
Opie, 1968 

7. The nerves of STZ animals have similarities to human uncontrolled diabetes 
(i.e. resistance to ischemic conduction failure, reduction in N C V , axonal 
degeneration, demyelination, and accumulation of sorbitol & fructose) 

Jaramillo et 
al., 1985; 
Eliasson et 
al., 1964; 
Bestetti et 
al., 1981 1 

DISADVANTAGES 
Type References 

1. Susceptibility of animals to STZ is sex and strain dependent. Rossini et 
al., 1977 

2. Susceptibility decreases with advancing age of animals. Masiello et 
al., 1979 

3. Animal mortality with STZ injection. Personal 
observation 

4. Murine models show high relapse rate after 6 months. Personal 
observation 

STZ, streptozotocin; N C V ; nerve conduction velocity 
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1.3 DIABETIC NEUROPATHY 

"I am not talking about burning feet but BU-U-U-RNING feet" 

(Anonymous submission to an internet bulletin on diabetic neuropathy) 

Chronic hyperglycemia creates dynamic changes in numerous organ systems 

including the PNS and CNS (Pulsinelli et al., 1983;Pozzessere et al., 1991). Alterations in 

the peripheral nerve microenvironment lead to the most common form of neuropathy in 

developed countries of the world, diabetic neuropathy. The condition is associated with 

more hospitalizations then all the other diabetic complications combined and is responsible 

for 50-75% of nontraumatic amputations (Caputo et a l , 1994). Unfortunately, peripheral 

nerve involvement is common in diabetic patients. In two population-based studies, the 

Rochester Diabetic Neuropathy Study (Dyck et al., 1993) and the Pittsburgh Epidemiology 

of Diabetes Study (Maser et al., 1989), 45 and 58% of type 1 patients over the age of 30 

years had neuropathy, respectively. Prevalence rates are noted to rise even further with 

advancing age of the patient (Greene et al., 1997) and when one includes subclinical 

evidence in prevalence estimations then the frequency rises to 90% of all diabetics (Vinik 

et al., 1992). 

1.3.1 Clinical Features of Diabetic Polyneuropathy 

A large proportion of diabetic patients seen for routine diabetic care likely have 

neuropathy to some extent but the diagnosis is often overlooked due to uncertainty in the 

presentation of the syndrome. Diabetic neuropathy is actually composed of several 

syndromes, each involving a combination of sensory, motor, and autonomic nerve fiber 

abnormalities (Brown and Asbury, 1984). Each case presents with differing anatomic 

distribution and clinical course (Mayne, 1968). For clarity, classification schemes have 
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been developed for the various forms of neuropathy seen in clinical practice. Thomas & 

Tomlinson (1993) provided the following: 

A. Symmetrical Distal Polyneuropathies 

i) Sensory or sensorimotor polyneuropathy 

ii) Autonomic neuropathy 

iii) Symmetrical proximal lower limb motor neuropathy 

B. Focal and Multifocal Neuropathies 

i) Cranial neuropathy 

ii) Trunk and limb mononeuropathies 

iii) Entrapment neuropathies 

iv) Ischemic nerve injury 

v) Asymmetrical lower limb motor neuropathy 

C. Mixed Forms 

Discussion in this segment will focus on the most common of these neuropathies, the 

sensory or sensorimotor polyneuropathies. 

Early polyneuropathy may be asymptomatic but it quickly can progress into a 

disorder with sensory signs and symptoms occurring in a proximo-distal gradient starting in 

lower extremities. Negative (decreased or absent function) neuropathic symptoms may 

include distal loss of light touch and pain, reflecting dysfunction in small myelinated and 

unmyelinated fibers. Large fiber degeneration results in loss of vibration and 

proprioceptive sensation, progessing to sensory ataxia and balance disturbances in severe 

cases. The overall reduction in sensation leads to the perception of numb feet, often 

predisposing individuals to unrecognized foot lesions and ulcerations. If left untreated, 
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lesions can progress to gangrene and limb loss. Evidence indicates that neuropathy 

increases the risk of amputation 1.7 fold, normally, but 36-fold i f there is previous 

ulceration (Armstrong et al., 1998). 

Despite the sequelae of negative symptoms, patients most often complain about the 

positive sensory symptoms of neuropathy. These range from non-painful (tingling, 

prickling, "ants crawling over or under the skin") to excruciatingly painful (needle or knife

like sticks, burning, aching, unremitting pulses of pain). Patients may also report 

discomfort to mere touch (allodynia) and innocuous thermal stimuli (hyperalgesia). Motor 

involvement with frank weakness is less common, but may present as diminished or absent 

stretch reflexes (particularly ankle reflexes) and muscle weakness. Frequently motor 

symptoms arise late in the course of neuropathy. 

The disturbing circumstances of neuropathy can be associated, 

electrophysiologically, with a reduction in sensory potential amplitudes (SNAPs), slowing 

of motor and sensory conduction velocity (CV), absent tibial H-reflexes, and slowing of 

spinal somatosensory conduction (Lamontagne and Buchthal, 1970;Gupta and Dorfman, 

1981;Zochodne, 1999). Further neuropathy may produce déclinées of compound muscle 

action potentials (CMAPs) with evidence of distal denervation (ie. fibrillations in the feet). 

The frequent disturbances observed in diabetic neuropathy have made early detection of 

peripheral nerve involvement important to treatment. 

1.3.2 Pathological Findings in Diabetic Polyneuropathy 

(a) Peripheral Nerve 

Typically, diabetic patients are most often identified with prolonged hyperglycemia 

and symptomatic neuropathy. Pathologic findings were first noted in 1887 in a diabetic 
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patient with foot ulcers (Pryce, 1893). Changes at that time included diminished plantar 

terminations of the sciatic nerve and a pathological discoloration of the dorsal horn of the 

lumbar spinal cord (Pryce, 1893). Intra-axonal transport of proteins is affected which may 

lead to decreased neurofilament transport and thus reduced axonal caliber, especially in 

long axons (Cleveland et a l , 1991;McLean, 1997). Reduced transport of cytoskeletal 

components could produce the axonal dwindling also observed by Pryce and others 

(Jakobsen, 1976;Pryce, 1893). Experimental diabetes does not always mirror some aspects 

of human diabetes. Human disease demonstrates axonal degeneration of myelinated (Dyck 

et al., 1986b) and unmyelinated fibers (Martin, 1953;Malik, 1997) combined with 

demyelination (Thomas and Lascelles, 1966). Both pathologies are also observed in 

experimental animals (Jaffey and Gelman, 1996;Dockery and Sharma, 1990) (see Table 3). 

Demyelination could contribute to the reduced conduction velocity (Yagihashi et al., 

1993;Trojaborg, 1996) especially since there may also be a decrease in fiber size (Behse et 

al., 1977;Ward et al., 1971;Sindrup et al., 1989;Jakobsen, 1979;Yagihashi et al., 1990a) in 

a proximo-distal gradient (Medori et al., 1988). Regenerative clusters can also be 

frequently seen in neuropathic nerve. An overall reduction in axonal caliber, however, is 

still debated in humans (Dyck and Giannini, 1996a). Llewelyn (1995) reasoned that there 

was only a reduction in mean axonal diameter of UMF. Patients with diabetic neuropathy 

are also reported to have a severe depletion of small MF and U M F within the skin 

epidermis, with loss being more severe in patients with longer diabetic histories (Levy et 

al., 1989;Properzi et al., 1993) and greater extent of neuropathy (Kennedy et al., 1996). 

However, loss of epidermal fibers does not seem to be characteristic of neuropathy in STZ-
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rat models (Dr. A . Hoke, personal communication). Differences are also observed between 

different experimental models (Table 3). 
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Table 3. A comparison of peripheral nerve involvement in different experimental 
diabetic animal models (adapted from Sima & Sugimoto, 1999). 

STZ rat BBAV rat db/db 

mouse 

BB/Z D R 

rat 

Nerve conduction velocity 
deficit 

+++ +++ + + 

Axonal atrophy ++ +++ + + 

Axoglial dysj unction f ++ +++ — — 

Paranodal demyelination ++ +++ + + 

Segmental demyelination + + ++ ++ 

Wallerian degeneration + + ++ ++ 

Fiber loss — ++ — — 

+ -mild; ++ = moderate; +++ =severe; — =absent 

STZ and BB/W rats are examples of type 1 diabetes. 
db/db mice and BB-ZDR rats are examples of type II diabetes. 
f still debatable whether this really occurs (Dyck and Giannini, 1996b) 
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An inefficient metabolism of myelin, characterized by poor incorporation of 

isotopie precursors [i.e. D L - (1- 1 4C) leucine and (1- 1 4C) sodium acetate] into myelin 

components, can lead to poor maintenance of myelin sheaths of fibers thereby contributing 

to conduction deficits (Spritz et al., 1975). Macrophages have also been noticed actively 

splitting myelin early after introduction of diabetes in rats (Conti et al., 2002;Tamura and 

Parry, 1994) suggesting an immune mechanism may also be at work (also discussed in 

A G E section). 

Important neuropeptides such as substance P, vasoactive intestinal polypeptide 

(VIP), and calcitonin gene-related peptide (CGRP) are reduced in experimental diabetic 

nerves and dorsal root ganglia (DRG) (Willars et al., 1989;Diemel et al., 1992;Anand et al., 

1988). However, as expected, elevated levels of glucose, sorbitol, and fructose are present 

in the nerve (Gabbay et al., 1966) but can be normalized with insulin (Britland and Sharma, 

1990). A leaky blood nerve-barrier in diabetic nerve combined with impaired Na-K-

ATPase acitivity can elevate intra-axonal concentrations of elements such as N a + and Ca + . 

Accumulations of N a + and Ca + can create cellular damage through activation of 

degradative cell processes such as Ca+-dependent phospholipases and proteases, and by 

interfering with mitochondrial energy metabolism (Lowery et a l , 1990;Trump et al., 

1989;Peltonen et al., 1997). Structural integrity of fibers may be also be influenced by 

persisting microvascular abnormalities, sometimes seen in diabetics (discussed in 

microangiopathy section). 

(b) Dorsal Root Ganglia (DRG) 

Due to the predominance of sensory symptoms in diabetic polyneuropathy, the 

D R G might be targeted early in diabetes. Perikaryal volume of DRG's were noted to be 
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reduced (Sidenius and Jakobsen, 1980) while there are also decreased fiber numbers in 

spinal roots (Tamura and Parry, 1994) of experimentally diabetic rats. Vacuolar 

degeneration was initially thought to be more prevalent in diabetic DRG (Sasaki et al., 

1997) may be artefactual related to postmortem mitochondrial swelling. One of the lone 

postmortem pathological studies of human D R G in diabetes did demonstrate specific 

pathological abnormalities (Greenbaum et al., 1964). 

Russell et al (1999) demonstrated apoptosis in diabetic DRG's (34% of cells) 

presumably sparked by a reduction in mitochondrial membrane potential, leakage of 

cytochrome C, and subsequent caspase-3 activation. Kishi et al (2001) also found that 

T U N E L positivity (an indicator of apoptosis) occurred at a rate of 12% at 12 months of 

diabetes in rats. Despite evidence for susceptibility to cell death, stereological counts have 

yielded no loss in total D R G neurons from rat models (Kishi et al., 2002;Zochodne et al., 

2001b). However, there was a reduction in the proportion of large neurons, perhaps 

indicating neuronal shrinkage (Kishi et al., 2002; personal observations) that relates to the 

reduced perikaryal volume originally observed by Sidenius & Jakobsen (1980). The 

reduction in size could reflect aberrant neurofilament phosphorylation (Femyhough et al., 

1999) combined with a decrease in synthesis of cytoskeletal proteins in STZ-rats (Scott et 

al., 1999). 

Increased hyperexcitability of D R G neurons has been implicated in chronic pain 

states and may apply to diabetic polyneuropathy (Study and Krai, 1996). Diabetic neurons 

do possess altered expression profiles of N a + (Baker and Wood, 2001) and pain-sensitive 

Ca + channels (Yusaf et al., 2001). Increased expression of certain subunits of Ca+channels 
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may lower the response threshold to nociceptive stimuli (Malmberg and Yaksh, 1994) 

without an overt loss of neurons. 

1.3.3 Pathogenesis of Diabetic Polyneuropathy 

The underlying cause of diabetic polyneuropathy remains a controversial enigma 

with little resolution in sight. Five of the most prominent hypotheses center around the role 

of polyol flux, microangiopathy/ischemia, neurotrophin deficiency, excessive protein 

glycosylation, and heightened oxidative stress. It remains, however, that none of the 

conjectures can completely account for the numerous pathologies evident in neuropathic 

patients. As a result, the general consensus seems to be that the progression of neuropathy 

is multifactorial involving metabolic and structural changes on a genetically-susceptible 

background. 

(a) Polyol Pathway and Myoinositol Depletion Hypothesis 

Ingested glucose is normally destined for glycolysis and the citric acid cycle to 

drive production of ATP. Normally, a very small percentage of glucose is also shunted into 

the polyol pathway whereby it is metabolized into sorbitol and eventually fructose (Figure 

3). When intracellular stores of glucose increase (hyperglycemia) there is an increase in 

enzymatic conversion of glucose to sorbitol, perhaps related to glycolysis-related 

glucokinase deficits. Sorbitol does not diffuse readily out of cells and accumulates resulting 

in compensatory depletion of other osmolytes, most notably myoinositol and taurine 

(Stevens et al., 1993). 
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Figure 3: Polyol pathway 

The polyol pathway resulting in the conversion of excess glucose to sorbitol by aldose 

reductase and later to fructose catalyzed by sorbitol dehydrogenase. Some treatments for 

diabetic neuropathy have focused on inhibiting aldose reductase and the accumulation of 

sorbitol. 
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Myoinositol is a key component of phosphatidylinositol (Gould, 1976b) that is 

responsible for the maintenance of the transmembrane ionic gradient and conduction of 

electrical impulses through activation of Na-K-ATPase (Mandersloot et al., 1978), 

secondary to increased activity of PKC (Xia et al., 1995). Na-K-ATPase activity is noted to 

be decreased in diabetic nerves and may contribute to conduction impairments through 

intra-axonal N a + accumulation (Greene and Winegrad, 1981;Greene and Lattimer, 

1983;Greene et al., 1987a;Engerman et al., 1994), inactivation of N a + channels, and 

possible N a + channel migration away from nodes of Ranvier (Cherian et al., 1996;Greene 

et al., 1987a) 

A more potent alteration induced by excessive polyol flux is a decrease in 

N A D P H : N A D P + and N A D H : N A D + ratios. N A D P H is required for regenerating the anti

oxidant glutathione and serves as a co-factor in generation of the vasodilator nitric oxide 

(NO) (Stevens et al., 1994). A diabetic deficiency in N A D P H will make the nerve 

susceptible to oxidative and ischemic damage. Oxidative changes are already accelerated 

simply by the accumulation of sorbitol, so further reductions in anti-oxidant activity creates 

a toxic milieu for peripheral nerve fibers and accessory cells. 

The polyol hypothesis has been supported by studies utilizing myoinositol 

supplementation resulting in improvements in nerve conduction in STZ-rats (Greene et al., 

1982;Greene et al., 1987b). High aldose reductase (AR) protein levels have also been 

identified as an independent risk factor for diabetic polyneuropathy in type 1 and type 2 

diabetes (Ito et al., 1997). Furthermore, mice overexpressing human A R report decreased 

conduction velocities and MF caliber that can be reversed with an aldose reductase 



29 

inhibitor (ARI) (Yagihashi et al., 2001). Functional deficits also happen to be absent in 

diabetic AR-knockout mice (Ho et al., 2000). 

Disfavor of the polyol mechanism is attributed to a number of observations. First, 

administration of ARI's do not always reverse experimental conduction impairments while 

agents that do not influence myoinositol or Na-K-ATPase (e.g. alpha-adrenergic receptor 

blockade) can improve nerve conduction (Cameron et al., 1991;Cameron et al., 

1992;Fagius et al., 1985;Lewin et al., 1984). Despite efficacy in animal models, human 

ARI trials have demonstrated limited benefits (Pfeifer et al., 1997). Galactose neuropathy 

(another model of diabetes) possesses increased aldose reductase and dulcitol (galacticol) 

levels but increased Na-K-ATPase activity (Calcutt et al., 1990). Genetically diabetic mice 

accumulate only low polyol concentrations in nerve, but yet still develop neuropathy 

(Bianchi et al., 1990). On top of this, sorbitol levels may actually diminish as neuropathy 

progresses in diabetic BB/W rats (Sima et al., 1996). Another drawback of the polyol 

hypothesis is that it does not explain axon loss in diabetic neuropathy but only the 

conduction impairments. Overall, the polyol hypothesis does not seem to be an essential 

pathogenetic mechanism in diabetic neuropathy but likely serves as a stress factor 

predisposing the nerve to marked changes induced by other catalysts (ie. advanced 

glycosylation and oxidative stress). 

(b) Neurotrophin Deficiency 

Synthesis of growth factors, especially nerve growth factor (NGF) (Hellweg and 

Hartung, 1990;Faradji and Sotelo, 1990) and insulin-like growth factor (IGF-1) (Ishii, 

1995a;Zhuang et al., 1997) are decreased in target cells of diabetic sympathetic, sensory, 

and motor (IGF-1 only) neurons. A corresponding increase in soluble binding proteins (ie. 
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IGFB-1) further complicate neurotrophin efficiency (Crosby et al., 1992). Axonal transport 

impairments, which are thought to occur in diabetics will also limit delivery of growth 

factors to the cell body (Jakobsen et al., 1981;Tomlinson and Mayer, 1984;Lee et al., 

2001;McLean and Meiri, 1981;Larsen and Sidenius, 1989). 

If trophic factors are involved in the pathogenesis of diabetic neuropathy then their 

functions, such as proper maintenance and regeneration of peripheral nerves, as well as 

support of dorsal root ganglion (DRG) cells may be altered (Zochodne, 1996;Maggirwar et 

a l , 1998;Heumann et a l , 1987). Diabetic subjects have been demonstrated to have 

detectable abnormalities of temperature sensitivity and axon reflex vasodilatation, 

suggesting early dysfunction of NGF-responsive small sensory and autonomic fibers, prior 

to onset of overt polyneuropathy (Anand et al., 1996). However, neurotrophin-3 (NT-3) 

levels are increased in skin biopsies from patients with diabetes but may reflect a 

compensatory mechanism from skin denervation (Kennedy et al., 1998). Some contest, 

however, that NGF may not be required for maintenance of DRG neurons, but this has 

been mainly confined to in vitro evidence (Lindsay, 1988). 

Trophin therapy has proven of benefit in some experimental diabetic models in 

restoring peripheral nerve morphometry (fiber and myelin calibers; CGRP and substance P 

levels in DRG and dorsal horn of spinal cord), function (i.e. sensory C-fiber amplitude) 

(Unger et al., 1998b;Elias et al., 1998) and enhancing regeneration (Ishii, 1995b;Ishii and 

Lupien, 1995). ARI's may also conceivably obtain some benefit in neuropathy by elevating 

synthesis of NGF (Ohi et al., 1998). Nevertheless, human recombinant NGF (rNGF) 

therapy was well tolerated by human subjects but yielded no benefit in neuropathic patients 

(Apfel, 2001). 



31 

(c) Microangiopathy and Ischemia 

The vascular system ensures a continuous supply of glucose and O2 to nerves for 

survival (Leone and Ochs, 1978;Heller and Hess, 1959). Other cellular elements such as 

Schwann cells, fibroblasts, macrophages, and mast cells also require O2 to function 

(Lundborg and Branemark, 1968). Blood flow is not autoregulated so nutritive supply to 

the peripheral nerve must depend on blood pressure as well as viscosity and also remain 

sensitive to vasoactive factors that serve to influence vessel diameter (Simpson, 1988). 

Diabetes may influence blood flow and the nutrient supply to nerves. 

Structural abnormalities in vessels will limit flow. Diabetic nerve microvessels do 

exhibit basement membrane thickening (due to accumulation of type IV collagen) and 

endothelial cell hyperplasia (Malik, 1997) which increase with severity of neuropathy 

(Malik et al., 1989). Intimai and smooth muscle cell proliferation and capillary closure may 

contribute to microvascular changes in diabetes (Stevens et al., 1995). Diabetic endoneurial 

vessels appear to be more diseased (i.e. more enhanced basement membrane thickening and 

reduced luminal area) than epi- and perineurial components (Malik et al., 1993). However, 

vascular luminal areas still appear to be increased in experimental animals (Zochodne and 

Nguyen, 1999a;Sugimoto and Yagihashi, 1997). 

Abnormal vascular properties in experimental diabetic neuropathy may reduce 

nerve O2 tension (Tuck et al., 1984) leading to either hypoxic or ischemic (i.e. multifocal 

fiber loss) damage (Dyck et al., 1986a;Sima et al., 1988b). Support for this contention 

derives from mild neuropathies acquired in hypoxic patients with chronic obstructive 

airway disease (Benstead et al., 1988;Appenzeller et al., 1968) and from nerve 



32 

abnormalities (decreased motor conduction velocity and reduced substance P in DRG) in 

rats reared in hypoxic environments (Smith et al., 1991). 

Hemorheological changes in diabetes such as elevated blood viscosity, red cell 

aggregation, and fibrinogen levels (Schmid-Schonbein and Volger, 1976;Bauersuchs et al., 

1989) may result in occlusion of vessels by platelet thrombi (Stevens et al., 1995). These 

previous factors may also be the cause of hypoxia that is consistently found in peripheral 

nerves and ganglia of early experimental and human disease (Zochodne and Ho, 

1992c;Tuck et al., 1984;Newrick et al., 1986). Increases in vasoconstricting thromboxanes 

(i.e. PGH2, TxA2, and PGF2) with a reduction in vasodilating agents (i.e. prostacyclin) may 

further predispose diabetic nerves to ischemia (Ward et al., 1989;Shimizu et al., 

1993;Harrison et al., 1978). 

Other endothelial dependent mechanisms are altered in diabetics. Decreased basal 

release of nitric oxide (NO) combined with NO-quenching by advanced glycation end-

products contributes to poor vasodilatation and a rigid vascular tone (Pieper, 1998;Kihara 

and Low, 1995). Furthermore, diabetic nerves may possess elevated circulating levels of 

the vasoconstrictor, endothelin-1 (Takahashi et al., 1990;Chakrabarti et al., 2000). These all 

indicate a fragile state of nutritive perfusion in diabetic nerve. 

Some groups have provided evidence that early reductions in endoneurial perfusion 

may account for experimental diabetic neuropathy with improvement of neuropathy indices 

(ie. N C V and blood flow) by vasodilator treatment (Cameron et al., 1992;Yasuda et al., 

1989;Cameron et al., 1991;Cameron and Cotter, 2001). Other groups, including ourselves, 

have failed to detect evidence of ischemia even after 11 months of diabetes (Zochodne and 

Ho, 1993b;Zochodne and Ho, 1994;Zochodne et al., 1996;Williamson et al., 1990;Pugliese 
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et al., 1989;Ido et al., 1997). Theriault et al (1997) also found no observable change in sural 

nerve blood flow in patients with mild diabetic neuropathy. The discrepancies between 

investigators may revolve around physiological differences such as blood flow recording 

temperature or other factors. There does seem to be some clear evidence that ischemia may 

play a role in diabetic neuropathy but it could develop in parallel to a neuropathic insult, 

(d) Advanced Glycosylation 

Reducing sugars that accumulate in diabetic nerve such as glucose, fructose, or 

galactose initially react with free amino groups of proteins, lipids, or nucleic acids to from 

early and reversible products such as Schifi bases or Amadori adducts (Figure 4). With 

time, these unstable products undergo chemical rearrangement to form irreversible 

advanced glycosylation end-products (AGE's) that accumulate in experimental and human 

nerve (Vlassara et al., 1981;Vlassara et al., 1983). AGE's preferentially form on proteins 

with low turnover rates, such as collagen type IV in the basement membrane of vessels and 

collagen type I, resulting in decreased elasticity of and perhaps impaired nerve blood flow 

(Feldman et al., 1997;Greene et al., 1999a;Charonis and Tsilbary, 1992). AGE ' s can also 

target cytoskeletal elements such as tubulin, neurofilament, and actin creating alterations in 

axonal structure and transport (by reducing efficiency of transport motors on glycated 

microtubules) leading to atrophy (Cullum et al., 1991;McLean et a l , 1992). Schwann cell 

myelin protein 0 (PO) and myelin basic protein (MBP) can also be modified by AGE's , 

predisposing them to immune attack through A G E receptors on macrophages (Vlassara et 

al., 1985). These same A G E receptors, when activated, can amplify inflammatory reactions 

through Nf-KB mediated synthesis of the cytokines interleukin-1 (IL-1), tumor necrosis 

factor-alpha (TNF-a), and transforming growth factor-beta (TGF-P). Glycation of laminin 



34 

on Schwann cell basal laminae can further dampen nerve regeneration (Federoff et al., 

1993). Glutathione may also be reduced upon activation of A G E receptors. 

As with all of the other postulated mechanisms, evidence for involvement stems 

from selective inhibition of the pathological process. True to form, aminoguanidine 

treatment (inhibits A G E formation) results in improvement in nerve conduction velocity 

(NCV) in experimental diabetic models (Schmidt et al., 1996). In vitro studies using 

cultured spinal motor neurons have shown a protective effect from reactive dicarbonyl 

compounds using aminoguanidine (Shinpo et al., 2000). Systematic human trials of 

aminoguanidine in diabetic neuropathy may be attempted in the near future since 

preliminary evidence examining its role in experimental and clinical diabetic nephropathy 

demonstrated a significant reduction in total urinary protein and slowed the progression of 

renal damage (Singh et al., 2001;Soulis et al., 1996;Abdel-Rahman and Bolton, 2002). 

However, aminoguanidine can be toxic which will argue for the use of a closely related-

derivative. 
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Figure 4: Advanced glycosylation end-product formation 

The sequence of chemical rearrangements leading to the formation of advanced glycation 

end-products (AGE's). High levels of glucose form on amino groups of proteins creating 

reversible early products such as Schiff base adducts (N-glucosylamine) and Amadori 

products (1-Amino 1-deoxyketose) that eventually give rise to irreversible AGE ' s (adapted 

from Brownlee, 1997) 
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(e) Oxidative Stress (OS) 

Diabetes is thought to result in the increased production of reactive oxygen species 

(ROS), most notably superoxide and hydrogen peroxide (by glucose autooxidation & 

protein glycosylation) (Figure 5) (Ceriello and Giugliano, 1997). Reduced levels of 

circulating antioxidants including ascorbic acid, platelet vitamin E, and taurine in 

experimental and human diabetes further complicate matters (Van Dam et al., 1999). 

However, the gene expression of key peripheral nerve antioxidants, such as glutathione 

reductase and glutathione peroxidase, are not altered in long-term diabetic rat nerve 

indicating posttranslational modification (Kishi et al., 2001). As mentioned previously, 

glutathione regeneration is also compromised by limited amounts of N A D P H . The defects 

in antioxidants presents an environment that is vulnerable to unchecked ROS resulting in 

the accumulation of oxidative stress (OS) byproducts (malondialdehyde, conjugated dienes, 

and lipid hydroperoxides) (Low and Nickander, 1991;Obrosova et al., 2001;Kihara et al., 

1991). 

Increased levels of ROS lead to increased peroxidation of lipid membranes, 

proteins, and D N A with deleterious consequences for cell function and structure. 

Endothelial cell function and vascular reactivity could also be targeted by ROS 

contributing once again to impaired blood flow and oxygenation in nerve. Vasoconstriction 

could be promoted through a combination of ROS-increased production of angiotensin and 

endothelin-1 and decreased endothelium-dependent relaxation (Hallab et al., 1992). Most 

importantly, ROS also impairs the glycolytic and mitochondrial phosphorylation of ADP, 

leading to ATP depletion and eventual cell death (Hyslop et al., 1988). 
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Figure 5: Free radical formation 

Sequence of the formation of radicals and the ROS scavenging system. In reaction (I) 

superoxide O2" is reduced to form hydroxyl radicals OH". In (III) superoxide O2" is reduced 

to H2O2 in the presence of superoxide dismutase (SOD), which is further reduced to water 

and molecular oxygen by catalase (CAT). Of interest for neuropathy is that in (V) H2O2 is 

reduced by reduced glutathione (GSH) in the presence of glutathione peroxidase (GPX). 

Oxidized glutathione (GSSG) that is formed is reduced back to reduced glutathione in the 

presence of glutathione reductase (GR) and N A D P H (VI). N A D P H is believed to be 

depleted in diabetic nerve thus hampering regeneration of glutathione. Peroxyl radicals 

(ROO") are reduced by vitamin E (vit E-OH) (VII) and oxidized vitamin (vit E-O") is 

reduced by ascorbic acid (AseAH) (from Sima and Sugimoto, 1999). 
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In line with oxidative stress causing neuropathic abnormalities, antioxidants such as 

butylated hydroxytoluene, probucol, and lipoic acid reverse nerve ischemia and restore 

normal blood flow and nerve conduction velocity (NCV) in STZ-rats (Greene et al., 

1999b). Glutathione supplementation prevents the onset of diabetic neuropathy but is less 

effective in ameliorating established disease (Greene et al., 1999). However, oxidative 

stress is again not likely the only pathogenic factor operating in diabetic neuropathy 

because artificial induction of oxidative stress through addition of pro-oxidants to normal 

rats failed to create a deficit (ie. reductions in N C V , NGF, SP, NPY) as severe as that 

traditionally seen in STZ-rats (Hounsom et al., 2001). 

A l l of the mechanisms attempt to explain various aspects of neuropathy. They could 

all interact, individually influencing different stages of the disease course, or collectively 

reinforce each other. Theoretically, generation of ROS could influence other mechanisms. 

For instance, overexpression of manganese superoxide dismutase (MnSOD; mitochondrial 

version of SOD) was able to abolish the signal generated by ROS and completely 

prevented polyol pathway flux and increased A G E formation (Brownlee, 2001). 

Additionally, the antioxidant alpha-lipoic acid can prevent nerve blood flow deficits (in a 

dose-dependent fashion) in diabetics, while also preventing reductions in glutathione (Low 

et al., 1997). The radical peroxynitrite has been demonstrated to hamper NGF induced 

phosphorylation of trkA and thus NGF signalling (Jonnala and Buccafusco, 2001). 

Furthermore, free radicals (such as hydrogen peroxide) can reduce CREB phosphorylation 

induced by growth factors (Zhang and Jope, 1999). Taurine supplementation, which also 

counteracts oxidative stress, attenuates NGF deficiencies in diabetic nerves (Obrosova et 

al., 2001). 
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1.3.4 Treatment of Diabetic Polyneuropathy 

"All we can do for diabetic neuropathy is make the diagnosis and 

commiserate with the patient" (the Lancet, 1994) 

The previous quote is not that far from the truth. Only palliative treatments are 

presently available for neuropathy. The best alternative is to achieve euglycemia. Results of 

numerous studies, including those by Pirart (1978), Ziegler (1991), and definitively shown 

in the DCCT (1993) is that excellent glycémie control prevents or delays the onset of 

neuropathic symptoms. However, polyneuropathy still appeared in up to 7% of patients in 

the DCCT despite intensive therapy and it is unsure whether euglycemia benefits can 

accrue to patients with more advanced disease course. Furthermore, normalization of 

glycemia through pancreas transplantation resulted in only stabilization of nerve function 

(as assessed electrophysiologically) in diabetic patients and did not achieve significance 

(vs. nontransplanted patients) until 42 months after transplantation (Navarro et al., 1997). 

Painful neuropathy may respond to tricyclic antidepressants (ie. amitriptyline & 

nortriptyline) and anticonvulsants (ie. gabapentin & carbamazepine) (Backonja et al., 

1998;McQuay et al., 1996). However, as with many disease treatment is very 

individualistic but most have provided limited efficacy. Not for the lack of effort, many 

conventional and alternative therapies have been attempted (Table 4). 
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Table 4. List of treatments attempted for diabetic neuropathy 

Medications/Treatments Attempted 

Non-opioid drugs (amitriptyline, gabapentin, mexiletine hydrochloride, tramadol, 

phenytoin, clonazepan, carbamazepine, clonidine, baclofen 

Other analgesics (acetaminophen, NSAIDS) 

Topical medications (capsaicin) 

Opioids (morphine, codeine, meperidine, methadone, fentanyl) 

Hematological treatments (plasmapharesis, immunosuppression, IVIg) 

Nerve blocks 

Physical therapy 

Psychotherapy (biofeedback, relaxation training, self-hypnosis) 

Hyperbaric oxygen 

Acupuncture 

Magnets 

Chelation 

Vitamins (A, B l , B2, B3, B5, B6, B12, biotin, folic acid, C, E) 

Minerals (selenium, magnesium, chromium, zinc) 

Herbs (Ginkgo Biloba, St. John's Wort, Bioflavonoids) 

Supplements (alpha-lipoic acid, gamma-linolenic acid, acetyl-L-carnitine, N-acetyl-

cysteine, glutamine, coenzyme Q10, S-adenosylmethionine, dimethyl sulfoxide 

Aldose Reductase Inhibitors (Epalrestat, Tolrestat, Zenarestat, Zopelrestat, FK-366, SG-

210) 

Aminoguanidine 

Neurotrophins (NGF, IGF-1, NT-3, BDNF) 

COX-2 
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1.4 NERVE INJURIES 

Before discussing nerve regeneration it is necessary to be acquainted with the 

degree of nerve injuries that can occur. It was noted early on that functional return 

following a nerve injury was highly correlated with the degree of intraneural disruption 

(Seddon, 1943;Sunderland, 1968). Seddon, and later Sunderland, classified nerve injuries 

into 3 and 5 categories, respectively (Table 5, Figure 6). 
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Table 5. Nerve injury classification schemes devised by Sunderland and Seddon. 

(Terzis & Smith, 1990; Stewart, 2000) 

SUNDERLAND'S 
CLASSIFICATION 

SEDDON'S 
CLASSIFICATION 

EXTENT OF DAMAGE PROGNOSIS 

1st degree injury Neurapraxia - Axonal continuity is 
maintained. 
Demyelination 

- Local conduction 
block 

- Short-term 
compression 

Complete 
recovery in 
days-months 

2 n d degree injury Axonotmesis - Axonal disruption 
with Wallerian 
degeneration 
Basal lamina 
remains intact 

- Crush-type injury 

Complete 
recovery in 
months 

3 r d degree injury Axonotmesis/ 
Neurotmesis 

Same as 2n d degree 
but basal lamina 
also disrupted 

Mild/ 
Moderate 
functional loss 

4 t h degree injury Neurotmesis axonal, endoneurial, 
and perineurial 
injury 
neuroma formation 
is common 

Moderate/ 
Severe 
functional loss 

5 t h degree injury Neurotmesis - complete 
transection of nerve 
trunk 
elastic recoil of 
nerve trunks 

Poor return of 
function 
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Figure 6: Types of nerve injures described by Sunderland 

Types of nerve injuries according to Sunderland. 1-5 represent 1^-5^1 degree injuries. Refer 

to table 5 for description of each form of nerve injury (from Terzis & Smith, 1990). 
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It is realized that most injuries in clinical settings rarely fall into one exclusive 

category, but the classification scheme becomes useful in gauging whether surgical 

intervention may (5 t h degree) or may not be required (all other degrees). The grading 

system then provides an estimate for functional recovery assuming patients do not have a 

prior compromising condition (e.g. Diabetes mellitus) that hampers regeneration. 

1.5 PERIPHERAL NERVE REGENERATION 

Unlike the CNS, the PNS possesses the ability to regenerate, recapitulating some 

aspects of development. The modern era of nerve regeneration really began with Ramon y 

Cajal who characterized many of the key elements of the process such as growth cone 

formation and proximal stump outgrowth (Cajal, 1928). A variety of changes are observed 

in the axon, endoneurial tubes, fasciculi, nerve trunks, and corresponding spinal segments 

after nerve injury (Sunderland, 1990). Once a nerve is injured, the degree of regeneration 

and later functional recovery can be dictated by such variables as type of neuron, proximity 

of injury to neuronal cell body, and age of animal. Under laboratory conditions nerve 

injuries are created in a sterile environment that represents regeneration in an optimal 

setting. Typically in a clinical case the nerve, as well as nearby tissues (ie. skin, bone, joint, 

vascular system), may be compromised through a traumatic mechanism. This further 

complicates efficient regeneration. 

Injury is thought to be "sensed" by the perikaryon in order to determine the extent 

of damage (Richardson and Verge, 1986), sparking cell body reactions and immediate 

actions at the proximal axonal tip to initiate regeneration (Fawcett and Keynes, 1990). 

Transported injury signals have long been thought to be either positive (injury-induced) or 
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negative (injury-interrupted) in nature leading to altered gene expression in injured 

neurons. However, there is contradictory evidence of near-immediate nuclear changes 

occurring much too rapidly to be conveyed by a transport signal (Senger and Campenot, 

1997). Some neurons react by undergoing apoptotic death while others survive, perhaps 

though the influence of neurotrophic factors and cytokines (Richardson, 1991;Korsching, 

1993;Rich et al., 1989). Surviving neurons demonstrate morphological and physiological 

changes collectively called chromatolysis (Lieberman, 1971;Kreutzberg, 1995). 

Chromatolysis, along with upregulation/downregulation of numerous genes (ie. junB & c-

jun) may spark a neuronal switch from a transmitting to a growth phenotype (Watson, 

1974;Titmus and Faber, 1990;Jenkins and Hunt, 1991). 

Proximal stumps undergo what Cajal termed "traumatic degeneration" that extends 

back to the first node of Ranvier (Cajal, 1928) associated with axonal influx of 

extracellular Ca + (George et al., 1995). An unknown signal, in the meantime, directs the 

distal nerve stump to undergo Wallerian degeneration with the hopes of clearing inhibitory 

myelin and axonal debris thereby providing a permissive growth environment for 

regenerating axons. The first degenerative changes in the distal stump are seen in the axon 

itself with breakdown of the cytoskeleton followed by disintegration of organelles and the 

axolemma. The mediator of this breakdown seems to be Ca+-activation of calpains (George 

et al., 1995). Axonal degeneration occurs in a proximo-distal direction and is usually 

complete three days after injury (George and Griffin, 1994) (Figure 7). 

Wallerian degeneration represents a series of events that occur in the distal stump, 

hallmarked by axonal and myelin breakdown. Myelin degradation quickly follows loss of 

axonal integrity initiated by proteinases (cathepsins & calpains) and lipases intrinsic to the 
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myelin sheath leaving myelin ovoids (Hallpike and Adams, 1969;Banik et al., 1991). 

Schwann cell and macrophage derived enzymes (e.g. MMP's) likely complete the 

degradation with final elimination through phagocytosis (initially by Schwann cells 

followed by macrophages at 2-3 days until 15-20 days post-injury) (Fernandez-Valle et al., 

1995;Perry and Brown, 1992). The degenerative step occurs in a very selective manner as 

basal lamina tubes tend to remain intact and are not subject to degradation. 

Langley & Anderson (1904) were the first to realize that intact peripheral nerve is 

inhibitory to axonal sprouting and regeneration. When Wallerian degeneration fails to 

occur rapidly, such as in the Ola mouse (secondary to deficient axonal breakdown), then 

axons do not regenerate despite vigorous sprouting at the lesion site and appropriately 

normal cell body response to injury (Brown et al., 1992). Wallerian degeneration serves to 

remove the inhibitory cues, deposit neurotrophic/neurotropic factors, provide adhesive 

substrate for axonal elongation, and recycles old materials to be used by growing axons 

(Bisby, 1995). 

The gene expression of a number of molecules that can potentially influence axonal 

regeneration are altered by nerve injury. For instance, protein expression of all of the 

neurotrophins, except NT-3, become upregulated in the distal stump following axotomy 

(Funakoshi et al., 1993) and may serve to heighten neuronal survival proximally. Cell 

adhesion molecules (CAM's) such as L l / N - C A M also become upregulated and may 

contribute to axonal outgrowth by inducing interactions between axons and Schwann cells 

along an injury secreted substrate consisting of extracellular matrix molecules laminin, 

fibronectin, tenascin, and collagen (Martini and Schachner, 1988). 
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Figure 7: Sequence of peripheral nerve regeneration 

The sequence of regeneration of an injured neuron in the peripheral nervous system, (a) 

Intact neuron with normal myelin sheath and axon, (b) Transection causes almost 

immediate disintegration of distal axon (Wallerian degeneration), (c) Phagocytosis of 

myelin and axonal debris by both Schwann cells and macrophages, (d) Sprouts emerge 

from proximal stump and grow into tubes formed by proliferating Schwann cells (bands of 

Büngner). (e) Regeneration is complete but myelin is thinner with smaller internodes 

(Lundborg, 1988) 
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An injury signal also induces the synthesis of cytoskeletal proteins such as tubulin 

and actin (Miller et al., 1989) thereby influencing both axonal transport and growth cone 

motility. Expression of growth associated protein-43 (GAP-43/B-50) in both sensory and 

motor neurons may aid growth cone pathfinding and motility by binding calmodulin and 

regulating Ca + levels. GAP-43 and tubulin may also prevent the death of neurons after 

injury and increase regenerative capacity (Kobayashi et al., 1997). Neuropeptides such as 

galanin, calcitonin gene-related peptide (CGRP), substance P, VIP, and neuropeptide Y 

among others also exhibit altered gene expression that may augment inflammatory 

processes. 

If everything occurs correctly up to this point then a growth cone will form in the 

proximal stump within 5 hours after injury (Okajima et al., 1993). Formation seems to be 

dependent on a narrow range of Ca + concentration (400-600U.M) with eventual emergence 

from the axon as Ca + levels decline (Ziv and Spira, 1997). Local axonal events seem to 

mediate outgrowth since isolated axons can still develop growth cones (Smith and Skene, 

1997). Extension of axons is carried out by the addition of membranous components, that 

may be formed in the cone itself, to the tip (Zheng et al., 2001). At the tips, growth cones 

with extruding filopodia sense for the distal stump and allow the axon to elongate 

(Gundersen and Barrett, 1980;Bray, 1991). The extension of the growth cone is mediated 

by substrate interaction and also chemotropism (Cajal, 1928). Song et al (1997) found 

dose-dependent turning of growth cones towards BDNF while neutralizing antibodies to 

adhesive molecules (eg. Laminin, L I , & N-cadherin) resulted in elongation (Fu and 

Gordon, 1997). Regenerating axons, on average, grow through a scar at a rate of about 

0.25mm/day and once the sprouts reach the distal endoneurial tube, growth increases to 
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1.0-8.5 mm/day (Sunderland, 1978). If no distal stump is present, immature nerve fibers 

and connective tissue form a disorganized mass called a neuroma (Young, 1948). 

Schwann cells serve multiple functions during the regenerative process from 

participation in degradation to supposed interactions with the growing axon. Previously 

quiescent Schwann cells regain a proliferative phenotype and commence division within 

intact basal lamina tubes at day 2 peaking rapidly by day 3 post-injury (numbers reach on 

the order of 5x104) (Hall et al., 1997). Potential mitogens include axonal derived signals, 

components of the E C M , cyclic A M P analogues, myelin debris, and peptide growth factors 

(Kleitman and Bunge, 1995). Bipolar Schwann cells then line up in a longitudinal pattern 

forming bands of Büngner to serve as guides for regenerating neurites. Adhesion molecules 

such as N - C A M , L I , and members of the cadherin superfamily are upregulated to 

maximize axon-Schwann cell contact. 

Schwann cells migrate along advancing axons in the distal stump, eventually 

leading to accelerated rates of axonal outgrowth (Fu and Gordon, 1997). However, there is 

also some contradictory evidence that Schwann cells repress sprouting in the distal stump 

(Tapia et al., 1995). This discrepancy may be due to different stages of the regenerative 

process. Terminal Schwann cells at the motor end-plate extend processes to cause 

regenerating axons to reinnervate more than one end-plate (polyneuronal innervation) (Son 

et al., 1996). Additionally, they may also induce acetylcholine receptor aggregation thus 

creating sites of subsequent synaptogenesis (Yang et al., 2001). Eventually, supernumery 

Schwann cells undergo p 7 5 N T R -mediated apoptosis in order to limit collateral sprouting 

(Hirata et a l , 2001). 
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If reinnervation is achieved all axons are pruned except for one daughter axon that 

reaches its target (Aitken et al., 1947;Brushart et al., 1998). Even with proper guidance 

regenerating axons do not necessarily reinnervate their original targets (Brushart et al., 

1998;Thomas et al., 1987) (Figure 8). However, a phenomena termed preferential motor 

reinnervation is seen whereby regenerating motor axons tend to re-establish appropriate 

connections with muscle instead of cutaneous regions (Brushart, 1988). Appropriate 

regeneration also depends on the state of the end-organ. Atrophy or degeneration can occur 

rapidly in muscle spindles of skeletal muscle, for example. Fu & Gordon (1995a,b) found 

that prolonged denervation resulted in deterioration of intramuscular nerve sheaths leading 

to reductions in the number of regenerating motor axons making functional connections 

with muscle fibers. Atrophic Schwann cells, despite retaining the ability to remyelinate, are 

also not capable of supporting axonal regeneration (Sulaiman and Gordon, 2000). 

If conditions are optimal, regenerating axons eventually grow in diameter and 

become myelinated through contact with Schwann cells (Devor and Govrin-Lippmann, 

1979;Bunge et al., 1990). Internodal distances remain short due to excessive numbers of 

Schwann cells and the absence of passive stretching of the nerve as occurs with normal 

body growth. This short internodal length combined with thin myelin sheath can 

theoretically result in conduction deficits (i.e. decreased CV) in regenerated axons (Cragg 

and Thomas, 1964). Complete functional recovery is rarely achieved (Fu & Gordon, 1997) 

and some impairments will likely persist. 
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Figure 8. Differential outcomes of axonal regeneration 

The axon may reinnervate the correct target and function effectively (re-established 

continuity). On the other hand, the target may have degenerated prior to continuity being 

established and thus function is impaired. The axon may reinnervate a different target 

(wrong receptor). Alternatively the axon may establish connection with the right receptor, 

but in the wrong territory. Finally, an axon may not achieve any connectivity at all, often 

leading to the formation of a neuroma (Terzis & Smith, 1990). 
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(a) Role of Macrophages in Regeneration-

The distal nerve stump needs to be cleared of axonal and myelin debris in the 

process of Wallerian degeneration. Myelin, despite forming a physical barrier, possesses 

growth inhibitory elements (i.e. chondroitin sulfate) while degenerating myelin is 

chemotactic for regrowth in the PNS (Griffin et al., 1992;Zuo et al., 1998). For interest 

sake, the CNS may show poor regeneration due to a slow removal of myelin components 

(Perry et al., 1993b). 

Within the first hours following nerve trauma, Schwann cells handle the bulk of 

phagocytic activity (Reichert et al., 1994). Vascular permeability peaks 1 day later and 

inflammatory cells, consisting mainly of macrophages, are recruited to the nerve (Olsson, 

1966). Macrophages proliferate and rapidly phagocytose debris, thereby promoting a 

permissive growth environment while elaborating local factors that influence the cell body 

reaction (Perry et al., 1993a;Bruck and Friede, 1990;Beuche and Friede, 1984). In fact, 

Wallerian degeneration is delayed if there is an impairment in the invasion of macrophages 

(Perry and Brown, 1992) while enhancement of macrophage influx results in a greater 

regenerative capacity (Miyauchi et al., 1997;Prewitt et al., 1997). 

The promotion of regrowth may depend on the macrophage release of important 

cytokines such as tumor necrosis factor-alpha (TNF-a ), interleukin-1 (IL-1), interleukin-6 

(IL-6), interleukin-4 (IL-4), interleukin-12 (IL-12), and the polypeptide, transforming 

growth factor- beta (TGF-P ) among others in the injured nerve (Aarden et al., 

1987;Rappolee and Werb, 1992). IL-1, released from macrophages, is responsible for the 

increased levels of NGF secreted by nonneuronal cells following a lesion (Lindholm et al., 

1987;Horie et al., 1997b). IL-1 also stimulates the release of IL-6 and TNF-a (Lee et al., 
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1993) and upregulates the synthesis of leukemia inhibitory factor (LIF) in sympathetic 

ganglia (Shadiack et al., 1993). Upregulated expression of IL-6 leads to accelerated nerve 

regeneration while regeneration is aborted with IL-6 depletion (Hirota et al., 1996). IL-6 

and TNF-oc may also be involved in nociceptive thresholds and may act as neurotrophins 

(Wagner and Myers, 1996;Xu et al., 1997). 

Schwann cell mitosis is temporally correlated with macrophage invasion and 

resulting from the release of cyclic-AMP (cAMP) dependent mitogens such as PDGF 

(platelet-derived growth factor), FGF-1 & FGF-2 (Reynolds and Woolf, 1993), glial 

growth factor (GGF) (Cheng et al., 1998), along with platelets, and TGF-0 (Ridley et al., 

1989). Once degeneration is complete and regenerative sprouts attempt to grow into the 

distal stump along Schwann cell tubes, most of the macrophages move to a subperineurial 

location and become reabsorbed into the vascular system (Thomas, 1974). A small 

percentage of macrophages will persist in the nerve after regeneration is complete and 

constitute the resident macrophage population (Monaco et al., 1992). 

(b) Function of the Retrograde Reaction-

Nerve injury is traumatic not only to the axon but also to the nerve cell body. The 

cell body is essential for growth and maintenance of the axon. A loss of target-derived 

neurotrophic support likely initiates the retrograde reaction (Moix et al., 1991). Reactive 

changes observed reflect a shift to a functional role of the cell body as the metabolic 

catalyst of the outgrowth (Grafstein, 1975). Conditioning lesions, are thought to enhance 

regeneration by "priming" the cell prior to a second injury being made (Grafstein, 1975) 

and serve to validate the role of the cell body reaction. 
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Unfortunately, injury leads to retrograde cell death of some neurons (Rich et al., 

1989) since target-derived neuronal support may be absent (Otto et al., 1987). It is still not 

known what differentiates the fate of each cell but death can be delayed if trophic 

supplementation is administered (Cheema et al., 1994). Some atrophic neurons (e.g. 

rubrospinal neurons) can even be rescued and regenerate by addition of a neurotrophic 

factor up to a year after axotomy (Kwon et a l , 2002). Recently, activation of Nf-KB is 

proposed to be responsible for resistance of apoptotic death in sensory neurons (Doyle and 

Hunt, 1997). A significant retrograde loss of neurons usually by 5 weeks post injury 

(Lieberman, 1971) will lead to an alteration in later functional recovery (Kuypers et al., 

1995). 

Surviving neurons respond with characteristic morphological alterations. There is 

an early increase in perikaryal size (Murphy et al., 1990) of peripheral neurons which may 

be linked to increased water uptake (Lieberman, 1971). Nuclei become eccentric and swell 

as may the nucleoli (Lieberman, 1971; Grafstein, 1975). Gene expression is upregulated 

especially for certain neuropeptides, immediate early genes, cytoskeletal proteins, and 

growth factors, all of which are required for regeneration (Hoffman, 1989;Haas et al., 

1990;Bisby, 1995;Friedman et al., 1995;Sebert and Shooter, 1993;Funakoshi et al., 1993). 

Nissl observed disintegration of basophil cytoplasmic bodies (Nissl bodies) by 2-3 days 

post-injury (Lieberman, 1971). This is thought to be related to a loss of rough endoplasmic 

retícula and is called chromatolysis (Lieberman, 1971; Grafstein, 1975). Synapses become 

stripped from the cell body and thus transmission of impulses may be halted. Once axons 

reinnervate target organs, unknown completion signals are sent to the neuron (Ambron and 

Walters, 1996) and cell body responses are reversed (Verge et al., 1995). 
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1.6 DIABETIC NERVE REGENERATION 

Sural nerve biopsies of diabetic patients with neuropathy reveal attempted 

regeneration into bands of Büngner (Dyck and Giannini, 1996b). However, peripheral 

nerve regeneration is diminished in diabetes. Bisby (1980) showed a delay in the onset of 

regeneration after crush injury which may be dependent upon the axonal transport of 

critical cytoskeletal proteins such as tubulin (Jakobsen et al., 1981;McQuarrie and Lasek, 

1989). Slow component a (Sea) and SCb are known to be affected in the diabetic condition 

(Tomlinson et al., 1990;Yagihashi et al., 1990b). Longo et al (1986) showed qualitative 

impairments in diabetic nerve regeneration with comparatively poor axonal elongation and 

limited remyelination. 

The cell body reaction following injury may be altered since ornithine 

decarboxylase activity (one of the components leading to increased gene expression 

through enhancement of R N A polymerase I activity and thus protein synthesis) peaks much 

later in diabetics post-axotomy (Yamamoto et al., 1998;McLean et al., 1987;Russell, 

1983;Gilad and Gilad, 1983). Diabetic nerves also show marked delays in upregulation of 

immediate early genes (ie. c-fos) with deficient tubulin synthesis resulting in low levels of 

tubulin in the regenerative microenvironment (Xu et al., 2002;Xu and Sima, 2001). A 

failed upregulation of neurotrophins (NGF & IGF-1) may fail to further protect neurons 

from retrograde cell death. Overall retrograde reactions may be retarded producing an 

observable lag in number and quality of regenerative fibers. 

Regenerative clusters may have difficulty elongating since original basal laminae 

persist even at advanced stages of diabetic regeneration (Bradley et al., 1995). Excessive 

phosphorylation of neurofilaments in the diabetic state creates degradation-resistant axons 
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(Terada et al., 1998;Pant, 1988). A poor downregulation of neurofilament synthesis after 

injury leads to persistent expression of neurofilaments in the regenerative environment (Xu 

et al., 2002). Typically, a depletion of neurofilament is the desired result since 

neurofilaments can cross-link with microtubules, thereby restricting their transport and 

entry into regenerating neurites. 

Improper clearing of myelin debris by macrophages can be inhibitory but it is as yet 

to be quantitated in the diabetic condition. Slowed Wallerian degeneration does, however, 

seem to be characteristic of diabetic nerve (Terada et al., 1998). Conti et al (1997) provided 

evidence that macrophages infiltrate the diabetic nerve but the numbers could be decreased 

(Terada et al., 1998). Hyperglycemia has been noted to affect the respiratory burst of 

alveolar macrophages (Kwoun et al., 1997) and to inhibit their release of IL-1 (Hill et al., 

1998). Since IL-1 upregulates synthesis of NGF following injury (Lindholm et al., 

1987;Horie et al., 1997b) a decreased NGF response in diabetics may be secondary to 

deficient release of IL-1 (Hellweg and Hartung, 1990). 

Once axonal sprouts commence elongation, the rate is still noted to be slowed in 

diabetes (Ekstrom et al., 1989). Diabetes-related deficits in growth-associated protein-43 

(B-50/GAP-43) and synthesis of neuropeptides CGRP and substance P may be the 

underlying factor limiting neuronal outgrowth (Meiri et al., 1998a;Maeda et al., 

1996a;Schmidt et al., 1995;Bisby, 1980). Deficiencies early in the regenerative process 

later translate into significant delays in nerve fiber maturation characterized by a decreased 

myelin thickness and axon diameter (Sharma and Thomas, 1975). Improper Schwann cell 

migration may further account for impaired myelination (Tantuwaya et al., 1997). 

Biochemically, the Schwann cell may form the metabolic focus of hyperglycemia-induced 
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damage as aldose reductase, which may transduce some of the harmful effects of high 

glucose, is localized in the Schwann cell (Powell et al., 1991). Neuregulin receptor ErbB2 

is not upregulated on diabetic Schwann cells perhaps leading to inefficient attraction of 

axons. Furthermore, since p 7 5 N T R expression on Schwann cells is thought to also spark 

autocrine apoptosis of supernumery cells, an enhanced expression of p75 N T R on diabetic 

Schwann cells may inadvertently cause early apoptosis (Eckersley et al., 2001). As a result, 

less Schwann cells may be available to support regeneration. 

A failed upregulation of neurotrophins and their receptors can also impair 

maturation since NGF treatment may normalize both myelin thickness and regeneration 

rate in diabetic rats (Unger et al., 1998a;Ishii and Lupien, 1995;Hellweg and Hartung, 

1990;Ekstrom et al., 1989;Kamijo et al., 1996). It is not known whether proper 

reinnervation and synaptogenesis occurs in diabetes and i f near normal functional recovery 

is ever attained. Macrophages once activated in diabetic regeneration may fail to be turned 

off. As result, a vicious cycle of degeneration of nerve fibers during the sprouting process 

may occur resulting in less fibers once target reinnervation is complete. Tamura & Parry 

(1994) illustrated infiltrates of active macrophages in dorsal roots of STZ-diabetes 

associated with myelin splitting. 

1.7 WORKING HYPOTHESIS 

Due to the variety of processes involved in the regeneration of a peripheral nerve I have 

confined my examination to 3 key events in the diabetic microenvironment leading to the 

following hypothesis: 



58 

OVER AT J , HYPOTHESIS: Experimental diabetes mellitus impairs peripheral 

nerve regeneration through functional deficits involving the microvasculature, 

nitric oxide, and retrograde responses of the cell body. 

1.8 DISSERTATION RATIONALE 

Diabetic patients are susceptible to nerve injuries. For instance, acute nerve 

compression, such as carpal tunnel syndrome, possesses a remarkably high association with 

the disease (Stevens et al., 1992). Compression may lead to distortion and ischemia of the 

affected nerve leading to fiber loss (Ress et al., 1995). A regenerative deficiency in 

diabetes makes functional recovery less likely. 

The diabetic complication, neuropathy, results from fiber degeneration leading to 

decreased fiber density. Regeneration is impaired such that the regenerative cluster density 

decreases in advancing stages of neuropathy (Bradley et al., 1995). Therefore, regeneration 

does not compensate for the massive loss of fibers in diabetes (Thomas and Lascelles, 

1966;Bathgate, 1993). Less regrowth will ultimately lead to functional impairments as the 

balance between degeneration and regeneration shifts to the former. 

An understanding of the mechanisms of poor regenerative capacity in diabetes may 

allow for ways to improve the prognosis of injuries and neuropathy in diabetic individuals. 

Underlying regenerative impairments attributed to poor macrophage infiltration or 

diminished hyperemia following nerve injury may be abolished through supplementary 

pharmacological action (i.e. vasodilators) leading to enhancement of the regenerative 

response of diabetics. Potential nitric oxide (NO) donors or NO synthase gene transfer may 

also improve vascular function and contribute to both degeneration and regeneration (i.e. 
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lNOS). For instance, an absence of iNOS results in slow degeneration and delayed 

regeneration (Levy et al., 2001). Supplementary immunotherapy of interleukins could 

alleviate a disturbed macrophage release of these cytokines (Kobayashi et al., 

1996;Vassilopoulou-Sellin et al., 1992). Injury-induced neuronal death in diabetics may 

lead investigators towards methods of maintaining neuronal populations creating greater 

potential outgrowth. 

Furthermore, the study of diabetic nerve impairments may provide new information 

on certain facets of the regenerative process as a whole. For example, the importance of 

Wallerian degeneration and macrophage invasion toward regeneration were not fully 

realized until the Ola mouse with delayed Wallerian degeneration was examined (Perry and 

Brown, 1992). Experimental diabetes, however, may indicate the importance of 

maintaining vascular competence in the regenerative process. 

1.9 DISSERTATION HYPOTHESES 

This dissertation has three main hypotheses: 

1. STZ mice will develop indices of neuropathy (model validity). 

2. Experimentally-induced diabetes mellitus exhibits poor peripheral nerve 

regeneration following injury. 

3. Diabetic nerves have functional abnormalities that account for the 

regenerative deficiency. 

a) There is less nutritive perfusion in diabetic nerve following injury. 



60 

b) There is reduced nitric oxide synthase (NOS) activity and expression 

in diabetic nerve after injury. 

c) There is enhanced injury-induced retrograde neuronal death in 

diabetic tissue. 

The following 5 chapters will address each of these hypotheses. 

Objective 1: To demonstrate neuropathy in a streptozotocin (STZ) mouse model of 

diabetes mellitus. The use of mice allows for more rapid evaluation of neuropathic indices 

compared to STZ-rats and are more amenable to fixture genetic manipulation. Neuropathy 

was assessed in sensory and motor nerve fibers through electrophysiology and 

morphometry. Electrophysiology studies entail examining two key parameters, M-potential 

amplitudes of endplates innervated by motor axons and conduction velocity (CV) of motor 

and sensory axons at 0-14 weeks of diabetes duration. Morphometry evaluated peripheral 

nerve fiber caliber, density, myelin thickness, and general pathology of the tibial and sural 

nerve fascicles at 6, 8, 12, and 14 weeks of diabetes duration. Tibial and sural fascicles, as 

well as L5 DRG's of long term diabetic mice (9 months of diabetes) were used to assess 

effects of prolonged exposure to hyperglycemia. Small sensory and sympathetic fiber 

innervation were also examined in long term mice using immunohistochemical labelling of 

footpad epidermis with the pan-neuronal marker protein gene-product 9.5 (PGP 9.5). 

Objective 2: To confirm an impaired regenerative capacity in experimental diabetes 

mellitus. Regeneration was assessed by three separate methods: A) Electrophysiology (M-

potential amplitudes and CV) of regenerating motor fibers at 2-10 weeks following nerve 
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crush and transection injuries. B) Morphometry (fiber number, caliber, density, myelin 

thickness, and general pathology of the fascicle) at 2, 4, and 8 weeks after nerve crush and 

10 weeks after nerve transection. C) Immunohistochemical labelling of growth cone 

elongation with calcitonin gene-related peptide (CGRP) and galanin 5 days after sciatic 

nerve crush. Labeled fibers were counted at fixed distances from the injury zone. 

Objective 3: Three main mechanisms of the regenerative process were examined in the 

diabetic condition. 

A) To study microvascular function following nerve injury by studying changes in 

local nerve blood flow. Laser Doppler Flowmetry (LDF) and hydrogen clearance 

polarography were used to measure blood flow in the epineurial/perineurial and 

endoneurial compartments, respectively, of the peripheral nerve. India ink perfusion was 

used to quantify vessel morphology. 

B) To evaluate NOS expression and activity in diabetic sciatic nerves in response to 

injury. iNOS is involved in the initiation of neuropathic pain and fiber 

breakdown/clearance following nerve injury and may impact on the regenerative process. 

Western blotting was used to quantify NOS protein levels in peripheral nerve stumps while 

conversion of radiolabeled L-[ 3H] arginine to L-[ 3H] citrulline demonstrated stump NOS 

activity. 

C) To study retrograde changes in neurons following injury. Survival of neurons 

after injury and changes in gene expression are required for proper outgrowth of 

regenerative sprouts. Retrograde cell death was examined by sterological counting the 

number of L4 dorsal root ganglion (DRG) neurons following nerve injury. In situ 
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hybridization will be used in the near future to assess the changes in gene expression [i.e. 

CGRP, substance P, growth associated protein-43 (GAP-43), alpha- and beta- tubulin, 

galanin, and somatostatin) mediated by nerve injury in neurons. 



63 

CHAPTER 2: 

EVIDENCE OF PERIPHERAL NEUROPATHY IN AN EXPERIMENTAL MOUSE 

MODEL OF DIABETES MELLITUS 

2.1 INTRODUCTION 

Neuropathy (as discussed previously) is a common complication evident in 

uncontrolled diabetic patients (Dyck et al., 1991;Zochodne, 2000). Often it is undetectable 

and may remain so for long periods of time before clinical symptoms emerge (Zochodne, 

1999). At point of clinical detection, significant impairments in nerve function (i.e. distal 

sensory loss) may have already surfaced and handicap the lifestyle of patients (Boulton, 

1997). 

Electrophysiology is a frequently used technique to assess neuropathy and may 

provide a positive diagnosis in the absence of bedside cues (Lamontagne and Buchthal, 

1970;Dyck, 1991). Electrophysiological parameters (i.e. latency, conduction velocity, and 

amplitude of M-waves, also known as compound muscle action potentials/sensory nerve 

action potentials/mixed nerve action potentials) are dependent upon axon diameter, myelin 

thickness, and internodal distance (Aminoff, 1998;Mountcastle, 1980;Mendell et al., 1976). 

The Rochester Diabetic Neuropathy study noted that nerve conduction was the most 

sensitive measure in the detection of neuropathy due to its reliability (Dyck et al., 1992). 

To complement electrophysiology, morphometry is also typically used in both 

human and experimental diabetes (Theriault et al., 1998;Sharma et al., 1985) since a loss of 

nerve fibers is characteristic of neuropathy (Dyck et al., 1986a;Jaffey and Gelman, 

1996;Dockery and Sharma, 1990). Parameters of morphometry such as fiber size and 

number, and myelin thickness presently serve as reliable indicators in aiding the diagnosis 



64 

of neuropathy (Dyck et al., 1986c). Furthermore, there is a strong correlation between 

nerve morphometry (i.e. fiber number and size) and nerve conduction in patients with 

diabetic neuropathy (Sima et al., 1988b). Nerve morphometry analysis is highly 

reproducible and sensitive, with low variability (Sima et al., 1992). 

Epidermal nerve fibers serve as a sensitive indicator of neuropathy. They allow one 

to objectively assess a population of nerve fibers that otherwise are not measured by 

routine electrophysiologic techniques. Patients with diabetic neuropathy tend to have a 

severe depletion of these small caliber sensory fibers, even greater than HIV-associated and 

idiopathic small fiber sensory neuropathy cases (Polydefkis et al., 2001). Epidermal nerve 

fiber densities strongly correlate with unmyelinated fiber counts from sural nerve 

(Herrmann et al., 1999) and decrease with severity of neuropathy (Kennedy et al., 1996). 

Experimental diabetes mellitus does demonstrate nerve conduction slowing (Cotter 

et al., 1995;Calcutt et al., 1998) (refer to Table 3). Male STZ-rats tend to be the main 

experimental animal used in neuropathy research, but obtained results may be distorted by 

a prominent weight difference between diabetics and controls. In addition, it has been 

argued that conduction velocity does not normally attain maximal levels in rats until 

approximately 7 months of age (Malone et al., 1996) (5 years in humans), suggesting the 

use of much older rats may be routinely required. However, most research is conducted on 

young STZ-rats with diabetes of relatively short duration (2-4 weeks of diabetes). 

Therefore, any change noticed in the rats may be due to hyperglycemia-mediated 

retardation of normal growth rates (Dockery and Sharma, 1990;Sharma et al., 1980). STZ 

mice may serve to be a better model of diabetes since they have an earlier maturity with a 

negligible weight loss following diabetes initiation. Pancreatic lesions and progression of 
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the disease in STZ-mice also mimic recent-onset Type 1 diabetes in human patients (Gepts, 

1965;Eisenbarth, 1986). 

The present study was undertaken to validate and characterize peripheral 

neuropathy in an STZ-mouse model of diabetes. The first objective was to use 

electrophysiology as a measure of neuropathy complemented with nerve morphometry as 

the second objective. Since diabetes preferentially may target sensory over motor nerves, 

both were examined. STZ-mice with diabetes durations of 3 and 9 months (along with 

some mice that relapsed to euglycemia between 6-9 months) were used in order to examine 

the progression of neuropathy. The third objective was to assess epidermal innervation in 

the long-term model (diabetes of 9 months). The last objective examined retrograde 

changes (ie. cell death) involving DRG neurons in long-term diabetic mice through an 

exhaustive stereological physical dissector method. 

2.2 M A T E R I A L S A N D M E T H O D S 

2.2.1 Animals 

Procedures used in this study were approved by the Animal Care Committee of the 

University of Calgary and carried out in accordance with the 'Guide to the Care and Use of 

Experimental Animals' issued by the Canadian Council on Animal Care. Adult male Swiss 

Wistar mice (20-30 g, n=60) were used in this study (Biosciences, University of Calgary). 

Animals were housed two per plastic cage on a 12-12 h light-dark cycle with food and 

water available ad libitum. Mice were assigned randomly to either a diabetic or control 

group prior to the commencement of the experimental procedure. Diabetes was initiated by 

three consecutive injections of STZ [Zanosar (50 mg/ml); Upjohn, Don Mills, Ontario, 
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Canada] in citrate buffer (pH 4.8) during the fasting state (one intraperitoneal injection/day; 

day 1, 85 mg/kg; day 2, 70 mg/kg; day 3, 55 mg/kg). Control animals received equivalent 

volume doses of the citrate buffer solution. 

Hyperglycemia was verified 1 week later by sampling from a tail vein. A fasting 

whole- blood glucose > 16 mmol/1 (normal 5-8 mmol/1) was our criterion for experimental 

diabetes (Zochodne et al., 1995). Whole-blood glucose tests were carried out using an 

Accuchek Urn (Boehringer Mannheim, Dorval, Quebec, Canada), while plasma glucose 

was checked with a glucose oxidase method (Ektachem DT-II Analyzer; Eastman Kodak 

Company, Rochester, N Y , USA). 

Two groups of animals were used in the present study. The first consisted of 

diabetes of short duration (1-3 months) with the second group containing animals with 

diabetes of long duration (9 months) intermixed with a subset that recovered and were 

euglycemic between 6-9 months after diabetes initiation (referred to in the chapter as the 

recovered group). A l l mice in the recovered group were originally diabetic up until 6 

months post-STZ injection. They serve as a unique model of the impact that reversion to 

near-euglycemia may have on established peripheral neuropathy. Each group also 

contained respective age-matched nondiabetic control mice. 

2.2.2 Electrophysiology 

Electrophysiological recordings were made under anesthesia (Nicolet Viking I 

E M G machine; Nicolet, Madison, WI) as reported elsewhere in rats (Zochodne and Ho, 

1992c). Motor conduction (CV) in sciatic-tibial fibers was assessed by stimulating at the 

sciatic notch and knee while recording the M-wave (compound muscle action potential) 

from the tibial-innervated dorsal interassei foot muscles (Figure 9). 
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Figure 9. Electrode placement used to record compound muscle action potentials. 

A schematic depicting the position of the various electrodes used in the 

electrophysiological procedure. Stimulating electrodes are placed at two locations 

proximally on the leg while all recording is conducted distally in the foot. The two 

locations (I and II) allow for conduction velocity determination. Sciatic nerve injuries that 

are created in the 3 r d chapter are confined to the mid-thigh region. 
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Sensory conduction (CV and sensory nerve action potentials) was recorded in the tail of 

mice by stimulating distally and recording proximally at fixed distances. Recordings were 

carried out at 0-14 weeks of diabetes duration. A l l stimulating and recording used platinum 

subdermal needle electrodes (Grass Instruments; Astro-Med Ine, West Warwick, RI) with 

near nerve temperature kept constant at 37°C using a subdermal thermistor connected to a 

temperature controller and heating lamp. 

2.2.3 Morphometry 

At 6, 8, 12, and 14 weeks of diabetes experimental animals were anesthetized. 

Right sciatic, proximal and distal sural nerves were removed and processed for epon 

embedding (Zochodne, et al., 1997). Animals were subsequently euthanized with an 

overdose of sodium pentobarbitol. Briefly, samples were fixed in 2.5% glutaraldehyde in 

0.025M cacodylate buffer overnight, serially washed in 0.15M cacodylate buffer, post-

fixed in 2% osmium tetroxide in 0.12M cacodylate, dehydrated using a series of graded 

alcohols and propylene oxide, and embedded in epon. 

Transverse sections (1.0 um thick) at fixed distances (level of trifurcation and 5mm 

distal) were cut with an ultramicrotome (Reichert, Austria) utilizing glass knives and were 

stained with toluidine blue. Morphological examination of specimens used a JAVA-based 

image analysis program (Jandel Scientific) (Auer, 1994). Video images were obtained with 

a light microscope (Axioplan, Zeiss) and attached video camera (Sony AVC-D7) interfaced 

with a computer. The computer assisted image analysis allowed for the determination of 

density, number, and size frequency of intact myelinated fibers, axon diameter and area, 

and myelin thickness. A l l counting was performed with the microscopist blinded to the 

animal group. Degenerative axon profiles and macrophages were counted according to the 
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criteria of Midroni and Bilbao (1995). Macrophages were identified as cells possessing no 

basement membrane but containing large amounts of amorphous debris (pg. 61 & 62; 

1995). Degradation of myelin into lipid and cholesterol esters often gave macrophages a 

foamy appearance under light microscopy (pg. 396; 1995). 

2.2.4 Stereological Counting 

Adequate sampling of dorsal root ganglia involved using a stereological technique 

called the physical dissector. DRG's embedded in epon were serially cut (1 um thick) on an 

ultramicrotome. The beginning of DRG tissue was considered to be the point at which at 

least 10 neuronal profiles were seen per transverse section (this section became known as 

" A " or the reference section). A subsequent section was made 1 um away from " A " and 

served as a look-up section ("B"). Neurons were counted as those with nuclear profiles that 

were visible in " A " but not in "B" . Neurons were easily differentiated from satellite and 

Schwann cells based on size and the presence of Nissl substance. The next pair of sections 

were processed in a similar manner at a predetermined distance interval "k" (50 um) away 

from the first set (n+k). Pairs of sections were then obtained for counting at every 50 um 

(n+2k, n+3k,.. .n+nk) until only 10 neurons were seen once again (indicating the end of the 

DRG). Total neuronal number was then calculated based on the formula of- N (number of 

neurons counted in all sections) * k (distance interval). Sections were visualized (500x) 

and quantitated under light microscope (Axioplan; Zeiss, North York, Ontario, Canada). 

Images were captured using a digital camera (Axiocam; Zeiss, North York, Ontario, 

Canada) and neuronal diameters measured using an interactive measurement module 

contained in an image analysis program (Axiovision 2.05; Zeiss, North York, Ontario, 
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Canada). Only neurons counted with nuclear profiles were measured. A l l counting was 

performed with the microscopist blinded to the identity of the experimental group. 

2.2.5 Immunohistochemistry 

Predetermined footpads were removed from the right plantar hindfoot and fixed in 

Zamboni's fixative (2% paraformaldehyde in 0.1 M phosphate buffer) overnight. Tissues 

were then washed 3x5 minutes in 0.1 M PBS, followed by a 3x5 minute DMSO wash, and 

finishing with a 3x5 minute 0.1 M PBS wash once again. Footpads were then cryoprotected 

overnight in 20% glycerol/0.1M PBS and subsequently frozen in OCT. Frozen sections 

were cut at 35 um on a cryostat and thawed onto electrostatically charged slides (Superfrost 

Plus; VWR, Canada). 

For immunostaining, since sections were kept in the freezer for over a year epitopes 

may become folded restricting antibody binding. Therefore, slides were subjected to minor 

antigen retrieval using a 20 minute immersion in boiling sodium citrate (lOmM) in order to 

expose the epitope. They were then lyophilized in 1% Triton X-100/PBS. Following 

washes in 0.1 M PBS (3x5 mins), slides were incubated with rabbit anti-protein gene 

product 9.5 (PGP 9.5, 1:800, Ultraclone, U K ; diluted in 0.1M PBS, 1% NGS, 0.3% Triton 

X-100) for 24 hours in a humidified box at 4°C. Slides were washed and incubated with 

Alexa 488 (1:500, Molecular Probes, Eugene, Oregon) anti-rabbit secondary antibody for 1 

hour at room temperature and mounted with vectashield. 

Images were captured using an Olympus laser scanning confocal microscope 

equipped with epifluorescence. Z-stack images were obtained at 0.35um intervals through 

the section and combined (gamma=0.7) using Fluoview software (Olympus). Three fields 

per section and 5 sections/animal underwent quantitative analysis under fluorescent 
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microscope and a mean value/rat calculated. Epidermal fibers were counted as those that 

extended from and above the dermal papillae. Fiber length was measured using an 

interactive measurement module (Axiovision 2.05; North York, Ontario, Canada) as the 

straight length the fiber extended into the epidermis irrespective of tortuosity. Sweat gland 

innervation was scored using a 5-point Likert scale (0 being no innervation, 5 being 

complete innervation). A l l counting and scoring was carried out with the microscopist 

blinded to the identity of each footpad. 

2.2.6 Statistics 

A l l data are presented as mean ± SEM. Data were analyzed by a one-way analysis 

of variance (ANOVA) with appropriate Bonferroni corrected post-hoc student t-test 

comparisons. For comparing diameter histograms (group versus diameter) a two-way 

A N O V A was employed, primarily to assess the interaction effect. In all tests, statistical 

significance was set at =0.05. 

2.3 RESULTS 

A. Short Duration Diabetes (1-3 months) 

2.3.1a Animals and Diabetes 

Diabetic animals demonstrated features of hyperglycemia including polydipsia, 

polyuria, and a decrease in activity. Whole blood glucose measurements verified 

significant hyperglycemia beginning 1 week following STZ injection. Weights between 

diabetic and control mice were similar throughout the experimental period (Table 6). 
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2.3.2a Electrophysiology 

Baseline motor conduction velocity (CV) and M-wave amplitudes in the sciatic-

tibial nerve territory at the beginning of the experiment were similar between diabetics and 

controls (Table 7). A significant slowing of C V in the uninjured sciatic-tibial nerve was 

evident in diabetic mice at 6 weeks of diabetes duration and persisted throughout the 

experimental period (Figure 10). M-wave amplitudes were not altered by diabetes (Table 

7) . No abnormalities were detected in caudal sensory conduction of diabetic mice (Table 

8) . 

2.3.3a Morphometry 

Myelinated fiber density and number in tibial fascicles were not influenced by 12 

weeks of diabetes. Fiber and axonal diameter and area, along with myelin thickness were 

also unchanged (Table 9). Elevated numbers and densities of endoneurial macrophages 

were, however, seen in diabetic tibial fascicles at later stages of diabetes (12 & 14 wks; 

p<0.05). This rise in macrophage number coincided with an increased number and density 

of degenerating axon profiles at the same timepoints (12 wks p<0.05; 14wks p<0.01). 



73 

Table 6. Physical characteristics of short-term diabetic and nondiabetic mice. 

Week Non-diabetic 

Weight (g) Glucose (mmol/1) 

Diabetic 

Weight (g) Glucose (mmol/1) 

1 29.7 ± 0.4 8.8 ±0.2 29.6 ± 0.3 18.8 ±0.3*** 

6 35.2 ±0.8 8.2 ± 1.3 33.0 ±0.6 39.8 ±4.2*** 

8 35.3 ± 1.1 8.9 ± 1.2 32.0 ± 0.6* 27.4 ± 1.6*** 

12 37.6 ± 1.9 9.4 ± 0.6 33.3 ± 1.3** 35.1 ±5.4*** 

14 35.5 ±0.6 7.2 ±0.8 36.2 ± 1.3 41.1 ±5.0*** 

Data are presented as mean ± SEM. Diabetics and non-diabetics were compared using a one-way 

ANOVA with Bonferroni post hoc tests. Week 1 glucose measurements are of whole blood while 

other time-points are comparing plasma glucose levels. Al l measurements were taken following an 

overnight fast. *P<0.05; **P<0.01; ***P< 0.001. (N=60 total; 6/group). 
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Table 7. Electrophysiological properties of the sciatic-tibial nerve in short-term mice. 

Weeks Conduction Velocity 
(m/s) 

Non-diabetic Diabetic 

M-wave amplitude 
(mV) 

Non-diabetic Diabetic 

0 40.8 ± 0.6 41.4 ±0.6 4.5 ± 0.6 4.6 ± 0.2 

6 44.0 ± 1.5 32.6 ± 0.6** 5.8 ±0.7 6.3 ±0.9 

7 49.1 ± 1.9 34.4 ± 1.9** 5.5 ±0.9 6.5 ± 0.2 

8 44.2 ± 1.3 34.9 ± 0.9** 5.7 ±0.3 4.7 ± 0.4 

10 42.0 ± 1.4 32.9 ±0.9** 4.5 ±0.3 4.6 ± 0.5 

12 47.6 ± 1.8 34.0 ± 1.9** 4.3 ±0.5 6.2 ± 0.9 

14 47.1 ± 1.5 36.8 ± 1.2* 5.3 ±0.3 6.4 ± 0.5 

Data are presented as mean ± SEM. Non-diabetic controls and diabetics were compared at each 

timepoint using a one-way ANOVA with Bonferroni post hoc Student t-tests. *P<0.01; **P<0.001 

(N=60 total; 6/group) 
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Figure 10. Conduction velocity of sciatic-tibial nerve in short-term mice 

Note that a decreased conduction velocity is an index of neuropathy. Data are expressed as 

mean ± SEM. Time "0" represents prior to diabetes initiation. Comparisons between 

diabetics and non-diabetics were made using a one-way A N O V A with Bonferroni post-hoc 

tests. *P<0.01; ** PO.001 



76 

Table 8. Caudal sensory conduction in short-term mice. 

Weeks Conduction Velocity 
(m/s) 

Non-Diabetic Diabetic 

SNAP 'S 
(HV) 

Non-Diabetic Diabetic 

0 33.6 ± 1.0 32.5 ± 1.2 85.2 ±5.1 83.6 ±3.9 

6 34.5 ± 1.9 34.4 ± 1.8 124.4 ± 14.6 130.1 ± 13.8 

7 36.8 ± 1.9 33.8 ±2.2 138.1 ±9.6 138.2 ±2.5 

8 37.1 ±0.7 36.1 ±5.9 125.7 ±5.9 122.1 ±7.1 

10 36.6 ± 0.9 35.2 ± 1.3 121.2 ±7.3 110.4 ±9.1 

12 38.3 ±2.0 35.6 ± 1.3 118.1 ± 12.0 122.2 ± 16.9 

14 39.9 ± 1.5 39.4 ± 1.7 129.1 ±11.0 148.0 ±7.8 

Data are presented as mean ± SEM. Comparisons were made between diabetics and non-diabetics 

using a one-way ANOVA with Bonferronipost-hoc Student t-tests. Significance was set at a=0.05. 

SNAP, sensory nerve action potential 
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Sural fascicles were studied at both the same level as the tibial fascicle (proximal to 

trifurcation) and also 5mm distal to the trifurcation. Fiber and axonal caliber (diameter and 

area) in diabetes were similar to control values (Table 9). Myelin was thinner at both 

sampling sites in diabetic mice at later stages of diabetes (12 & 14 wks; p<0.01) and there 

was a distal decrease in overall fiber density and number (12 & 14 wks; p<0.05). Numbers 

and densities of degenerating axon profiles were also increased (12 & 14 wks; p<0.05) at 

both sural levels with the most distal sampling point also having an elevated number and 

density of macrophages (Fig. 11). There was no evidence of regenerating sprouts. 
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Table 9. Morphological properties of tibial and sural fascicles at 12 weeks of diabetes 
duration. 

Tibial Sural 1 Sural 2 

Property 
Non-
Diabetic Diabetic 

Non-
Diabetic Diabetic Non-Diabetic Diabetic 

EndoArea 
(mm2) 0.093 ± 0.003 0.095 ± 0.007 0.012 ±0 .001 0.013 ±0.002 0.017 ±0.003 0.013 ±0.003 

Fiber # 1626 ± 3 4 1659 ± 8 9 286 ± 13 290 ± 55 312 ± 10 220 ± 2 7 * 

Fiber 
Density 
(i/mm2) 17790 ± 4 6 0 17680±1067 23750 ± 1 5 0 9 23130 ± 9 9 4 18322 ± 6 7 0 16860 ± 712* 

Fiber 
Diameter 
(um) 9.2 ± 0.2 9.1 ± 0 . 2 7.8 ± 0 . 1 7.1 ± 0 . 2 8.0 ± 0 . 4 7.9 ± 0 . 3 

Axon 
Diameter 
(um) 6.9 ± 0 . 2 6.8 ± 0.2 5.9 ± 0 . 2 5.6 ± 0 . 1 6.3 ± 0 . 6 6.0 ± 0 . 3 

Fiber Area 
(Um2) 71.1 ± 3 . 7 69.3 ± 2.9 51.1 ± 1 . 9 43.1 ± 0 . 9 54.5 ± 8.4 49.9 ± 3 . 9 

Axon Area 
(um2) 42.5 ± 2 . 5 41.6 ± 1.9 29.1 ± 0 . 9 26.8 ±4 .5 31.2 ± 1.5 28.4 ± 0 . 8 

Myelin 
(um) 1.10 ±0 .03 1.10 ±0 .04 1.00 ±0 .04 0.78 ± 0.03** 1.03 ± 0.03 0.80 ± 0.02** 

Macro # 0.3 ± 0.3 4.0 ± 1.4** 0 0 0 1.2 ± 0.2** 

Macro 
Density 
(#/mm2) 3 ± 3 40 ± 1 1 * 0 0 0 86 ± 27* 

Deg Profile 
# 3 ± 1 8 ± 2 * * 0 2 ± 1 * 1 ± 0 3 ± 1 * * 

Deg Profile 
Density 
(i/mm2) 29 ± 8 87 ± 14* 0 103 ± 36* 34 ± 1 3 252 ±60** J 

Sural 1 denotes a sampling site proximal to the sciatic trifurcation (same level as tibial) while sural 

2 is 5 mm distal to the trifurcation. At least six animals per group were sampled. Diabetic and 

control animals were compared on each parameter using a one-way ANOVA with Bonferroni post 

hoc t-test comparisons (a=0.05). Macro, macrophage; Deg. Profile, degenerating profile. *P < 0.05; 

**P<0.01. 
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Figure 11. Photomicrographs of intact sural nerves 5 mm distal to sciatic trifurcation 

Sural nerves (1.0 um thick) 5 mm distal to the sciatic trifurcation in 12 week non-diabetic 

and diabetic mice. (A) Non-diabetic sural nerve with no evidence of pathology. (A' and B) 

Diabetic sural nerves demonstrating the presence of degenerating profile units (arrows) and 

occasional endoneurial macrophages (m). Magnification bar = 20 um for A and A ' , 16 um 

forB) 
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B. Long Duration Diabetes (6-9 months) 

2.3.1b Animals and Diabetes 

Long-term diabetic animals demonstrated features of hyperglycemia including 

polydipsia, polyuria, and a decrease in activity. Whole blood glucose measurements 

verified significant hyperglycemia beginning 1 week following STZ injection and 

persisting at 6 and 9 months post-injection. Recovered mice had high blood glucose 

readings at 1 week and 6 months but a spontaneously reduced glycemia approaching 

control range by 9 months. Weights of diabetic and recovered mice were similar and 

significantly less than control mice by the endpoint (P< 0.01) (Table 10). 

2.3.2b Electrophysiology 

A significant slowing of C V in the sciatic-tibial nerve was evident in diabetic mice 

at 9 months of diabetes duration that was lower than even relatively short duration diabetics 

(12 & 14 weeks). Unlike the 14 week diabetic mice, the long-term diabetics did exhibit 

reduced M-wave amplitudes. Additionally in contrast, a reduction in amplitudes of sensory 

nerve action potentials (SNAPs) was now evident in diabetic mice but there was no 

significant slowing of caudal sensory conduction. Recovered mice had no change in SNAP 

amplitude. However, motor conduction velocity in these recovered mice was slightly 

higher than controls with comparable M-wave amplitudes (Table 11). 

2.3.3b Morphometry 

Myelinated fiber density and number in tibial fascicles were not altered by long-

term diabetes. Fiber and axonal diameters tended to be smaller in diabetic animals (P<0.05) 

with the recovered group near control calibers (Figure 12). A two-way A N O V A conducted 

on the data found no interaction effect (between treatment and diameter) indicating that the 



82 

diameter difference is not due to the loss of a particular caliber size in diabetic mice. The 

difference in diameters lead also to reductions in fiber and axonal area in diabetic mice 

(PO.05). 
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Table 10. Physical characteristics of long-term mice. 

GROUP WEIGHT (g) GLUCOSE (mmol/1) 

Diabetic (n=5) 34.5 ±2.1 ** 31.9 ± 1.5 ** 

Recovered (n=7) 39.4 ± 1.2 ** 8.2 ± 0.4 * 

Nondiabetic (n=7) 50.4 ±2.5 6.2 ± 0.2 
Data are presented as mean ± SEM. Comparisons between groups used a one-way ANOVA with 

Bonferroni post hoc comparisons. Glucose represents plasma glucose taken at the end of the 9 

months. * P<0.05; **P< 0.01. 
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Table 11. Electrophysiological endpoints of long-term mice. 

G R O U P 
M O T O R C V 

(m/s) 
S E N S O R Y C V 

(m/s) 
M - W A V E 

A M P L I T U D E 
SNAP 

A M P L I T U D E 

Diabetic 24.8 ± 2 . 9 * 35.3 ±1.3 3.3 ±0.3 * 199.3 ± 1 8 . 0 * 

Recovered 50.2 ± 4 . 7 * 36.7 ±0.8 5.2 ±0.6 265.8 ± 13.8 

Nondiabetic 40.1 ±2.2 39.2 ±1.4 5.5 ±0.6 250.5 ± 9.2 I 
'. Data are presented as mean ± SEM. Comparisons were made using a one-way ANOVA with 

Bonferroni post hoc comparisons. *P< 0.05; **P< 0.01; n=5-7 per group 
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Unlike the 3-month diabetic mice, myelin was also thinner in the long-term diabetic 

tibial fascicles (compared to both recovered and control groups, P<0.05) (Table 12). Sural 

nerves 5 mm distal to the trifurcation showed a trend towards decreased fiber density in 

diabetics, but it was not significant. Fiber, but not axonal, diameter was reduced in both the 

diabetic and recovered groups (P<0.05) (Figure 13), attributed to thinner myelin in the 

former (PO.05). A two-way A N O V A on the data found no interaction effect (between 

treatment and diameter) indicating that the decreased fiber diameter in diabetic mice is not 

due to the loss of a particular fiber size. No differences were detected in fiber and axonal 

areas between the 3 groups (Table 13; Figure 14). 

2.3.4 Epidermal Nerve Fiber Innervation 

Diabetic animals had significantly reduced numbers of epidermal fibers in plantar 

footpads (P<0.001) (Figure 15). There was also very poor dermal innervation with 

significantly reduced sweat gland immunoreactivity as judged using a rating scale 

(Diabetic, 1.3 ± 0.7, Recovered, 3.8 ± 0.6; Nondiabetic, 3.8 ± 0.5; PO.05; maximum 

score=5). Recovered animals had fiber numbers similar to nondiabetics (Figure 16). 

Dermal and sweat gland innervation were also similar between recovered and nondiabetic 

groups. Recovered animals, however, did have longer epidermal fibers than either diabetics 

or nondiabetics (Diabetic, 21.48 ± 1.45pm; Recovered, 25.00 ± 0.88pm; Nondiabetic, 

21.88 ± 0.62um; PO.05). 
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Figure 12. Fiber size histogram of tibial fascicles from long-term mice 

Fiber size histogram of the tibial fascicle in 9 month diabetic, recovered, and control 

animals. There tends to be less larger fibers (>9um) in diabetic animals with a tendency for 

the recovered group to be in between diabetic and control numbers for each size category, 

especially larger fibers. However, a two-way A N O V A conducted on the data found 

significant differences attributed to treatment (diabetic, nondiabetic, and respective shams; 

P<0.01) and diameter conditions only (PO.001) with no interaction effect between the 

two. Data are presented as mean ± SEM. (n=4or 5 per group). 
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Table 12. Morphological properties of tibial fascicles from long-term mice. 

PROPERTY DIABETIC RECOVERED NONDIABETIC 
Fiber # 
Fiber Density (#/mm2) 
Density of small fibers 
(i/mm5) 
Density of large fibers 
(#/mm2) 
Fiber Diameter (um) 

842 ± 183 
18550 ±1853 
10700 ±1310 

* 
7630 ±452 

8.6 ± 0.3 
* 

1048 ±31 
16460 ±1243 
8121±1114 

8338 ±31 

9.4 ± 0.8 

969 ±41 
15730 ±543 
7092 ± 367 

8633 ±212 

9.7 ±0.1 

Axon Diameter (um) 6.7 ± 0.2 
* 

7.3 ±0.7 7.6 ±0.1 

Myelin Thickness (um) 0.90 ± 0.07 
* 

1.05 ±0.05 1.08 ±0.02 

Fiber Area (um2) 43.1 ± 2.6 52.7 ±4.6 57.0 ± 1.8 

Axon Area (um2) 27.9 ± 1.8 
* 

33.3 ±3.2 35.6 ± 1.4 

Represents data from 9 month diabetic, recovered, and nondiabetic mice. (n=4 or 5 per group) 

*P<0.05 
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Figure 13. Fiber size histogram of sural nerves from long-term mice 

Myelinated fiber size histogram of the sural nerve (5 mm below sciatic trifurcation) in 9 

month diabetic, recovered, and control animals. There tends to be fewer larger fibers 

(>13um) in diabetic and recovered animals compared to controls. However, a two-way 

A N O V A conducted on the data found significant differences attributed to treatment 

(diabetic, nondiabetic, and respective shams; P<0.01) and diameter conditions only 

(PO.001) with no interaction effect between the two.Data are presented as mean ± SEM. 

(n=4 or 5 per group) 
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Table 13. Morphological properties of the sural nerve in long-term mice. 

PROPERTY DIABETIC RECOVERED NONDIABETIC 
Fiber # 
Fiber Density (#/mm2) 
Density of small fibers 
(#/mm2) 
Density of large fibers 
(#/mm2) 
Fiber Diameter (um) 

253 ± 5 
17080 ±674 

10880±1596 

6866 ± 647 

7.9 ± 0.2 
* 

247 ± 26 
18890±1549 
11880±1753 

7418 ±346 

8.1 ±0.4 

264 ±43 
18050 ±616 
10990 ±942 

7658 ± 562 

8.6 ±0.1 

Axon Diameter (um) 
Myelin Thickness (um) 

6.7 ± 0.2 
0.70 ± 0.00 

* 

6.6 ±0.3 
0.78 ± 0.37 

7.0 ±0.1 
0.80 ±0.26 

Fiber Area (um2) 
Axon Area (um2) 

37.1 ±3.2 
26.4 ± 2.0 

36.4 ±2.3 
24.4 ± 1.7 

40.9 ± 0.8 
28.2 ± 0.4 

Data are presented as mean ± SEM of 9 month diabetic, recovered, and nondiabetic mice. 

Comparisons were made between groups using a one-way ANOVA with Bonferroni post hoc t-

tests. The sural nerve was sampled 5 mm distal to the sciatic trifurcation. *P<0.05. (n=4 or 5 per 

group). 
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Figure 14. Photomicrographs of tibial fascicles from long-term mice 

Tibial fascicles from 9 month diabetic, recovered, and nondiabetic mice. (A) Diabetic 

fibers appear smaller with disproportionately thinner myelin sheaths. (B and C) Recovered 

and nondiabetic tibial fascicles respectively, with normal appearing nerve fibers. 

(Magnfication bar= 20um). 
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Figure 15. Epidermal fiber density in footpads of long-term mice 

Epidermal fiber density in footpads of 9 month diabetic, recovered, and nondiabetic mice. 

Three microscope fields were counted per section with 5 sections per animal used and 

averaged (each section could only fit 3 or 4 fields). Data are presented as mean ± SEM. 

Nondiabetic and recovered groups had significantly higher epidermal fiber densities than 

diabetics. Groups were compared using a one-way A N O V A with Bonferroni post-hoc 

Student's t-test. **P<0.001 
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Figure 16. Confocal micrographs of footpads from long-term mice 

Confocal micrographs of mouse footpads stained with protein gene product 9.5 (PGP 9.5). 

(A) Diabetic, (B) Recovered, (C) Nondiabetic, and (D) Negative control. Diabetic footpads 

have significantly less PGP-9.5 immunoreactivity indicating less epidermal fibers. The 

negative control consisted of the secondary antibody with omission of the primary. 

Magnification bar=40u,m. 
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2.3.5 Neuronal Counting 

Using the physical dissector stereological counting method non-diabetic animals 

had a mean of 2538 ± 200 neurons with a mean diameter of 23.64 ± 1.17 um in the L5 

DRG. Diabetic animals had significantly fewer neurons compared to controls (p<0.05). 

Animals that had relapsed into euglycemia (recovered group) also continued to have fewer 

neurons (p<0.05) with values similar to diabetic numbers (Diabetic, 1690 ±143; Recovered 

1803 ± 145) (Figure 17). There was, however, no difference in mean neuronal diameter 

between all 3 groups (diabetic, 23.39 ± 0.64 um; recovered, 23.26 ± 0.64um) (Figure 18). 

Refer to Figure 19 for photomicrographs of the L5 DRGs. 
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Figure 17. Total number of neurons in Ls DRG of long-term mice 

The total number of neurons in L5 DRG of diabetic, recovered and nondiabetic mice. 

Recovered are those mice that originally were diabetic but that reverted to euglycemia 

between 6-9 months after diabetes initiation. Data are presented as mean ± SEM. A l l 3 

groups were compared using a one-way A N O V A with Bonferroni post hoc comparison. *P 

<0.05. 
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Figure 18. Diameter histogram of L5 DRG neurons of long-term mice 

Diameter histogram of L5 D R G neurons in diabetic, recovered, and nondiabetic groups. 

Mean ± S E M of each size are shown for the groups. A two-way A N O V A was performed 

on the data (Treatment, P<0.001; Diameter, PO.001; Interaction, not significant). 
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Figure 19. Photomicrographs of D R G neurons from long-term mice 

Dorsal root ganglion neurons of 9-month diabetic (A and D), recovered (B and E), and 

nondiabetic (C and F) mice. Diabetic and recovered animals had less neurons with a subset 

of the remaining population being basophilic. Nucleolar staining does appear to be more 

prominent in nondiabetic mice but may artificially reflect the level of section through 

neurons. Scale bar in panels A - C represents 40um while the bar represents 20um for panels 

D-F. 
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2.4 DISCUSSION OF R E S U L T S 

The major findings of the present study were: (i) early and long-term STZ-diabetic 

mice developed indices of hyperglycemia with significant weight loss restricted only to the 

long-term model; (ii) 65% of previously hyperglycemic diabetic mice revert to near-

euglycemia between 6-9 months following STZ treatment; (iii) 3 month diabetic mice have 

a slowed motor conduction velocity (CV) in sciatic-tibial nerves, resembling human 

diabetic neuropathy, but with relatively preserved nerve morphometry in tibial fascicles; 

(iv) 9 month diabetic mice continue to demonstrate a reduced motor C V but also have a 

decrease in amplitude of the M-potentials and nerve action potentials (NAP), not seen in 

recovered animals; (v) tibial fascicles of 9 month diabetic mice, but not recovered mice, 

show decreased fiber and axonal caliber with thinner myelin; (vi) sural nerves of 3 month 

diabetic mice exhibit decreased myelin thickness and a distal loss of fibers;; (vii) 9 month 

diabetic and recovered mice have reduced fiber calibers and myelin thickness in sural 

nerves; (viii) fewer sensory neurons in L5 DRG's of 9 month diabetic and recovered mice 

with no change in diameter of remaining neurons; and (ix) 9 month diabetic mice had 

significantly lower epidermal nerve fiber densities in plantar footpads with poor sweat 

gland innervation. 

It is important to note that STZ-mice developed severe hyperglycemia with weight 

loss restricted to only chronic diabetic mice. Control and diabetic mice were of the same 

age and diabetes was initiated after animals had reached maturity. The STZ mouse model 

eliminates sources of variability that may have arisen in previous studies of STZ-diabetic 

rat models. STZ-mice reportedly develop pancreatic lesions similar to patients with type 1 

diabetes. Pathogenically, cytokines or reactive radicals released during T-cell mediated 
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islet inflammation may involve activation of poly (ADP-ribose) polymerase (PARP) or 

iNOS (Burkart et al., 1999;Mabley et al., 2001;Flodstrom et a l , 1999) with selective 

targeting of the glucose transporter GLUT2 by STZ (Hosokawa et al., 2001;Wang and 

Gleichmann, 1998). 

Unlike previous reports STZ-mice are capable of surviving long periods of time (9 

months in our study) without exogenous insulin administration. Since STZ-mice do not 

progress into ketoacidosis (unlike N O D mice), the pancreas must continue to produce 

minor amounts of insulin. An unexpected finding was the reversion to near-euglycemia of a 

subset of these chronically-diabetic animals. A l l of the animals in the recovered group 

continued to have elevated whole blood glucose 6 months post-STZ injection, arguing for a 

critical transition point shortly thereafter. It is important to note that despite a reduction in 

glycemia in the recovered mice, mean plasma glucose was still significantly elevated above 

control values, bordering on the high side of the norm. Therefore, the recovered group 

could be classified, similar to the human form, as glucose intolerant. 

Hartmann et al (1989) reported that 70% of neonatal mice receiving low dose STZ 

recovered from overt diabetes in adult life. The recovered animals reportedly had 

normalized blood glucose with minor enhancement of pancreatic insulin content, that was 

negatively correlated with STZ concentration. Biosynthesis of isolated pancreatic islets was 

also thought to occur in the recovered animals. Spontaneous regeneration has been 

documented in the alpha cell population following loss of islet beta cells (Li et al., 2000), 

but not in beta cells. Any evidence of beta cell proliferation would be of paramount 

importance in attempting to cure diabetes. Recently, George et al (2002) elucidated that a 
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beta cell regenerative program could be turned on through induced local expression of IGF-

1 in pancreatic islets of previously diabetic STZ mice. 

As in human diabetes, our short-term STZ-mice had reduced motor C V in the 

sciatic-tibial nerve despite normal fiber caliber. STZ-rat models are also observed to 

develop significant slowing of motor and sensory C V early after the development of 

hyperglycemia (Kalichman et al., 1998;Cameron et al., 1999), but again with no evidence 

of fiber loss or degeneration (Sharma et al., 1977) (contrary to observable fiber loss in 

human forms as discussed in Chapter 1). However, the long-term STZ-mice begin to more 

closely resemble the human condition by having reduced C V with declines in M-potential 

amplitudes that also correspond with fiber and axonal anomalies in tibial fascicles. Sensory 

nerve action potentials were also reduced in long-term mice. On the otherhand, recovered 

mice fail to exhibit any deviations in motor/sensory conduction and tibial morphometry. 

The sequelae of abnormalities observed in electrophysiology and tibial/sural 

morphometry support the notion of a 2-stage progression of diabetic neuropathy involving 

an early sequence of events that are somewhat reversible followed later by activation of 

processes that create irreversible deficiencies. Sensory and motor parameters appear to be 

affected differently in each stage and may even reflect differing pathogenic mechanisms. 

The first stage involving early perturbations in motor axons leading to the 

observation of conduction slowing without changes in fiber caliber may be reversible as 

evidenced by the lack of persistent motor abnormalities in the recovered group. These early 

changes likely reflect metabolic derangements, such as polyol accumulation, known to 

occur early in disease course (Field, 1966;Gabbay et al., 1966;Greene et al., 1987b;Greene 

et al., 1992). Excessive polyol flux produces decreased Na-K-ATPase activity with intra-
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axonal sodium accumulation leading to slowed conduction of action potentials 

(Mandersloot et al., 1978;Gould, 1976a). Diabetic mice may also exhibit early impairments 

at the neuromuscular junction involving reversible depletion of synaptic vesicles (Fahim et 

al., 1998), contributing to a delayed transmission of impulses. 

Conduction velocity typically reflects transmission in the largest fibers which also 

tend to have the thickest myelin. Therefore, early C V reductions without deterioration of 

M-potential or N A P amplitudes (both also reflecting the shear number of fibers) may stem 

from myelin abnormalities. Thomas & Lascelles (1966) realized that demyelination would 

account for reduced C V but also the reversibility of symptoms through subsequent 

remyelination. Myelin-producing Schwann cells may theoretically be an early target since 

polyol-derived sorbitol accumulates in the cytosol. Furthermore, myelin biosynthesis may 

be impaired very early in diabetes, a time that correlates with the first observable drop in 

M C V (Ferreira et al., 2002). 

Sensory axons likely also suffer from metabolic abnormalities in the first stage but 

also must be more susceptible early on to some form of irreversible or structural damage. 

In our model, diabetic sural axons had a reduced myelin thickness and there was a distal 

loss of fibers in the 3 month diabetic mice. Axonal atrophy and degeneration of both 

myelinated and unmyelinated fibers are often noted in nerve biopsies from diabetic patients 

with the most severe fiber loss occurring in distal sensory nerves such as the sural (Dyck et 

al., 1986b). Distal loss of fibers in sural nerve may support the concept that defects in 

growth factor synthesis, uptake, or signaling contribute to diabetic neuropathy. The 

synthesis of such growth factors as NGF (Faradji and Sotelo, 1990;Hellweg and Hartung, 

1990) and insulin-like growth factor (IGF-1) (Ishii, 1995b;Zhuang et al., 1997) may be 
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decreased in target cells of diabetic sympathetic, sensory, and motor (IGF-1 only) nerves. 

This growth factor deficiency may be compounded by slowed retrograde axonal transport 

limiting delivery of growth factors to proximal neurons (Jakobsen et al., 1981;Mayer and 

Tomlinson, 1983;Larsen and Sidenius, 1989). 

Long-term diabetic mice, but also recovered mice, continued to demonstrate 

decreased fiber calibers and myelin thickness. No loss of fibers was seen at this timepoint, 

however, perhaps once again related to different mechanisms at work at different stages of 

neuropathy. Are there differing susceptibilities to microenvironmental alterations between 

motor and sensory neurons? Whatever the answer, it likely also underlies the early 

predominance of sensory symptoms evident in clinical neuropathy. Sensory neurons may 

initially be more dependent on trophic support and early deficiencies may lead to 

impairments that later become irreparable. Akkina et al (2001) showed very early 

involvement of nonpeptidergic unmyelinated afférents in STZ mice that are rescued by 

trophic therapy. 

The neurons themselves may be the source of the differing susceptibilities. 

Although not much evidence argues for diabetes-induced changes in spinal motoneurons, 

D R G have received considerable attention. In our long-term mice, there was a significant 

decrease in number of neurons in diabetic and recovered animals that could be due to early 

cell death. Neuronal loss in diabetes has been considered for some time but only recently 

has been addressed. Kishi et al (2002) and Zochodne et al (2001) failed to demonstrate 

sensory neuron loss in long-term diabetic rats. Nonetheless, Russell et al (1999) have 

strongly argued for a rampant circle of apoptosis in diabetic DRG neurons, secondary to 

mitochondrial dysfunction. While we are unsure in our model i f apoptosis accounts for the 
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loss, the D R G does seem to be more susceptible to an early alteration (as seen in the 

recovered group). Even though neuron loss was not assessed in short-term diabetic mice, 

neuronal death may underly early axonal degeneration observed in these animals. The 

discrepancy between neuronal loss but preserved number of tibial myelinated fibers may 

indicate that unmyelinated fibers are preferentially targeted. 

The second stage of diabetic neuropathy reflects less reversible structural changes 

leading predominantly to neuronal and axonal shrinkage or loss, resulting either from a 

repetitive cycle of previous metabolic abnormalities or slowly by another mechanism, such 

as advanced glycosylation or oxidative stress. Late events may center around poor axonal 

transport of neurofilaments or other cytoskeletal structures (Bomers et al., 1996). Poor 

cytoskeletal support may result in flawed axons or axons that are incapable of dynamic 

restructuring (due to rapid glycosylation of proteins). Excessive production of free radicals 

in diabetes are also known to have multiple potent effects on target tissues (refer to Chapter 

1) and it seems reasonable to assume that the "all or none" nature of this process would 

occur later in the sequence of irreversible neuropathic changes. Evidence for a second stage 

mechanism involving fiber loss comes from our study of epidermal nerve fibers. Our long-

term diabetic mice showed evidence of fiber retraction by possessing a markedly reduced 

epidermal fiber density. This finding raises increased interest in this model since long-term 

diabetic rats do not exhibit epidermal fiber loss (Dr. Hoke, personal communication), 

indicating a species specificity. This pathological observation being indicative of a second 

stage mechanism is implicated by the absence of the abnormality in recovered animals. 

Axonal degeneration in human diabetic neuropathy is often observed along with 

attempted regeneration (Bradley et al., 1995;Dyck and Giannini, 1996a). In our model we 



108 

did not detect any regenerative clusters or sprouts. However, human neuropathy may 

present with nerve fascicles that may be almost totally devoid of fibers, making detection 

of regenerative sprouts more likely. In comparison, a minor but significant degree of fiber 

loss in diabetic mice may not lead to an overt regenerative process. Additionally, improper 

sprout formation is believed to contribute to impaired regeneration in diabetics that would 

further deter sprout detection. 

Our results demonstrate that STZ-mice have several advantages over other diabetic 

animal models and may be more suitable, than previously thought, for long term study of 

peripheral neuropathy. STZ-diabetic mice develop early conduction velocity slowing and 

morphological changes in sural nerves. As the disease progresses, diabetic animals also 

acquire pathological disturbances in M-potential and NAP-amplitudes, tibial nerves, DRG 

sensory neurons, and epidermal innervation. It seems evident, from this model, that 

neuropathy is not a single continuous process, but represents interchanging activities 

differentially affecting sensory and motor components. 
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CHAPTER 3: 

A REGENERATIVE DEFICIT OF PERIPHERAL NERVES IN EXPERIMENTAL 

DIABETES MELLITUS 

3.1 INTRODUCTION 

Diabetic patients are highly susceptible to acute nerve compression or entrapment 

injuries (Shahani and Spalding, 1969;Phalen, 1970;Fraser et al., 1979;Stevens et al., 

1992;Chammas et al., 1995). Compression may result in demyelination and axonal 

degeneration (Dyck et al., 1990) and unfortunately there is a less favourable recovery in 

diabetics after decompression surgery (Brown et al., 1997;Haupt et al., 1993). 

Regenerative success is noted to be inversely related to the duration of diabetes in 

rats (Ekstrom and Tomlinson, 1990). Bisby (1980) showed a delay in the onset of 

regeneration after crush injury that also later influences the elongation rate of axonal 

sprouts (Ekstrom and Tomlinson, 1989). A delay in initial sprouting could lead to a lapse in 

nerve fiber maturation with a decrease in myelin thickness and axon diameter. Such a 

blunted maturation of fibers occurs as early as 14 days after injury in streptozotocin (STZ)-

diabetic rats (Maxfield et al., 1995). Humans with diabetic sensory polyneuropathy also 

had decreased numbers of regenerating profiles a year following sural nerve biopsy, a 

deficit that was dependent on the severity of neuropathy (Sima et al., 1988a;Bradley et al., 

1995). A n impaired neuronal regenerative program could develop in diabetes as a result of 

a number of factors such as a failed upregulation of neurotrophins and their receptors 

(Ekstrom et al., 1989;Unger et al., 1998a;Vo and Tomlinson, 1999) or neuropeptides 

(Calcutt et al., 1993) and impaired axonal transport or neuronal synthesis of critical 
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cytoskeletal proteins such as neurofilaments and tubulin (Jakobsen et al., 1981;McQuarrie 

and Lasek, 1989;Mohiuddin and Tomlinson, 1997;McLean, 1997;Scott et al., 1999). 

The aim of the present chapter was to characterize the peripheral nerve regenerative 

response in an STZ-mouse model of diabetes. I examined diabetic axon regeneration 

following peripheral nerve transection or crush, two injuries with highly different 

regenerative success. Since diabetes may preferentially target sensory over motor nerves, 

both were examined in order to verify whether regeneration differs between them. The first 

objective was to use electrophysiological indices to assess regeneration. The second 

objective assessed fiber regrowth using morphometry of tibial and sural nerves at different 

timepoints following injury and was used to complement electrophysiology. The third 

objective used immunohistochemical labelling of axonal growth cones with calcitonin-gene 

related peptide (CGRP) and galanin to investigate early regenerative outgrowth. 

3.2 MATERIALS AND METHODS 

3.2.1 Animals 

Animals used in the regeneration experiments were the same as those used in the 

previous chapter. They consisted of adult male Swiss Wistar mice (20-30 g, n=60) of short-

term diabetes duration (1-3 months) (Biosciences, University of Calgary). Mice were 

assigned randomly to either a diabetic or control group prior to the commencement of the 

experimental procedure. Diabetes was initiated by three consecutive injections of STZ 

[Zanosar (50 mg/ml); Upjohn, Don Mills, Ontario, Canada] in citrate buffer (pH 4.8) 

during the fasting state (one intraperitoneal injection/day; day 1, 85 mg/kg; day 2, 70 
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mg/kg; day 3, 55 mg/kg). Control animals received equivalent volume doses of the citrate 

buffer solution. Hyperglycemia was verified as in Chapter 2. 

3.2.2 Surgery 

Four week diabetic and control mice (total age of 10 weeks) were anesthetized with 

sodium pentobarbitol (6.5mg/kg, ip). Left sciatic nerves were exposed by blunt dissection 

and either crushed or transected at mid-thigh level. Crush injury was delivered using a pair 

of watchmaker's forceps for 15 seconds while complete nerve transection was carried out 

using microscissors. A single suture (4.0 silk; Ethicon) in an adjacent muscle level served 

as a reference for the injury zone. Once injuries were created, muscle and skin were 

resutured in layers and the animals were allowed to recover. The experimental protocol was 

approved by the University of Calgary animal care committee and followed guidelines set 

forth by the Canadian Council on Animal Care regarding treatment of animals for research 

purposes. 

3.2.3 Electrophysiology 

The procedure is the same as that used in the previous chapter 2. 

3.2.4 Morphometry 

At 2, 4, 8, and 10 weeks post-injury, experimental animals were anaesthetized. Left 

sciatic and distal sural nerves were removed and processed for epon embedding (Zochodne 

et al., 1997 and Chapter 2). Transverse sections (1.0 urn thick) at fixed 10- and 15-mm 

distances distal to the site of nerve injury were cut with an ultramicrotome (Reichert, 

Vienna, Austria) utilizing glass knives and were stained with toluidine blue. Morphological 

examination was carried out identical to the previous chapter. 
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3.2.5 Immunohistochemistry 

Longitudinal sections of nerve were examined five days following crush injury to 

assess early events in the regenerative process. Left sciatic nerves were removed and fixed 

in modified Zamboni's solution (2% paraformaldehyde in 0.1 M phosphate buffer) 

overnight. Samples were then washed with PBS & DMSO and cryoprotected overnight in 

20% sucrose/PBS. Nerves were fast frozen the next day in OCT medium (Tissue Tek, 

Miles Laboratories) and stored at -80°C until sectioned. 

Specimens were longitudinally sectioned (16um) on a cryostat and freeze-thawed 

onto poly-L-lysine coated slides. Sections were subsequently incubated with an affinity-

purified primary antibody to calcitonin gene-related peptide (rabbit anti-CGRP polycloncal 

antibody, 1:200; Chemicon, Temecula, CA) or galanin (rabbit anti-galanin polyclonal 

antibody, 1:500; Chemicon, Temecula, CA) for 48 hours in humidified conditions at 4 °C 

Incubation with secondary antibody (fluorescein isothiocyanate anti-rabbit IgG, FITC 

conjugate, 1:80; Sigma, Saint Louis, MI) was also performed in humidified conditions but 

for only one hour at room temperature. 

Immuno-positive fibers were counted along a straight line that transversely 

traversed the section at 0 (crush zone), 2, 4, 6, and 8 mm away from the crush area on 

longitudinal section. Four to five sections were counted per animal and averaged. A l l 

recording was done with the experimenter blinded to the identity of each animal. 

3.2.6 Autotomy Measurement 

Self-destructive (self-mutilation) autotomy behavior measurement was devised 

based on previous scales developed describing the self-inflicted loss of different parts of 

the foot or distal extremity following a sciatic nerve lesion. The scale used was a 
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modification of those developed by Wall at al.(1979) and Banôs et al. (1994). One point 

was given separately for removal of each nail, distal phalanx, proximal phalanx, plantar 

footpad, hair anywhere on the limb proximal to the digits, and the presence of swelling or 

redness of the plantar heel aspect (calcaneal region). The maximum autotomy score based 

on this scale is 24 (Table 14). If autotomy was judged to be too severe (i.e. a score 15) the 

animal was sacrificed by an overdose of pentobarbital. 

3.2.7 Statistics 

A l l data are presented as mean ± SEM. Data were analyzed by a one-way analysis of 

variance (ANOVA) with appropriate Bonferroni corrected post-hoc student t-test 

comparisons. In all tests, statistical significance was set at a =0.05. 
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Table 14. Autotomy rating scale used to assess level of self-injurious behavior in mice. 

Action 

1. For removal of each nail 

2. For attack of each distal phalanx 

3. For attack of each proximal phalanx 

4. For loss of each plantar pad 

5. Ankle attack 

6. Removal of hair anywhere on the limb proximal to the digits 

7. Swelling or redness of plantar heel aspect (calcaneal region) 

Value 

(6 pads) 

Maximum Autotomy Score 24 
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3.3 RESULTS 

3.3.1 Animals and Diabetes 

The same animals (contralateral limbs) were used in the present study as those in 

Chapter 2. Diabetic mice demonstrated features of hyperglycemia including polydipsia, 

polyuria, and a decrease in activity. Whole blood glucose measurements verified 

significant hyperglycemia beginning 1 week following STZ injection. Weights between 

diabetic and control mice were similar throughout the experimental period (refer to Table 

6). 

3.3.2 Electrophysiology 

M-waves were detected by 3 weeks post-crush injury and by 6 weeks post-

transection injury across the injury zone indicating that sprouts had reached their targets. A 

mid-thigh crush of the sciatic nerve resulted in delays in the recovery of motor C V (Fig. 

20) and of the sciatic-tibial territory M-wave in diabetic mice.. These findings were 

prominent at 4 weeks following crush injury (p<0.05), then recovered. Transection injury 

produced a slowed recovery of C V in the reinnervating fibers of diabetics but M-wave 

recovery in both groups was significantly delayed (Table 15). 
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Table 15. Electrophysiological properties of the sciatic-tibial nerve following injury. 

CONDUCTION VELOCITY M-WAVE AMPLITUDE 

Weeks Post 
Crush Non-Diabetic Diabetic Non-Diabetic Diabetic 

0 43.19 ±0.57 42.17 ±0.81 3.41 ±0.38 3.32 ±0.30 

2 0 0 0 0 

3 12.57 ±3.85 7.25 ±4.19 0.65 ± 0.29 0.40 ± 0.23 

4 23.67 ±1.51 13.57 ±1.76** 1.02 ±0.13 0.49 ±0.11 * 

6 25.48 ± 1.69 19.51 ± 0.62 * 1.66 ±0.20 1.57 ±0.31 

8 27.75 ± 0.90 21.41 ±2.10* 1.92 ±0.29 1.93 ±0.23 

Weeks Post-
Transection 

0 40.78 ± 1.02 41.41 ±0.61 3.45 ±0.41 3.53 ±0.31 

4 0 0 0 0 

6 8.96 ± 3.06 3.17 ± 1.76 0.12 ±0.05 0.08 ± 0.04 

10 25.38 ±1.66 20.12 ± 1.62 * 0.76 ±0.19 0.73 ±0.12 
Data are presented as mean ± SEM. Non-diabetic controls and diabetics were compared at each 

time-point using a one way analysis of variance (ANOVA) with Bonferroni post-hoc t-tests. 

* P<0.05; ** P<0.01 
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Weeks Post-Crush 

Figure 20. Recovery of M-potentials following crush injury to the sciatic nerve in mice 

Recovery of M-potentials following crush injury to the left sciatic nerve in diabetic and 

control mice. Note that diabetes was initiated 4 weeks prior to injury. Data are presented as 

a percentage of the baseline value ± standard error of the mean. Comparisons between 

diabetics (filled squares) and controls (open squares) were made using a one-way A N O V A 

with Bonferroni post-hoc tests. *P < 0.05. 
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3.3.3 Morphometry 

Diabetic tibial fascicles did not show any apparent regenerative delay at 2 weeks 

following nerve injury (transection or crush) but did have significantly thicker myelin 

sheaths (Fig. 21) that may reflect the persistence of some nerve fibers. Regenerative 

clusters were not detected 2 weeks post-injury since the timepoint of their apogee would 

have been earlier at the level sampled. Fiber number and density were decreased in 

diabetics at 8 weeks (final timepoint) following crush and 10 weeks (final timepoint) 

following transection (Figure 22). Diabetic fiber and axon diameters were smaller at 4 and 

8 weeks (p<0.05) after crush and 10 weeks following transection (p<0.05). Fiber and axon 

areas were also reduced in diabetics (p<0.05) following crush (4 & 8 wks) and transection 

(10 weeks). Diabetic tibial fascicles had significantly thinner myelin sheaths at 4 and 8 

weeks after crush (p<0.05). Fewer macrophages were recruited into the diabetic tibial 

fascicle 2 weeks post-crush but macrophage numbers and densities increased later (8 wks 

post-crush & 10 wks post-transection), as control values declined, and persisted during the 

attempted regenerative process (Figure 23). At 4 and 8 weeks after crush injury, diabetic 

tibial fascicles showed a higher number and density of degenerating profiles than 

nondiabetic tibial fascicles at the same post-injury timepoint (Table 16). 

Diabetic sural nerves at both 10 and 15 mm below the lesion site demonstrated 

decreased fiber and axon diameters (4 & 8 wks post-crush; p<0.05, and 10 wks post-

transection; p<0.05). Fiber and axon areas were similarly undersized in diabetic mice at 

both sample sites (8 wks after crush & 10 wks after transection; p<0.05 and p<0.01, 

respectively). Fiber number and density were compromised in diabetics following crush at 

4 and 8 weeks, and after transection at 10 weeks (p<0.05). Myelin was thicker in diabetic 
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sural nerves immediately after crush (2 weeks) but regenerating fibers later fell below 

control levels (4 & 8 wks; p<0.05). Transection injury also yielded thinner myelin in 

diabetics after 10 weeks (p<0.01). Macrophages were once again elevated in control 

animals at 2 weeks post injury (transection and crush) but to a lesser extent in diabetic 

mice. The increase in macrophages at 2 weeks coincided with an increased number and 

density of distal (15mm) degenerating units in control animals as compared to diabetics 

(p<0.01). Macrophage number and density rose later in diabetics and tended to remain 

above control levels following crush (4 & 8 wks; <p0.05) and transection (10 wks; p<0.05). 

Degenerating unit density also increased at 4 and 8 weeks after crush (Tables 17 & 18). 
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Figure 21. Photomicrographs of tibial fascicles 10mm distal to nerve injury 

Tibial fascicles (1.0 urn thick) 10mm distal to nerve injury in nondiabetic (A, B, C, & D) 

and diabetic mice (A', B', C , & D') at various time points after injury (A and A', 2 weeks; 

B and B \ 4 weeks; C and C \ 8 weeks; D and D', 10 weeks). Chosen fields are 

representative of each group (avoiding extremes) and were taken at the same location in 

each transverse section (e.g. centrofascicular) since crush injury can exert differing forces 

on each nerve subcompartment. The 2-, 4- and 8-week time points are following sciatic 

nerve crush while 10 weeks is post-transection. Note the reduced numbers of regenerating 

myelinated fibers and increased numbers of persistent degenerative axon profiles following 

both types of injury in diabetics (Bar = 20um for all panels). 
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Diabetic 

Contra 2 4 8 10 

Weeks Post-Injury 

Figure 22. Fiber density of tibial fascicles following nerve injury 

Fiber density of tibial fascicles following nerve injury and in relation to the contralateral 

tibial fascicle. Crush injury is represented at 2-, 4-, and 8-weeks, with transection injury 

demonstrated at the 10-week time point. Data are presented as mean ± SEM. Diabetics and 

non-diabetics were compared using a one-way A N O V A with Bonferroni post hoc Student 

t-tests. Contra; contralateral tibial fascicle. *P<0.05. 
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Weeks Post-Injury 

Figure 23. Number of persistent endoneurial macrophages in tibial fascicle following 

sciatic nerve injury 

The number of persistent endoneurial macrophages in the tibial fascicle following 

ipsilateral sciatic nerve injury. Crush injury is demonstrated at 2-, 4-, and 8-weeks. 

Transection injury is specified at the 10-week time point. Data are presented as mean ± 

SEM. Diabetics and non-diabetics were compared using a one-way ANOVA with 

Bonferroni post hoc t-tests. Contra; contralateral tibial fascicle. *P< 0.05; **P< 0.01 
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Table 16. Morphological properties of injured tibial fascicles. 

Property Weeks Post Crush Weeks Post 
Transection 

2 4 8 10 

N D N D N D N D 

Endo area (mm2) 0.11 ±0 .01 0.10 ±0 .01 0.09 ±0 .01 0.07 ±0 .01 0.11 ±0 .01 0.11 ±0 .02 0.08 ±0 .01 0.10 ±0 .01 

Fibre # 987 ± 1 1 8 9 1 5 ± 1 5 6 1662 ± 8 7 1264 ±230* 2021 ± 6 4 1535 ± 87* 1224 ± 9 6 1057 ± 6 7 * 

Fibre density (#/mm2) 8802 ± 567 9050±1081 18760 ± 1191 18830 ±2409 18620 ±911 13570 ±1325* 15710±1245 10260 ± 9 7 0 

Fibre diameter (um) 4.50 ±0 .10 4.76 ±0.18 5.86 ±0 .15 4.98 ±0 .10 6.78 ± 0.22 5.90 ± 0.08* 5.62 ±0.33 4.89 ±0.16* 

Axon diameter (um) 3.52 ± 0.09 3.58 ±0.13 4.58 ±0.11 3.90 ±0.10* 5.40 ±0.13 4.58 ±0.13* 4.11 ±0.21 3.56 ±0.14* 

Fibre area (um2) 14.92 ±0 .69 17.54 ± 1.22 26.74 ± 1.58 18.96 ± 0.76* 36.90 ± 1.97 28.72 ±0.69* 29.13 ±7.64 21.33 ± 1.66* 

Axon area (um2) 9.48 ± 0.40 10.50 ±0 .60 17.42 ± 1.05 12.08 ±0.57* 24.92 ± 1.67 18.54 ± 0.68* 19.18 ±5.33 13.44 ±0.97* 

Myelin (um) 0.48 ± 0.02 0.60 ± 0.03* 0.66 ± 0.02 0.53 ± 0.03* 0.72 ± 0.02 0.60 ± 0.03* 0.65 ± 0.05 0.59 ± 0.03 

Macro # 159 ± 22 99 ± 13* 32 ± 4 34 ± 3 19 ± 4 76 ± 18* 9 ± 3 51 ± 14* 

Macro density (#/mm2) 1382 ±152 962 ±133 * 376 ± 5 7 463 ± 99 180 ± 34 624 ± 164* 101 ± 3 5 465 ±106* 

Deg profile # 348 ± 28 318 ± 23 89 ± 1 4 150 ± 1 2 * 49 ± 5 91 ± 11* 55 ± 2 1 87 ± 2 2 

Deg profile density 
(#/mm2) 3059 ± 245 3167 ± 3 9 4 996 ± 84 2142 ±149* 501 ± 81 813 ± 145* 648 ± 264 812 ± 1 3 1 

Six animals per group at each time point were used in the experiment. Data are presented as mean ± SEM. Diabetics (D) and non-diabetic controls 

(N) were compared on each parameter using a one-way A N O V A with Bonferroni post hoc Student's t-tests. Macro= macrophage; Deg profile^ 

degenerating profile. *P<0.05. 
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Table 17. Morphological properties of injured sural fascicles 10mm distal to sciatic injury. 

Property Weeks Post Crush Weeks Post 
Transection 

2 4 8 io 

N D N D N D N D 

Endo area (mm2) 0.018 ±0.003 0.018 ±0.001 0.019 ±0 .004 0.014 ±0.001 0.020 ± 0.004 0.023 ± 0.004 0.015 ±0.000 0.017 ±0.003 

Fibre # 180 ± 3 0 207 ± 3 1 320 ± 27 175 ± 27* 366 ± 4 8 258 ± 43 231 ± 9 210 ± 1 1 * 

Fibre density (#/mm2) 9890±1831 11190 ±1158 16890 ± 1461 13250 ±1006* 18250 ± 1168 11270 ±689* 15180 ±797 12540±1316 

Fibre diameter (urn) 4.32 ± 0.22 4.52 ±0 .16 5.40 ±0.21 4.73 ± 0.08* 5.84 ±0.18 5.14 ± 0.27* 5.78 ± 0.10 4.64 ± 0.25* 

Axon diameter (um) 3.42 ±0 .21 3.40 ±0.13 4.36 ± 0.14 3.75 ± 0.07* 4.86 ±0.11 4.14 ± 0.25* 4.56 ± 0.15 3.53 ± 0.18* 

Fibre area (um2) 14.22 ± 1.60 15.18 ± 1.02 22.28 ±2 .11 24.98 ±4 .14 29.12 ± 1.35 21.40 ±1.86* 27.38 ± 1.70 17.83 ± 1.95** 

Axon area (pm2) 9.22 ± 1.23 9.02 ±0 .61 14.44 ± 1.45 15.90 ±3 .01 19.79 ± 1.45 13.96 ± 1.55* 18.06 ± 1.01 11.46 ±1.30** 

Myelin (um) 0.46 ± 0.02 0.56 ± 0.02* 0.60 ± 0.03 0.50 ± 0.00* 0.58 ± 0.02 0.50 ± 0.00* 0.64 ± 0.04 0.51 ± 0.03* 

Macro # 21 ± 2 14 ± 3 * 4 ± 1 10 ± 1 * 3 ± 1 10 ± 2 * 1 ± 0 8 ± 2 * 

Macro density (i/mm2) 1078 ±134 764 ± 1 4 7 * 247 ± 64 7 1 4 ± 9 6 159 ± 4 7 441 ± 102* 71 ± 2 0 471± 55* 

Deg profile # 48 ± 4 45 ± 10 27 ± 6 25 ± 3 7 ± 2 12 ± 4 * 5 ± 3 7 ± 2 

Deg profile density 
(i/mm2) 2694 ± 2 5 1 2514 ± 5 5 0 1443 ± 263 1828 ±364* 354 ± 81 532 ± 68* 3 0 7 ± 1 7 0 405 ± 99 

Six animals per group at each time point were used in the experiment. Data are presented as mean ± SEM. Diabetics (D) and non-diabetic controls 
(N) were compared on each parameter using a one-way A N O V A with Bonferroni post hoc Student's t-tests. Macro= macrophage; Deg profile= 
degenerating profile. *P<0.05 
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Table 18. Morphological properties of injured sural fascicles 15mm distal to sciatic injury. 

Property Weeks Post Crush Weeks Post 
Transection 

2 4 8 io 

N D N D N D N D 

Endo area (mm2) 0.023 ± 0.003 0.027 ± 0.004 0.022 ± 0.005 0.016 ±0.006 0.023 ± 0.005 0.022 ± 0.001 0.020 ± 0.003 0.022 ± 0.003 

Fibre # 88 ± 2 1 139 ± 9* 280 ± 70 154 ± 4 3 353 ± 3 1 275 ± 39* 269 ± 14 230 ± 1 0 * 

Fibre density (#/mm2) 3920 ±461 5095 ± 749 14560 ± 469 11220 ±537* 15400 ±1598 12410 ±966* 13540 ± 442 10248 ± 996* 

Fibre diameter (um) 4.62 ± 0.23 4.78 ±0.11 5.78 ± 0.48 4.83 ± 0.39* 6.05 ±0.39 4.93 ± 0.24* 5.43 ± 0.09 4.59 ± 0.18* 

Axon diameter (um) 3.66 ±0.21 3.58 ±0.12 4.60 ± 0.44 3.76 ± 0.39* 4.90 ±0.33 3.73 ± 0.14* 4.30 ± 0.04 3.48 ± 0.13* 

Fibre area (um2) 15.38 ±2.75 17.58 ± 0.74 25.83 ±4.95 25.90 ± 3.32 29.27 ±3.33 20.20 ± 1.50* 23.33 ±0.72 16.31 ± 1.39** 

Axon area (um2) 9.94 ± 2.08 10.62 ±0.67 17.68 ±3.42 18.10 ±2.75 19.62 ± 2.42 12.47 ± 0.75* 15.98 ± 0.50 10.11 ±0.93** 

Myelin (um) 0.50 ± 0.00 0.60 ± 0.00* 0.63 ± 0.03 0.58 ± 0.03* 0.64 ±0.04 0.56 ± 0.04* 0.60 ± 0.00 0.52 ± 0.02* 

Macro # 43 ± 6 27 ± 5 * 6 ± 1 9 ± 2 * 3 ± 1 6 ± 1 * 3 ± 1 14 ± 3 * * 

Macro density (#/mm2) 1881± 430 1096 ± 240 * 262 ± 16 565 ±155* 123 ± 23 261± 40* 158 ± 5 1 669 ± 102** 

Deg profile # 76 ± 8 49 ± 11** 21 ± 2 8 ± 4 3 ± 1 7 ± 2 * 8 ± 3 11 ± 2 

Deg profile density 
(#/mm2) 3580 ± 601 1922 ± 400** 1146 ±310 1593 ±580 122 ± 60 281± 88* 396 ±262 521±121 

Six animals per group at each time point were used in the experiment. Data are presented as mean ± S E M . Diabetics (D) and non-diabetic controls 
(N) were compared on each parameter using a one-way A N O V A with Bonferroni post hoc Student's t-tests. Macro= macrophage; Deg profile= 
degenerating profile. *P<0.05; **P<0.01. 
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3.3.4 Autotomy 

Diabetic mice exhibited early and high levels of autotomy behavior, not observed to 

the same degree in nondiabetics, to the ipsilateral paw following injury. These self-inflicted 

injuries began at 5 days post-injury and increased with time (Figure 24). No injuries were 

observed to be directed to contralateral paws. 

3.3.5 Immunohistochemistry 

A subset of animals were examined at 5 days following crush injury to assess early 

outgrowth and regeneration rate of sprouts. Once again diabetic animals demonstrated 

features of hyperglycemia and had elevated whole blood glucose. Five days after crush, 

longitudinal sections were stained for either galanin or CGRP and immunoreactive fibres 

counted at fixed distance from the injury zone (0-, 2-, 4-, 6-, and 8-mm). 

Intact nerves demonstrated intense immunostaining for both galanin and CGRP. 

Transected stumps were used to show that immunostaining is confined solely to 

regenerating fibers. Many fibers were labelled in the proximal stump with punctate staining 

at the tip. There was an absence of CGRP staining in the distal stump but galanin was 

expressed to a minor extent in, what appeared to be, Schwann cells (Figure 25 & 26). There 

was no significant difference in the number of immunoreactive CGRP fibres at various 

distances from the crush area (Table 19). Both controls and diabetics seemed to peak (the 

most fibres) at 4mm from the injury site (Table 19). On the otherhand, diabetics had more 

galanin immunoreactive fibres at 2 (P<0.05) and 4 mm (PO.05) from the crush zone with 

peaking at the 4mm site. Control nerves peaked at 6mm where they had significantly more 

fibres than diabetics (PO.05) (Table 20). 



HEZ Diabetic 

5.0 14.0 21.0 28.0 42.0 56.0 70.0 

Days Post-Injury 

Figure 24. The level of self-injurious behavior to left hindfoot following nerve injury 

The level of self-injurious behavior to the left hindfoot based on scores from an autotomy 

scale following nerve injury. Data are presented as mean ± SEM. Note there is increased 

autotomy behavior in diabetic mice. Statistical comparisons were made between groups 

using a one-way A N O V A with Bonferroni post-hoc tests. *** PO.001 
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Table 19. The number of regenerating CGRP immunoreactive fibers at 5 days post-
crush injury. 

DISTANCE 
FROM CRUSH 
(mm) 

CONTROL 

Number Change Score1 

DIABETIC 

Number Change Score1 

0 12.7 ±0.9 11.8 ±0.6 

2 17.7 ±1.1 5.0 ± 1.6 15.8 ±1.2 4.0 ±1.8 

4 17.7 ±1.8 5.0 ±2.2 16.3 ±3 .0 3.8 ±3.7 

6 15.6 ±2.1 2.9 ±2.4 13.7 ±3.5 0.6 ±4 .0 

8 12.7 ±1.9 -0.7 ±2.4 12.0 ±3 .3 0.2 ±3.7 

Data are expressed as mean ± SEM. (n=5 or 6 per group) 

Change score represents the number of fibres at a given distance minus the number of 

fibres at the crush zone (0 distance). 



131 

Table 20. The number of regenerating galanin immunoreactive fibers at 5 days post-
crush injury. 

DISTANCE CONTROL DIABETIC 
FROM CRUSH 

Change Score1 Change Score1 (mm) Number Change Score1 Number Change Score1 

0 13.7 ±0.5 14.1 ± 1.2 0 13.7 ±0.5 14.1 ± 1.2 

2 18.0 ±1.8 7.9 ± 1.0 22.0 ±1.4 3.8 ±1.2 * 

4 18.3 ±1.4 8.7 ± 1.0 22.1 ± 1.7 4.5 ± 1 . 0 * 

6 19.9 ±3 .8 7.6 ± 2.2 14.8 ±2.3 0.8 ± 1.9 * 

8 15.0 ± 1.8 1.7 ±2.0 12.4 ±2 .0 -1.4 ± 1.8 

Data are expressed as mean ± SEM. * P<, 0.05; n=5 or 6 per group 

1 Change score represents the number of fibres at a given distance minus the number of 

fibres at the crush zone (0 distance). 
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Figure 25. Photomicrographs of longitudinal sections of injured sciatic nerve 

immunostained with CGRP 

Longitudinal sections of sciatic nerve immunostained with CGRP at fixed distances from a 

crush injury zone in diabetic (A, B, C, D, and E) and nondiabetic (A', B', C , D \ and E') 

mice. Crush injuries were created 5 days prior to nerve removal. Immunoreactive fibers 

were counted along a transverse line at each interval distal to the injury site (A and A', 

Omm; B and B', 2mm; C and C \ 4mm; D and D', 6mm; E and E', 8mm). Sections of 

control intact nondiabetic (F) nerve, as well as proximal (G) and distal (H) stumps 5 days 

following transection are also displayed. Note the absence of staining in distal stumps 

indicative that degenerative fibers are not immunoreactive for CGRP while the proximal 

stump has intense expression at the tip. A minimum of five sections were scored per 

animal. Fiber counts between diabetics and non-diabetics were compared at each timepoint 

using a t-test. 
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Figure 26. Photomicrographs of longitudinal sections of injured sciatic nerve 

immunostained with galanin 

Longitudinal sections of sciatic nerve immunostained with galanin at fixed distances from a 

crush injury zone in diabetic (A, B, C, D, and E) and nondiabetic (A', B \ C \ D', and E') 

mice. Crush injuries were created 5 days prior to nerve removal. Immunoreactive fibers 

were counted along a transverse line at each interval distal to the injury site (A and A', 

Omm; B and B \ 2mm; C and C \ 4mm; D and D', 6mm; E and E', 8mm). Sections of 

control intact nondiabetic (F) nerve, as well as proximal (G) and distal (H) stumps 5 days 

following transection are also displayed. The maximal number of immunoreactive fibers 

can be seen in diabetics at 4mm and at 6mm in nondiabetics. Note minor staining in distal 

stumps confined to cellular structures while the proximal stump has intense expression 

with punctate labelling at the tip. A minimum of five sections were scored per animal. 

Fiber counts between diabetics and non-diabetics were compared at each timepoint using a 

t-test. 
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3.4 DISCUSSION OF R E S U L T S 

The major findings of the present work are: (i) there was a delay in the recovery of 

the sciatic-tibial M-wave, indicating slower target muscle reinnervation, and in motor 

conduction velocity in diabetic mice following nerve injury; (ii) a blunted early outgrowth 

of galanin immunoreactive fibres in diabetic mice; (iii) the finding that nerve injury is 

associated with slowed regrowth and maturation of regenerating fibers in diabetic mice 

observed as decreased fiber density and number as well as fiber and axon caliber distal to 

the injury zone; (iv) the finding that diabetes influences the infiltration and resorption of 

macrophages following nerve injury; and (v) the finding that autotomy behavior was 

elevated in diabetic mice, suggesting heightened neuropathic pain. 

Neurite formation begins only hours following axonal injury with elongation rates 

dependent on the relative permissiveness of the regenerative environment. Improper 

clearance of myelin and axonal debris will create inhibitory conditions leading to slow 

outgrowth. Previously it was noted that regeneration rates in diabetic rats are comparatively 

slow (Longo et al., 1986;Bisby, 1980) but there has been a failure to address early 

regenerative events. Studies examining certain elongation markers on growth cones can be 

flawed. For instance, neurofilament markers are not useful because they may lag behind the 

growth cone. Additionally the putative growth cone marker, GAP-43/B50, is not readily 

distinguishable due to its upregulation on Schwann cells while protein gene product 9.5 

(PGP 9.5) persists on residual degenerating fibers. CGRP, on the otherhand, is a widely 

distributed neuropeptide that is typically most abundant in sensory neurons but is also 

found in motoneurons, and neurons of the autonomic nervous system (Lee et al., 1985). 

Nerve injury upregulates CGRP in motoneurons with a downregulation in their sensory 
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counterparts (Raivich et al., 1992;Arvidsson et al., 1990). This augmentation may be 

associated with trophic effects on muscle (New and Mudge, 1986), initiation of Schwann 

cell proliferation (Cheng et al., 1995), and/or mediation of inflammatory reactions 

(Goltzman and Mitchell, 1985). CGRP is also found on the tip of the regenerative growth 

cone and serves as an adequate marker for rate of regrowth for the majority of fiber types 

(Raivich et al., 1992). Immunostaining increased distally indicating labelling of growth 

cones and sprouts. Diabetics and controls had similar numbers of immunoreactive CGRP 

fibers that both peaked at 4mm from the crush site. However, there was a trend for 

nondiabetics having more immunoreactive fibers at all sampling distances. Since CGRP is 

only upregulated in motoneurons, this may indicate that early motor axon elongation is not 

impaired in diabetics. 

Galanin is another neuropeptide found in the peripheral and central nervous systems 

that is localized mainly to motoneurons in the intact state (Ch'ng et al., 1985). Galanin 

immunoreactivity, however, increases in motoneurons (Zhang et al., 1993b), sympathetic 

neurons (Zigmond et al., 1996), and dorsal root ganglion neurons (Zigmond et al., 

1996;Wiesenfeld-Hallin et al., 1992;Villar et al., 1991) after nerve injury. Due to the 

absence of any significant difference in CGRP immunostaining of primarily motor axons 

(due to the downregulation of CGRP in sensory neurons), any difference observed between 

groups in galanin immunostaining may indicate a regenerative deficiency in the sensory or 

sympathetic neuron population. Diabetic nerves did have more galanin immunoreactive 

fibres at 2- and 4 mm from the crush injury site, indicating that more sprouts may be 

initially formed or there is a poor pruning mechanism in this condition. Diabetic fibres 

peaked at 4mm while controls reached maximal levels at 6mm. More sprouts may result in 
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the sharing of limited metabolic resources over a larger number of fibres leading to 

comparatively less outgrowth than conditions with less sprouts. Additionally, poor 

clearance of myelin and axonal debris may initially create a non-permissive environment 

for neurite elongation. For instance, the Ola mouse demonstrates inefficient Wallerian 

degeneration leading to blunted regeneration. Diabetic animals could have improper 

clearance of degenerating debris leaving a poor substrate for elongation that is later 

highlighted by improper fibre maturation. 

Diabetics had delayed fiber regrowth and maturation, characterized by decreased 

fiber numbers, density, diameter, area and myelin thickness distal to the injury site. 

Sensory (sural) and mixed (tibial) nerves were similarly involved. An impairment in 

regeneration could be due to several factors at the timepoints we studied, that involve 

components of the regeneration process. Diabetic nerves may simply lag behind in nerve 

fiber outgrowth from the outset (as eluded to previously) leading to dramatic differences at 

later sampling points. Nerve injury typically upregulates various growth associated genes 

and neuropeptides through the retrograde cell body reaction. Enhanced expression of 

growth-associated protein-43 (GAP-43/B-50) is one critical component for neuronal 

outgrowth (Meiri et al., 1998a) and has been reported to be depleted in diabetics (Maeda et 

al., 1996a;Scott et al., 1999). Impaired regeneration cannot be completely explained by a 

deficient expression of GAP-43/B-50 since even high levels of this protein do not 

guarantee prolonged axonal outgrowth (Chong et al., 1994;Buffo et al., 1997). GAP-43/B-

50 may be more important in later axonal guidance (Strittmatter et al., 1995). Diabetic 

regenerative clusters may also have difficulty elongating because their original basal 

laminae persist even at advanced stages of regeneration (Bradley et al., 1995). 
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Deficits in the nerve trunk content or action of vasoactive neuropeptides such as 

calcitonin gene-related peptide (CGRP) and substance P in diabetics may limit the 

hyperemic flare in nerve microvessels following nerve injury perhaps rendering a relative 

ischemic state. Zochodne & Ho (1993) found a blunting in the hyperemic response to 

capsaicin in diabetic rats. A diminished flare reaction was also evident in human diabetes 

in response to intraepidermal injection of substance P, histamine, or capsaicin into the 

medial forearm (Aronin et al., 1987). Excessive accumulation of advanced glycation end-

products (AGE) and low density lipoproteins (LDL) in the vascular matrix combined with 

endothelial vascular wall thickening in diabetic rats will produce a narrowing of vessel 

luminal area (for review see Brownlee, 1997) that may also contribute to relative ischemia 

(Maeda et al., 1999). 

Macrophages assist Schwann cells in phagocytosing axon and myelin debris 

following nerve injury (Beuche and Friede, 1984;Bruck and Friede, 1990). Wallerian 

degeneration is delayed if there is an impairment in the invasion of macrophages (Perry 

and Brown, 1992) while enhancement of macrophage influx results in a greater 

regenerative capacity (Miyauchi et al., 1997;Prewitt et al., 1997). He et al. (1996) noted 

that in mice, macrophages are typically enlisted to the endoneurium 3-5 days post 

transection or crush until 15-20 days. Conti et al. (1997) demonstrated 

immunocytochemically that macrophage activation is abnormal in diabetic rats and 

inappropriately infiltrate the endoneurium 2 weeks after diabetes induction. Acute 

hyperglycemia has been noted to impair the respiratory burst of alveolar macrophages 

(Kwoun et al., 1997) and to inhibit their release of IL-1 (Hill et al., 1998), important in the 

upregulation of NGF (Lindholm et al., 1987;Horie et al., 1997b). A comparatively reduced 
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number of macrophages observed in diabetic mice early after injury may indicate that there 

is a deficit in Wallerian degeneration. For example, enhanced phosphorylation of 

neurofilaments may produce a lag in Wallerian degeneration by promoting resistance to 

calpain-mediated proteolysis (Terada et al., 1998). 

Macrophages must be inactivated once their role in the regenerative process is 

complete. This inactivation may be mediated by high levels of cAMP secondary to the 

increased expression of CGRP and vasoactive intestinal polypeptide (VIP) (Cheng et al., 

1995) or through the expression of interleukin-10 (IL-10) and tumor necrosis factor- beta 

(TGF- ). Even i f macrophage invasion is somehow impaired, the diabetic nerve would have 

the opportunity to eventually catch up to the control regenerative endpoint. However, the 

persistence of macrophages in our results might impair Schwann cell viability (Skoff et al., 

1998) or function [e.g. myelin splitting] (Tamura and Parry, 1994). 

As expected, regeneration was more robust, both electrophysiologically and 

histologically, following crush injury then after transection. This is due to the preservation 

of endoneurial tubes after crush injury, thereby providing a guide for regenerating axons. 

The apparent recovery of the M-wave by 6 weeks post-crush injury in diabetics despite 

incomplete restitution of tibial fiber numbers may indicate robust collateral sprouting 

occurs at the interosseous motor endplates. Following denervation nerve sprouts have been 

previously noted to appear at nerve terminals and nodes of Ranvier of remaining 

intramuscular nerves forming accessory or double endings on muscle fibers (for review see 

Wernig, & Herrera, 1986) in an attempt to compensate for loss of adjacent nerve fibers 

(Rafuse et al., 1992). 
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Autotomy behavior is sometimes seen in animals following peripheral nerve injury 

(Wall and Gutnick, 1974;Banos et al., 1994). These behaviors are directed to the 

denervated areas after a delay of several days to weeks (Wall et al., 1979;Asada et al., 

1996). Diabetic mice in our study exhibited much earlier and higher autotomy levels than 

controls. It is possible that they experience enhanced neuropathic pain since autotomy 

scores may be an appropriate measure of the degree of pain or dysesthesia (for review see 

Coderre et al., 1986). In fact, noxious stimuli after nerve injury will enhance autotomy 

presumably by enhancing pain perception (Coderre and Melzack, 1986). These painful 

perceptions could arise from the activation of protein kinase C (PKC) following nerve 

injury (Mao et al., 1992;Malmberg et al., 1997). Diabetes is already known to alter the 

expression of P K C isozymes (Roberts and McLean, 1997) which may ultimately also lead 

to impaired Na-K-ATPase activity (Hermenegildo et al., 1992) and conduction deficits. 

Our results provide evidence that peripheral nerve motor and sensory regeneration 

is substantially slowed in experimental diabetes mellitus. The regenerative defect was not 

complicated by an overwhelming difference in body weight or maturational level between 

diabetics and controls that have complicated diabetic rat animal models in the past. It is 

possible that the deficit is related to the observed slow infiltration and later relative 

persistence of endoneurial macrophages. 
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CHAPTER 4: 

THE INFLUENCE OF THE MICROCIRCULATION ON DIABETIC NERVE 

REGENERATION 

4.1 INTRODUCTION 

Regeneration in peripheral nerves can be complicated by relative ischemia, as may 

occur in cases of nerve infarction (Woodhall and Davis, 1950). The intact peripheral nerve 

endoneurial vascular nutrititive compartment is well supplied by extrinsic "feeding" vessels 

arising from its epineurial plexus. Ischemia following nerve injury may be "normally" 

averted by increasing endoneurial nerve blood flow to address the increased nutrient and 

oxygen consumption of regenerating axons and other cellular elements during repair. For 

example, rises in blood flow, or hyperemia, may be mediated by vasodilation of the 

extrinsic vasa nervorum (Holzer, 1988;Lembeck, 1983) by neuropeptides (notably CGRP, 

substance P, and VIP) and mast cell-derived histamine. Macrophage and endothelial-

derived nitric oxide (NO) also probably augment nerve blood flow at the injury site through 

vasodilation. At later stages of regeneration and repair extensive neoangiogenesis may 

maintain a persistent hyperemic state (Nukada et al., 1985). Revascularization from 

angiogenesis into a peripheral nerve graft often precedes regenerating axons (Tarlov and 

Epstein, 1945) with fibers near blood vessels having the fastest regeneration rates 

(Weddell, 1942). 

Regenerative success in diabetes is impaired as a result of defects in the onset of 

regeneration (Bisby, 1980), in elongation rate of axonal sprouts (Ekstrom et al., 1989), and 

subsequently in nerve fiber maturation of experimental (Kennedy and Zochodne, 

2000;Maxfield et al., 1995;Tantuwaya et al., 1997;1995) and human (Sima et al., 
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1988a;Bradley et al., 1995) diabetes. The regenerative program could be compromised by a 

failed upregulation of neurotrophins (Ekstrom et al., 1989;Unger et al., 1998a), defective 

transport of cytoskeletal elements (Jakobsen et al., 1981;McLean, 1997;McQuarrie and 

Lasek, 1989;Scott et al., 1999) or inadequate microvascular support. Diabetic nerve 

microvessels exhibit basement membrane thickening (due to accumulation of type IV 

collagen), endothelial cell hyperplasia (Malik, 1997), as well as intimai and smooth muscle 

cell proliferation (Stevens et al., 1995) that all increase with the severity of diabetic 

polyneuropathy (Malik et al., 1989) and may impair vasoreactivity. Diabetes has been 

noted to impair vascular hyperemic responses to agents such as heat and injury (Aronin et 

al., 1987;Tooke, 1995;Walmsley et al., 1989), surgical exposure of nerve (Ido et al., 1997), 

and to epineurial application of capsaicin (Zochodne and Ho, 1993a). A diminished supply 

of vasoactive peptides such as CGRP, substance P, and VIP in intact diabetic nerve and 

dorsal root ganglion (Anand et al., 1988;Diemel et al., 1992;Willars et a l , 1989), along 

with excessive scavenging of NO (Kilo et al., 2000;Meraji et al., 1987) result in blunted 

vasodilation and hyperemia. Increased intervascular distance in diabetic rats following 

nerve injury may further predispose the regenerating nerve to ischemia (Maeda et al., 

1999). 

In this work, the main aim was to explore the response of vasa nervorum to sciatic 

nerve injury in rats with chronic experimental diabetes. The first objective was to examine 

physiological measures of nerve blood flow by two approaches: laser doppler flowmetry 

(LDF) and microelectrode hydrogen clearance polarography (HC) to selectively address 

flow dominated by the epineurial plexus and flow within the endoneurial vascular 

compartment, respectively. The second objective to correlate the blood flow measurements 
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with quantitative morphometric studies of nerve microvessels using in vivo perfusion of an 

Indian ink preparation and study of luminal profiles from unfixed nerve sections. 

Assessment of two timepoints (48 hours and 2 weeks) after injury allowed me to examine 

two distinct, but sequential and related stages of injury-induced hyperemia. 

4.2 M A T E R I A L S A N D M E T H O D S 

4.2.1 Animals 

Procedures were approved by the Animal Care Committee of the University of 

Calgary and carried out in accordance with the "Guide to the Care and Use of Experimental 

Animals" by the Canadian Council on Animal Care. Adult male Sprague-Dawley rats (300-

350g, N=96) were housed two per plastic cage on a 12-12 hour light-dark cycle with food 

and water available ad libitum. Rats were assigned randomly to either a diabetic or control 

group and equally to physiological or morphometric studies. Diabetes was initiated by 3 

consecutive injections of streptozotocin [Zanosar (50mg/ml); UpJohn] in citrate buffer (pH 

4.8) during the fasting state (one intraperitoneal injection/day; day 1, 100mg/kg; day 2, 

83mg/kg; day 3, 66mg/kg). Control animals received equivalent doses of the citrate buffer 

solution. Hyperglycemia was verified 1 week after the final STZ injection by sampling 

from a tail vein. A fasting whole-blood glucose >16mmol/l (normal 5-8 mmol/1) was the 

criterion for experimental diabetes. Whole blood glucose tests were carried out using a One 

Touch FastTake (Lifescan Canada Ltd.; Burnaby, British Columbia), while plasma glucose 

was measured with a glucose oxidase method (Ektachem DT-II Analyzer; Eastman Kodak 

Company, Rochester, N Y , USA). 
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4.2.2 Preparation 

Diabetic and control rats 8 months following STZ or citrate injection were 

anaesthetized with sodium pentobarbital (65mg/kg, intraperitoneal). Left sciatic nerves 

were exposed by blunt dissection, using aseptic techniques, and transected at mid-thigh 

level using a pair of microscissors. A gap of 5mm was left between proximal and distal 

stumps. Once injuries were created, muscle and skin were resutured in layers and the 

animals allowed to recover. Sham animals underwent nerve exposure alone without nerve 

injury. 

4.2.3 Electrophysiology 

Electrophysiological recordings were made under anesthesia (Nicolet Viking I 

E M G machine; Nicolet, Madison, WI, USA) as reported in elsewhere (Chapter 3). 

4.2.4 Nerve Blood Flow 

Laser doppler flowmetry (LDF) and hydrogen clearance (HC) polarography were 

used to measure nerve blood flow in experimental diabetes mellitus. Under anesthesia the 

trachea was cannulated for artificial ventilation (model 683, Harvard rodent respirator; 

South Natick, M A ) and a polyethylene cannula (PE50) inserted into the left common 

carotid artery. The arterial line allowed mean arterial pressure (MAP) to be continuously 

sampled, as well as to periodically monitor arterial blood gases (Radiometer A B L 330; 

Copenhagen, DK) (acceptable levels were PO2 > 90rrimHg; PCO2: 35-45mmHg). The level 

of anesthesia was maintained by recording M A P and supplementary pentobarbital 

(20mg/kg) was administered 2 hourly, as needed. 
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(a) Laser Doppler Flowmetry- LDF was measured prior to HC. Exposed tissues 

surrounding the sciatic nerve (i.e. skin and muscle edges) were covered with a pool of 

mineral oil maintained at 37°C using a thermistor probe connected to a control feedback 

unit (T-CAT 1; Bailey, Saddle Brook, NJ). A laser doppler probe (1mm diameter; 250um 

fiber separation attached to a Periflux monitor, Perimed, Sweden) was positioned 

approximately perpendicular to the nerve (with a micromanipulator) in the liquid pool to 

achieve maximum signal-to-noise ratio of RBC flux. Ambient lighting was turned off and 

10 separate measurements were taken in a l-2mm segment of nerve, avoiding surface 

vessels. The mean of the 10 measurements were used to calculate mean R B C flux 

(arbitrary units) for each rat. 

(b) Hydrogen Clearance Polarography- Following anesthesia, animals were 

paralyzed with tubocurarine (1.5mg/kg) and ventilated. Supplementary administration of 

pentobarbital (20mg/kg) and tubocurarine (0.8mg/kg) were given 2 hourly, as needed. The 

hydrogen clearance (HC) method was carried out as previously described (Zochodne et al., 

1992;Low and Tuck, 1984). A small opening was made in the epineurium of the distal 

stump of the sciatic nerve (7-10 mm distal to nerve section) and bathed in mineral oil 

maintained at 37°C ± 0.5°C with aid of a thermistor and temperature controller (Sensortek; 

Clifton, NJ). A glass-insulated platinum microelectrode («3-5 u M diameter) was inserted 

through the epineurial window into the endoneurium with a micromanipulator. A reference 

electrode (2 M K C L ) was also inserted into the subcutaneous tissue of the abdominal wall. 

Both electrodes were connected to a microsensor (Diamond General; Ann Arbor, MI) with 

output sent to a polygraph recorder. H2 («10%) was added to the inspiratory gas mixture 
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and O2 and N2 concentrations adjusted to maintain a PO2 of > 90mmHg. When the H2 

current recorded by the electrode stabilized (20-30mins), indicating saturation of arterial 

blood, the H2 supply was shut off and N2 concentration adjusted once again. The H2 

clearance curves were recorded until the current reached baseline. Three consecutive 

washout curves were obtained with the first discarded and endoneurial blood flow was 

calculated from an average of the two subsequent curves. 

Clearance curves were fitted to mono - or biexponential curves using the least 

squares method for optimizing goodness of fit: y= a • exp (b • x) + c • exp (d • x) where y 

= hydrogen current (arbitrary units), x = time, b and d = fast and slow washout components 

respectively with a and c = curve weighting constants (Zochodne et al., 1992). Endoneurial 

blood flow was calculated from the slow washout component as -d • 100. Endoneurial 

microvascular resistance (MR) was calculated as MAP/flow. 

4.2.5 Microvessel Morphometry 

The procedure was a modification of that by Bray et al (1994). At 48 hours and 2 

weeks postinjury, experimental and sham-exposed animals (5-6 per group) underwent 

catheterization of the distal descending aorta through the right femoral artery (PE 50). Rats 

were perfused with 40ml of a solution of 4% gelatin and 5% mannitol in 100% Indian ink 

maintained at 37°C (2ml/min). Rats were then euthanized and their carcasses maintained at 

-20°C for one hour. Nerve specimens (5 mm proximal and 10 mm distal to nerve 

transection and sham exposed intact sciatic nerves) were removed, fast frozen in OCT 

(Optimal Cutting Temperature, Miles Laboratories) compound, and sectioned at 20pm in a 

cryostat (Microm, Walldorf, Germany). For each nerve specimen, 4-6 sections underwent 

quantitative analysis under light microscope (Axioplan; Zeiss, North York, Ontario, 
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Canada) and a mean valve /rat calculated. Images were captured using a digital camera 

(Axiocam; Zeiss, North York, Ontario, Canada) and vessel parameters measured using an 

image analysis program (Axiovision 2.05; Zeiss, North York, Ontario, Canada). Nerve 

(total; epineurial and endoneurial) area, vessel number, vessel density, vessel luminal area 

and total vascular area were assessed for each section. A l l counting was performed with the 

microscopist masked to the identity of the experimental group. 

4.2.6 Analysis 

A l l data are presented as mean + standard error of the mean (SEM). When multiple 

recordings (as in LDF and HC) or sections were taken a mean value/rat was calculated 

before analyzing results for the entire group. Data were analyzed by a one-way analysis of 

variance (ANOVA) with appropriate Bonferroni corrected post hoc Student's t-test 

comparisons. Statistical significance was set at OÍFO.05. 

4.3 R E S U L T S 

4.3.1 Animals & Diabetes 

Diabetic animals demonstrated polydipsia, polyuria, and a decrease in activity 

associated with hyperglycemia beginning one week after STZ injection. Diabetic animals 

also gained less weight than nondiabetics (Table 21). 

4.3.2 Electrophysiology 

Following 8 months of diabetes, baseline motor conduction velocity and M-wave 

amplitudes in the sciatic-tibial nerve territory were measured prior to nerve transection. 

Caudal sensory conduction and sensory nerve action potentials were also recorded at this 
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time. There was slowing of motor and sensory C V in the diabetic rats (Table 21) without 

changes in amplitudes (data not shown). 
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Table 21. Physical characteristics and electrophysiological properties of rats. 

Property Weight (g) Blood Glucose 
(mmol/1) 

Motor C V 
(m/s) 

Sensory C V 
SS&L. 

Diabetic 309.1 + 11.5 31.2 + 1.2 36.3 ±1.4 44.9 ±1.7 
Nondiabetic 648.9 ±16.7 7.9 ±0.3 54.4 ±1.4 58.5 ±1.5 

*** *** **# *** 
Data are presented as mean ± SEM (n=48/group). Diabetics and nondiabetics were compared on 

each parameter using unpaired Student's t-tests. Motor CV, motor conduction velocity in sciatic-

tibial nerve; Sensory CV, caudal sensory conduction velocity. ***p<0.001. (N=96) 
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4.3.3 Blood Flow 

During blood flow procedures, recordings of mean arterial pressure (MAP), pC»2, 

and pCC>2 were made to ensure physiological stability. No differences were noted between 

groups. 

(i) Intact Sham-Exposed Nerves In the uninjured sham nerves, there was no difference in 

RBC flux recorded by LDF or blood flow measured by HC between diabetic and 

nondiabetic animals (Figures 27 and 28). Arterial pC»2, pCCh, and mean arterial pressure 

(MAP) levels were also comparable between groups (Diabetic, 186.0 ± 23.3, 39.0 ± 1.3, 99 

± 2 mmHg; Nondiabetic, 194.1 ± 20.0, 42.3 ± 1.2, 112 ± 9 mmHg). Similarly endoneurial 

microvascular resistance (MR), calculated from HC, did not differ between diabetics (9.1 ± 

2.4 mmHg.ml."1 lOOg.^.min) and nondiabetics (8.4 ± 0.6 mrnHg^ml."1 lOOg.^.min). 

(ii) Injured Nerve Physiological Parameters: Arterial pÛ2 (torr), pC02(torr), and M A P 

were similar among groups at 48 hours (Diabetic, 202.3 ± 14.2, 39.9 ± 1.0, 120 ± 7 mmHg; 

Nondiabetic, 204.0 ± 20.7, 40.0 ± 1.1, 109 ± 6 mmHg) and 2 weeks following transection 

(Diabetic, 229.7 ± 22.2, 38.5 ± 0.8,117 ± 6 mmHg; Nondiabetic, 202.8 ± 18.9, 39.6 ± 0.8, 

120 ± 5 mmHg). 

RBC flux (LDF): Following injury, RBC flux was elevated above sham levels in both 

proximal and distal stumps of all animals. This rise, however, was attenuated in diabetic 

stumps and they did not reach RBC flux levels observed in nondiabetic nerves at either 48 

hours or 2 weeks post-transection (p<0.05) (Figure 27). 



158 

Endoneurial Blood Flow (HC): Blood flow increased above sham levels in the distal stump 

at 48 hours post-transection in nondiabetic animals. This hyperemia lessened in the stumps 

by 2 weeks post-injury, but still remained above levels in sham-exposed uninjured nerves. 

Diabetic distal stumps failed to develop any hyperemia at 48 hours and remained at values 

observed in sham-exposed uninjured nerves (compared to nondiabetic, p<0.05). However, 

diabetic flow values recovered two weeks post-injury to match nondiabetic levels (Figure 

28). Endoneurial M R was significantly higher in diabetic animals 48 hours after transection 

(Diabetic, 13.2 ± 2.6 mmHgtml."1 100g."1. min; Nondiabetic, 4.8 ± 1.0 mmHg-ml."1 100g." 

'.min; p<0.01), while nondiabetic M R decreased below sham exposed levels (see intact 

sham-exposed section). However, diabetic (7.0 ± 1.2 mmHg^ml."1 100g."'.min) and 

nondiabetic (9.2 ± 2.0 mmHg^ml."1 100g."\rnin) endoneurial M R levels were similar 2 

weeks post-transection. 

4.3.4 Microvessel Quantitation 

(i) Intact Sham Nerves Nondiabetic sciatic nerves were slightly larger than diabetics 

largely accounted for by an increased endoneurial compartment (p<0.05) (Figure 29). Total 

number of vessels (representing a sum of endoneurial and epineurial/perineurial vessels) 

showed a trend towards higher numbers in nondiabetics (Diabetic, 46 ± 15; Nondiabetic, 

74 ± 14) but it was not significant. Vessel densities and vessel areas were also similar 

between the two groups for both epineurial/perineurial and endoneurial vessels. 
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Figure 27. Mean red blood cell flux after injury 

Mean red blood cell flux from intact sham-exposed nerves, as well as proximal (5mm from 

transection site) and distal (7-10 mm from transection site) stumps of diabetic and 

nondiabetic rats following sciatic nerve transection. Note that diabetes was initiated 8 

months prior to injury. Shams consist of animals in which the nerve was merely exposed, 

but not transected. Laser Doppler recordings were averaged in each rat from 10 

independent measurements. Data are presented as mean ± SEM. Groups were compared at 

each timepoint using a one-way A N O V A with Bonferroni post hoc Student t-tests. *p<0.05 

(n=6-8). 
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Figure 28. Quantitative hydrogen clearance polargraphy 

Quantitative hydrogen clearance polarography measurements of endoneurial perfusion in 

distal stumps (7-10 mm from transection site) at 48 hours and 2 weeks following sciatic 

nerve transection. Note that diabetes was initiated 8 months prior to injury. Shams consist 

of animals in which the nerve was merely exposed, but not transected. Six to eight animals 

were used per group for the blood flow experiments. Three washout curves were taken per 

animal and averaged for presentation. Data represent mean ± SEM. Groups at both 

timepoints were compared using a one-way A N O V A with Bonferroni post hoc Student t-

tests. *p<0.05. (n=6-8) 
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Figure 29.Photomicrographs of sciatic nerves perfused with India ink 

Sciatic nerves 10mm distal to nerve injury in non-diabetic (A, B, and C) and diabetic rats 

(A', B ' , and C ) at two timepoints after injury (A and A ' , uninjured sham nerves; B and B ' , 

48 hours; C and C , 2 weeks). Note the overall small size of the diabetic nerve and smaller 

vessel caliber compared to nondiabetics after injury. Endoneurial (solid arrows) and 

epineurial (dotted arrows) vessels are shown. (Bar = 1mm for all panels) [n=5-6]. 
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(ii) Injured Proximal Stumps Proximal stumps of both groups enlarged in area to values 

greater than those of sham-exposed intact nerves but nondiabetic stumps continued to 

remain larger, again due to a greater endoneurial area (p<0.05). There was an increase in 

total vessel number per nerve for both groups at 48 hours (Diabetic, 72 ± 6; Nondiabetic, 

120 ± 5; p<0.01) and 2 weeks following transection (Diabetic; 89 ± 10; Nondiabetic, 133 ± 

13; p<0.05) that largely reflected an elevation in numbers of epineurial and perineurial 

vessels, most notably in nondiabetics compared to diabetics (48 hours, p<0.01; 2 weeks; 

p<0.05) (Figure 30A). At 48 hours post-injury epineurial vessel densities increased and 

nondiabetics had higher densities than diabetics (p<0.05), the latter were not different than 

levels in sham-exposed but intact nerves (Table 22). Diabetics had a higher endoneurial 

vessel density than nondiabetics at 2 weeks (p<0.05). Nondiabetic mean vessel luminal 

areas were enlarged to a greater extent than diabetic vessels at 48 hours (epineurial and 

endoneurial, p<0.05) and 2 weeks (epineurial, p<0.05) (Figure 32A). Total vascular 

luminal area per nerve was also significantly higher in nondiabetic endoneurial (48 hours, 

p<0.05) and epineurial (48 hours and 2 weeks, p<0.01) compartments (Figure 31 A). 

(iii) Injured Distal Stumps Whole nerve transverse area was elevated in distal stumps, 

attributable to an increase in both epineurial and endoneurial areas. Nondiabetic 

endoneurial areas were larger than diabetics (2 wks; p< 0.05). Total vascular luminal area 

was elevated in endoneurial (p<0.01) and epineurial (p<0.05) sections at 48 hours in 

nondiabetic animals (Figure 3 IB). There was an increase in the total number of vessels per 

nerve after injury for both nondiabetic and diabetic groups at 48 hours (Diabetic, 75+8; 
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Nondiabetic, 132 ± 3; p<0.01 between groups) and 2 weeks (Diabetic, 178 ± 49; 

Nondiabetic, 151 ± 30) post-transection. Despite an increase in epineurial vessel number 

(but below nondiabetic numbers, p<0.01) diabetics did not demonstrate an increase in 

endoneurial vessel number at 48 hours postinjury (p<0.05), unlike nondiabetics. Diabetic 

endoneurial vessel numbers did increase later at the 2 wk timepoint once nondiabetic vessel 

numbers were already declining (p<0.05) (Figure 30B). The increase in endoneurial vessel 

number resulted in diabetics actually having a higher endoneurial (and total) vessel density 

at the 2 wk timepoint (p<0.05) (Table 22). After injury, nondiabetic vessels (epineurial and 

endoneurial) had larger mean luminal areas at 48 hours, but diabetic vessels did not dilate, 

especially in the endoneurial compartment (p<0.05) (Figure 32B). In fact, diabetic vessel 

mean luminal area by 2 wks remained smaller than nondiabetics (total, p<0.05; epineurial, 

p<0.05) (Table 22). 
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Figure 30. Mean number of endoneurial and epineurial vessels per nerve in stumps 

Mean number of endoneurial and epineurial vessels per nerve in stumps at 48 hours and 2 

weeks after sciatic nerve transection. (A), Proximal stump [5mm from transection site] (B), 

Distal stump [10 mm from transection site]. Shams consisted of nerve exposure, but no 

injury. Data are presented as mean ± SEM. Five to six animals were used per group in the 

experiment. Diabetics and nondiabetics were compared at each timepoint using a one-way 

A N O V A with Bonferronipost hoc Student t-tests. *p<0.05; **p<0.01 [n=5-6]. 
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Figure 31. Total endoneurial and epineurial vascular luminal area in nerve stumps 

Total endoneurial and epineurial vascular luminal area in nerve stumps at 48 hours and 2 

weeks following sciatic nerve transection. (A), Proximal stump [5mm from transection 

site] (B) Distal stump [10 mm from transection site]. Shams consisted of nerve exposure, 

but no injury. Mean ± S E M are presented on a logio scale for clarity. Five to six animals 

per group were used in the experiment. Diabetics and nondiabetics were compared at both 

timepoints using a one-way A N O V A with Bonferroni post hoc Student t-tests. *p<0.05; 

**p<0.01 [n=5-6] 
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Table 22. Morphometric properties of proximal and distal stumps. 

Time After Injury 
Diabetic 

SHAM 
Non-Diabetic 

48 HOURS 2 WEEKS 
Diabetic Non-Diabetic Diabetic Non-Diabetic 

Proximal Stump 
Area (mm2) 

Total Nerve 0.87 ± 0.04 
Epi 0.24 ± 0.03 
Endo 0.57 ±0.02 

Vessel Density (#/mm ) 
Total Nerve 54+18 
Epi 140 ±41 
Endo 42 ± 8 

Distal Stump 
Area (mm2) 

Total Nerve 0.78 ± 0.02 
Epi 0.30 ± 0.03 
Endo 0.55 ± 0.04 

Vessel Density 
Total Nerve 52 ± 14 
Epi 137 + 41 
Endo 35 ± 10 

1.14 ±0.03* 
0.29 ± 0.05 

0.73 ±0.13* 

51 ± 6 
169 + 35 

47 ± 6 

1.04 ±0.09* 
0.27 ± 0.05 
0.78 + 0.10 

50+11 
145 ±31 

43 ± 8 

0.88 ±0.04 
0.28 ±0.01 
0.59 ±0.03 

107 ± 24 
141 ± 20 
57 ± 9 

1.03 ±0.13 
0.41 ± 0.08 
0.62 ±0.09 

75 ±13 
135 ±37 
51 ±10 

1.19 ±0.11* 
0.34 ±0.06 

0.86 ± 0.05* 

108 ± 7 
325 ± 55* 

47 ± 2 

1.14 ±0.06 
0.39 ± 0.03 
0.77 ± 0.09 

119 ±12* 
231±12* 

54 ± 7 

0.96 ±0.12 
0.32 ± 0.07 
0.66 ± 0.06 

94 ± 7 
168 ±16 
57 ± 7 

1.56 ±0.32 
0.58 ±0.11 
0.71 ± 0.09 

135 ± 18 
227 ± 49 
59 ±10 

1.47 ±0.23* 
0.56 ± 0.00 

0.95 ±0.10* 

93 ± 8 
245 ±47 
35 ± 3 * 

1.78 ±0.14 
0.68 ± 0.09 

1.09 ±0.07* 

86 ± 12* 
170 ±35 
30 ±6* 

Shams consisted of animals that received nerve exposure but no transection. Data are presented as mean + SEM (n=5-6). Diabetics and 

Nondiabetics were compared on each parameter using a one-way ANOVA with Bonferroni post hoc Student's t-tests. Epi= epineurial; Endo= 

endoneurial, Lu= luminal.*P<0.05 diabetic vs nondiabetic 



Figure 32. Mean vessel area of endoneurial and epineurial vessels in nerve stumps 

Mean vessel area of endoneurial and epineurial vessels in nerve stumps at 48 hours and 2 

weeks following sciatic nerve transection. (A), Proximal stump [5mm from transection 

site] (B) Distal stump [10 mm from transection site]. Shams consisted of nerve exposure, 

but no injury. Data are presented as mean ± SEM. Five to six animals were used per group 

in the experiment. Diabetics and nondiabetics were compared at each timepoint using a 

one-way A N O V A with Bonferronipost hoc Student t-tests. *p <.05. [n=5-6]. 
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4.4 DISCUSSION O F R E S U L T S 

The major findings of the present work were: (i) long standing experimental 

diabetes of rats had slowed motor and sensory conduction velocity in uninjured nerves, 

resembling human diabetic neuropathy (although differing from human disease in the 

absence of overt axon loss); (ii) nerve blood flow was not compromised in uninjured 

diabetic nerves, a finding matching previous results from this laboratory; (iii) following 

nerve transection there was attenuated hyperemia of the epineurial plexus in diabetic 

proximal stumps, as measured by LDF, that correlated with a blunted rise in vessel 

numbers (total and epineurial) and a smaller mean luminal area (total and epineurial) at 48 

hours and 2 weeks postinjury; (iv) similar attenuation of epineurial plexus hyperemia was 

observed in diabetic distal stumps associated with a blunted rise in vessel number and 

density (total and epineurial) at 48 hours with a smaller mean luminal area (total and 

epineurial) at 2 weeks; (v) injury-related hyperemia was absent in the endoneurial 

vasculature of diabetic distal stumps at 48 hours by HC, corresponding to reduced vessel 

numbers (total and endoneurial) and mean luminal areas (total and endoneurial) compared 

to injured nondiabetic nerves but with subsequent recovery of hyperemia at 2 weeks, 

associated with an increased number and density of endoneurial vessels. 

Intact or increased blood flow of uninjured nerves in rats with varying durations of 

experimental diabetes has been consistently found in our laboratory (Zochodne et al., 

1996;Zochodne and Ho, 1992c), as well as others (Pugliese et al., 1989;Tilton et al., 

1995;Williamson et al., 1993). In the present work, near normal blood flow correlated with 

preserved microvessel caliber and density in diabetic animals. This finding contrasts with 



173 

our previous observation of angiogenesis in earlier (12 week) experimental diabetic nerves 

(Zochodne and Nguyen, 1999b). 

Two physiological measures of blood flow were utilized in the present set of 

experiments to assess different subcompartments of the peripheral nerve. The LDF signal is 

largely influenced by the epineurial plexus, whereas HC was used to selectively address 

endoneurial blood flow. Nerve injury likely requires heightened metabolic nutrients and 

oxygen to support the outgrowth of neurites and the activities of the cell populations 

supporting regeneration. For instance, Foster (1956) initially noted high metabolic demands 

of Schwann cells, but this was amplified by a 13-fold increase in their population during 

axonal degeneration (Greengard et al., 1954). Neurogenic inflammation results in enhanced 

local blood flow, leading to an increased resting oxygen consumption of the nerve 

(Greengard et al., 1954), and subsequent recruitment of immunomodulatory cells. An 

immediate (transient) increase in blood flow may result from a release of vasoactive 

substances in response to stretching of vessels, analogous to shearing induced release of 

NO by endothelial cells (Resnick and Gimbrone, Jr., 1995). In nerve, such actions may in 

particular be mediated by NO (Levy and Zochodne, 1998;Zochodne and Ho, 1993a). 

Beyond such immediate effects, nerve injury creates a two-phased response of the 

microcirculation in response to tissue degeneration and regeneration, resulting in enhanced 

blood flow. The early phase (peaking within the first week) consists of an increase in vessel 

caliber, but not number. The changes in caliber reflect vasodilation mediated by the 

synthesis, release, and transport of neuropeptides such as CGRP, substance P, neurokinin 

A , and neurokinin B from perivascular nerve terminals or injured axons themselves, 

histamine from mast cells, and NO from macrophages (Caldero et al., 1992;Holzer, 
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1988;Lembeck, 1988;Lewis, 1937;Piotrowski and Foreman, 1986). The peak action of the 

neuropeptides, observed by antagonism of a-CGRP receptors was 48 hours after injury 

(Zochodne and Ho, 1992a). Diabetic rats in our experiment, demonstrated an early blunted 

hyperemic response that may prove detrimental for early, as well as later axonal sprouting, 

regeneration, and maturation in the model. Hyperemia is noted to be blunted in patients 

with diabetic foot ulceration (Rayman et al., 1986;Newrick et al., 1988). Zochodne and Ho 

(1993) observed impaired hyperemia in response to capsaicin induced peripheral nerve 

trunk neurogenic inflammation in diabetic nerve. By not upregulating blood flow, the 

injured diabetic nerve may prove to be relatively ischemic at a time when enhanced 

delivery of metabolic substrate is required. As a result, Schwann cells may not rapidly 

proliferate, aid in clearance of cellular debris or form bands of Bungner to guide 

regenerating axons. Axonal clearance mediated by macrophages may also be compromised. 

A limited delivery of substrate may explain the delayed onset of regeneration and rate that 

has been observed in prior reports of experimental diabetes (Bisby, 1980;Bradley et al., 

1995). A recovery of endoneurial blood flow by 2 weeks post-injury may allow 

regeneration to resume, but there may be delayed maturation of new fibers compared to 

nondiabetics (Kennedy and Zochodne, 2000). 

A reduction in CGRP and substance P has been noted in nerve terminals of diabetic 

animals (Diemel et al., 1992;Willars et al., 1989) and may contribute to the lack of a 

peripheral nerve injury-induced hyperemic response observed early after injury. Substance 

P, CGRP, and histamine mediate dilation through intact endothelium by releasing NO 

(Fiscus et al., 1991), a mechanism impaired by diabetes induced defects at the endothelial 

level (Maxfield et a l , 1997;Mayhan, 1989). Free radicals that are normally released at the 
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injury site from several sources including activated neutrophils, intracellular xanthine, and 

mitochondria (Beckman et al., 1990;Chan, 1996;Khalil et al., 1999;McCord, 1985) 

combined with elevated levels of advanced glycosylation end-products (AGE's) in the 

diabetic condition may also quench NO (Bucala et al., 1991;Gryglewski et al., 1986). 

Furthermore, the percentage of vessels innervated by peptidergic perivascular fibers that 

supply vasoactive molecules may be decreased and there may be a reduced capacity to 

store and maintain neurotransmitters in those that remain (Beggs et al., 1992). Diabetic 

microvessels may further be resistant to dilation through a combination of basement 

membrane thickening and glycation of collagen (Brownlee et al., 1988). Additional 

nonspecific alterations in the smooth muscle contractile apparatus (Mayhan, 1989) may 

create "rigid" arterioles. 

The second phase response of the microcirculation consists of an increase in the 

number of vessels and their density, thus maintaining earlier rises in blood flow (Podhajsky 

and Myers, 1993;Podhajsky and Myers, 1994). The recovery of endoneurial blood flow in 

diabetic distal stumps at 2 weeks post injury may similarly reflect higher number and 

density of vessels at this timepoint. Vascular endothelial growth factor (VEGF) is an 

attractive candidate mediating angiogenesis after an injury (Hobson et al., 1997), but is also 

noted to be a potent mitogen for Schwann cells (Sondell et al., 1999b). V E G F is also 

thought to exert a survival function on neurons and satellite cells (Sondell et al., 

1999a;Sondell et al., 1999b). A delayed rise in V E G F in the diabetic condition, marked by 

a blunted early increase in total vessel density, may limit the number of neurons that 

actually survive axotomy and are able to mount a regenerative response. 
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Hypoxia is noted to enhance expression of V E G F in tissues, while the presence of 

elevated V E G F levels generating new vessels may prevent ischemia. Since diabetic DRG 

neurons and axons express V E G F protein (Samii et al., 1999) it is likely that in the intact 

state hypoxia is present, as has been demonstrated using direct measurements(Zochodne 

and Ho, 1994;Zochodne and Ho, 1992b). However, Sone et al (1996) and Williams et al 

(1997) demonstrated that exposure to high glucose concentrations, independent of changes 

in oxygen tension, also increase V E G F expression in cultured retinal and smooth muscle 

cells, respectively. Recently, intramuscular V E G F gene transfer was applied to 

experimental diabetes mellitus (Schratzberger et al., 2001). Furthermore, recombinant 

human V E G F administration increases blood flow in granulation tissue while neutralizing-

antibodies to V E G F can reverse glucose-induced hyperemia in this same system (Tilton et 

al., 1997). As a result, greater numbers of diabetic vessels late in the regenerative process 

may reflect hypoxia-mediated angiogenesis through V E G F , at a time when blood flow is 

simultaneously normalized. 

The results indicate that there is an altered peripheral nerve hyperemic response in 

diabetic animals after injury. The abnormal response corresponds with closely related 

alterations in microvessel morphological properties. The diabetic regenerative program is 

not only impaired but significantly delayed in many respects, including its associated 

changes in vasa nervorum. An impaired upregulation of blood flow may create a short-term 

microenvironment with relative ischemia resulting in delayed mitogenicity of support and 

migratory cells and a slowed regeneration rate. 
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CHAPTER 5: 

POTENTIAL ROLE OF NITRIC OXIDE SYNTHASE (NOS) IN DIABETIC 

NERVE REGENERATION 

5.1 INTRODUCTION 

Nitric oxide (NO) is an intracellular messenger that is relatively short-lived and 

rapidly diffuses to influence target cells. NO induces blood vessel dilation as well as acts as 

an anti-microbial (bacterial, parasitai, & viral) and anti-tumoricidal agent (Moneada et al., 

1991). Within the nervous system, NO acts as a gaseous neurotransmitter and is thought to 

be a key component in learning and memory, contributing to long-term potentiation 

(Schuman and Madison, 1991). On the other hand NO release may prove detrimental, for 

example, in glutamate excitotoxicity, seen in HIV and stroke-related neuronal loss, through 

activation of energy-depleting poly (ADP-ribose) synthetase (PARS) (Dawson and Snyder, 

1994). 

Under physiological conditions, in all parts of the body, the concentrations of NO 

are believed to be fluctuating continuously at low levels. Since NO is a gas, it cannot be 

stored and must be synthesized as required. Synthesis is mediated by a family of 

isoenzymes producing NO through oxidation of a guanidine nitrogen from the substrate L-

arginine, utilizing molecular oxygen and N A D P H as co-substrates. Basal NO levels are 

regulated by two of these enzymes that are constitutive and Ca+-dependent. Neuronal nitric 

oxide synthase (nNOS or NOS-I) is present primarily in neurons of the hippocampus and 

cerebellum (Endoh et al., 1994) while endothelial NOS (eNOS or NOS-III) can be found in 

endothelial cells of blood vessels. Supplementary to basal expression, pathological 

conditions involving inflammation generate high levels of NO by Ca+-independent 
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inducible NOS (iNOS or NOS-II) found in macrophages. It has been proposed that neurons 

may also be able to express iNOS under certain situations (Moro et al., 1998). 

Since NO is unstable, the study of its biological activity has been largely focused on 

its synthetic enzymes. NO is thought to be released wherever NOS is active and due to its 

short diffusion radius will react with appropriate targets at this site of production. Within 

the intact PNS, NOS expression is limited to eNOS in microvessels and a small 

subpopulation of DRG neurons (representing ~ 3% of total population) that express nNOS 

(Bredt and Snyder, 1990). iNOS is largely absent from intact peripheral nerve. However, 

NOS expression patterns change with alterations in the peripheral nerve microenvironment. 

For instance, NOS activity was increased in DRG after 12 months of experimental diabetes 

despite normalized nNOS/eNOS protein and mRNA expression. iNOS mRNA was noted to 

be lower in diabetic nerve (Zochodne et al., 2000). 

Peripheral nerve injury leads to upregulation of nNOS in D R G neurons (Verge et 

al., 1992;Zhang et al., 1993a) that may be either neuroprotective through suppression of 

bax and caspases (3 & 9) (Thippeswamy et al., 2001) or may mediate cell death through 

injury-induced excitotoxicity (Ruda et al., 1994). nNOS and eNOS are centrifugally 

transported and accumulate in axonal end-bulbs proximal to lesion, whereby local NO 

enhancement may then generate mechanosensitive ectopic pain discharges from the injured 

nerve or collapse early growth cones (Hess et al., 1993;Levy et al., 2000). iNOS production 

by Schwann cells and macrophages contributes NO to aid in the break down of myelin and 

axonal debris during Wallerian degeneration. iNOS and nNOS knock-out mice both display 

decelerated Wallerian degeneration leading to regenerative delays (Keilhoff et al., 

2002;Levyetal.,2001). 
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Since diabetic DRG neurons are known to possess altered NOS activity (Zochodne 

et al., 2000) and diabetic tissue is presumed to have less NO available due to quenching by 

AGE' s (discussed in Chapter 1 under mechanisms of diabetic neuropathy), this study was 

undertaken to examine the NOS reaction in diabetic nerve following injury. The 

upregulation of eNOS in stumps following injury is thought to contribute to hyperemia. 

Therefore, the first objective was to measure Doppler flux in the nerve stumps 14 days after 

injury. The second objective was to sample for NO production by measuring NOS activity 

(through conversion of radiolabeled L-arginine to L-citrulline) in these same stumps. Any 

change detected in NOS action may be attributed to alterations in NOS isoenzyme 

expression or activity. The last objective served to assay the protein expression of the most 

upregulated isoenzyme following nerve injury, iNOS. 

5.2 M A T E R I A L S A N D M E T H O D S 

5.2.1 Animals 

Similar conditions were applied as in Chapter 4 with animals housed two per plastic 

cage on a 12-12 hour light-dark cycle with food and water available ad libitum. Rats were 

assigned randomly to either a diabetic or control group and equally to NOS activity or NOS 

expression studies. Adult male Sprague-Dawley rats (300-350g, N=48) were rendered 

diabetic by 3 consecutive injections of streptozotocin [Zanosar (50mg/ml); UpJohn] in 

citrate buffer (pH4.8) during the fasting state (one intraperitoneal injection/day; day 1, 

100mg/kg; day 2, 83mg/kg; day 3, 66mg/kg). Control animals received equivalent doses of 

the citrate buffer solution. Diabetes and hyperglycemia were verified 1 week after the final 

STZ injection by sampling from a tail vein. A fasting whole-blood glucose >16mmol/l 
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(normal 5-8 mmol/1) was the criterion for experimental diabetes. Whole blood glucose tests 

were carried out using a One Touch FastTake (Lifescan Canada Ltd.; Burnaby, British 

Columbia), while plasma glucose was measured with a glucose oxidase method (Ektachem 

DT-II Analyzer; Eastman Kodak Company, Rochester, N Y , USA). 

5.2.2 Surgery 

Following 8 months of diabetes, animals were anesthetized and left sciatic nerves 

were exposed and transected at mid-thigh level using a pair of microscissors. Muscle and 

skin were resutured in layers and animals allowed to recover. Sham animals received only 

nerve exposure and resuturing with no injury. 

5.2.3 Electrophysiology 

Electrophysiological recordings of the sciatic-tibial nerve and caudal sensory 

conduction were made under anesthesia (Nicolet Viking I E M G machine; Nicolet, 

Madison, WI, USA) as reported elsewhere (Chapter 3). 

5.2.4 Nerve Blood Flow 

Laser Doppler recordings were obtained prior to nerve transection in each animal as 

well as in proximal and distal stumps 14 days after transection. The procedure was the 

same as that described in Chapter 4. Exposed tissues surrounding the sciatic nerve (i.e. skin 

and muscle edges) were covered with a pool of mineral oil maintained at 37°C using a 

thermistor probe connected to a control feedback unit (T-CAT 1 ; Bailey, Saddle Brook, 

NJ). A laser doppler probe (1mm diameter; 250um fiber separation attached to a Periflux 

monitor, Perimed, Sweden) was positioned approximately perpendicular to the nerve (with 

a micromanipulator) in the liquid pool to achieve maximum signal-to-noise ratio of RBC 

flux. Ambient lighting was turned off and 10 separate measurements were taken in a 1-
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2mm segment of nerve, avoiding surface vessels. The mean of the 10 measurements were 

used to calculate mean R B C flux (arbitrary units) for each rat. 

5.2.5 Measurement of NOS activity 

Assessment of iNOS activity was a collaborative effort with Dr. Martin Lauritzen's 

laboratory in Copenhagen, DK. NOS activity was assayed by measuring the formation of 

L-[ H] arginine to L-[ H] citrulline following the method described by Fabricius et al. 

(1996). A review can be found by Knowles & Saltner (1998). The rationale for the 

technique is that NOS converts arginine into an equimolar ratio of NO and citrulline 

(Figure 33). In the proposed experiment, animals were deeply anesthetized and nerve 

samples removed. Wet weight was determined and each tissue was immediately frozen in 

isopentane and stored at -80 C prior to shipment to Copenhagen. 

Each sample was homogenized in ice-cold buffer containing 50mM tris 

(hydroxymethyl) aminomethane (pH 7.4), 1,15% (wt/vol) KC1, ImM EDTA, 5mM 

glucose, O.lmM UL-dithiothreitol [DTT], 200 U/ml superoxide dismutase, 2mg/l perstatin 

A , 10mg/l trypsin inhibitor, and 44mg/l phenylmethylsulfonyl fluoride. Homogenates were 

centrifuged at 4 C for lOmin at 2,000g and NOS activity was measured in the supernatant. 

A 15-30ug/ml concentration of supernatant and 150ul of reaction buffer containing 50mM 

N-2-hydroxyethylpiperazine-N -2-ethanesulfonic acid [HEPES] (pH 7.4), ImM EDTA, 

1.25mM CaCb., ImM DTT, l u M F A D , l u M calmodulin, 15uM GR-tetrahydrobiopterin, 

l u M L-[ 3H] arginine ( luCi final cone), and ImM N A D P H (pH 7.4) was mixed and 

incubated at 37 C for 30min. The reaction was terminated by addition of 1ml of ice-cold 

"stop" buffer containing lOOmM HEPES (pH 5.5), and 10 mM ethylene glycol-bis ( -
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Figure 33. Schematic depicting formation of nitric oxide 

A schematic depicting the formation of equimolar concentrations of L-citrulline and nitric 

oxide (NO) from L-arginine, catalyzed by nitric oxide synthase (NOS). N A D P H and 

molecular oxygen (O2) are used as cofactors in the reaction (from Ignarro, 1996). 
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aminoethyl ether)- N , N , N , N -tetraacetic acid (EGTA). Citrulline that formed was 

separated by ion exchange chromatography [Dowex AG50 WX-8 column (Na + form)] that 

had been equilibrated with the stop buffer. Radioactivity was quantified by liquid 

scintillation spectroscopy. Citrulline recovery in this assay is 94-96% and arginine 

extraction by resin is greater than 99.7%. 

5.2.6 Western blotting 

Samples were removed and fast-frozen in isopentane. Tissues were then 

homogenized with a rotostater tissue homogenizer in 400-600 ul of sample buffer 

containing (1% Triton X-100,150mM NaCl, 5M 20mM Hepes pH 7.5 1M, 10% glycerol, 

ImM EDTA ml 0.5M). After homogenization samples were subjected to a clearing spin to 

remove insoluble components of the lysate at 10,000 G for 20 minutes. The supernatant 

was then drawn off and placed into a new sample tube and subsequently stored at -20°C. A 

positive control was developed from R A W 264.7 cells stimulated with gamma-interferon 

and lipopolysaccharide (LPS) according to Xie et al (1992). Cells were lysed in ice cold 

lysis buffer (50mM Hepes pH 7.5, 150mM NaCl, 10% glycerol, 1.5mM MgCl, ImM 

EGTA, l%NP-40). 

Protein content assays were performed using the Pierce B C A Protein Assay reagent 

system. Equivalent amounts of protein were placed into separate tubes containing sample 

buffer composed of [10% Glycerol (w/v), 2.3 % Sodium Dodecyl Sulfate (w/v), 6.0625M 

Tris-HCl (pH 6.8)]. These samples were then heated at 95° C for 5 minutes to complete the 

denaturing process. Samples were then subjected to a momentary spin at 5,000 G to 

consolidate condensation. 
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lNOS was detected in vitro through western immunoblotting. Samples were loaded 

in wells of a 10% acrylamide gel and run for 950 volt hours and transferred for 2 hours at 

800mA. Nitrocellulose paper was then blocked in 5 % (w/v) milk solution in wash buffer 

(0.1% Tween-20 and 0.1% NP40) for one hour. Primary antibody (iNOS Type II - B D 

Transduction Laboratories 610333) was applied at a dilution of 1:10,000 for one hour in 

5% milk. Blots were then washed in wash buffer for one half hour changing the wash 

buffer every 10 minutes. Secondary antibody was applied in 5% milk solution at a dilution 

of 1:2500 for 45 minutes and followed by three washes of 10 minutes each in wash buffer. 

Enhanced chemiluminescence was used for detection. 

5.2.7 Analysis 

A l l data are presented as mean ± standard error of the mean (SEM). When multiple 

recordings (as in LDF) were taken a mean value/rat was calculated before analyzing results 

for the entire group. Data were analyzed by a one-way analysis of variance (ANOVA) with 

appropriate Bonferroni corrected post hoc Student's t-test comparisons. Statistical 

significance was set at a=0.05. 

5.3 R E S U L T S 

5.3.1 Animals and Diabetes 

Following 8 months of diabetes animals demonstrated expected polydipsia, 

polyuria, and a decrease in activity associated with hyperglycemia beginning one week 

after STZ injection. Diabetic animals also gained less weight than nondiabetics (Table 23). 
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Table 23. Physical characteristics and electrophysiological properties of rats. 

Property Weight (g) Blood Glucose 
(mmol/1) 

Motor CV 
(m/s) 

Sensory CV 
(m/s) 

Diabetic 286 + 13 28.6 ±1.4 36.5 ±2.1 42.6 ±1.1 
Nondiabetic 690 ± 17 7.6 ±0.8 55.6 ±3.4 53.7 ±1.5 

*** *** *** *** 
Data are presented as mean ± SEM (n=24/group). Diabetics and nondiabetics were compared on 

each parameter using unpaired Student's t-tests. Motor CV, motor conduction velocity in sciatic-

tibial nerve; Sensory CV, caudal sensory conduction velocity. ***p<0.001 
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5.3.2 Electrophysiology 

Following 8 months of diabetes, baseline motor conduction velocity and M-wave 

amplitudes in the sciatic-tibial nerve territory were measured prior to nerve transection. 

Caudal sensory conduction and nerve action potentials were also recorded at this time. 

There was slowing of motor and sensory C V in the diabetic rats (Table 23) without 

changes in amplitudes (data not shown) similar to data in Chapter 4. 

5.3.3 Nerve Blood Flow 

No difference in LDF flux in sham-exposed nerves between diabetics and non

diabetics or in nerves prior to transection (Figure 34). As in Chapter 4, non-diabetic rats 

showed rises in LDF flux in proximal and distal stumps at 14 days post-injury compared to 

sham-exposed nerves. Nerve injury in diabetic rats resulted in significantly less 

enhancement of erythrocyte flux in both stumps (Figure 34). 

5.3.4 NOS Activity 

NOS activity was significantly elevated above non-diabetic levels in sham-exposed 

but intact diabetic nerve (P<0.01) (Figure 35). Transection produced a dramatic rise in 

NOS activity in proximal stumps of both groups, but to a lesser degree in diabetics (150% 

increase in diabetics; 325% increase in nondiabetics; P<0.05). The greater rise in 

nondiabetic stumps resulted in no difference in proximal levels between the groups. 

Nondiabetic distal stumps had NOS activity comparable to intact shams while activity 

dropped by nearly 400% in diabetics (as compared to diabetic sham) to a level that was 

now below nondiabetics (P<0.05) (Figure 35). 
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Figure 34. Laser Doppler flowmetry in proximal and distal stumps in NOS 

experiments 

Blood flow measured in the proximal and distal stumps of the sciatic nerve by LDF at 14 

days following nerve transection. Data are presented as mean ± SEM. Diabetic & control 

nerves were compared using a one-way analysis of variance with Bonferroni post-hoc t-

tests. * P< 0.05; ** PO.01 
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Sham Proximal Distal 

Figure 35. NOS activity in proximal and distal stumps 

NOS activity measured in proximal and distal stumps 14 days following nerve transection 

in diabetic and non-diabetic rats. Sham but intact nerves consisted of nerve exposure with 

no injury. Date are presented as mean ± SEM. Groups were compared using a one-way 

A N O V A with Bonferronipost-hoc Student's t-tests. *P<0.05; **P<0.01. 
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5.3.5 Western Blotting 

iNOS protein was not detected in intact nerve from either diabetic or nondiabetic 

animals (data not shown). iNOS protein was then newly expressed in diabetic and 

nondiabetic proximal and distal stumps 14 days following injury. There was a slight trend 

for increased expression in diabetic stumps. Diabetic animals also consistently 

demonstrated an additional novel band on the gels at a slightly higher molecular weight, 

perhaps indicating posttranslational modification of iNOS (Figure 36). 
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Figure 36. Western blot of iNOS protein expression in proximal and distal stumps 

Western blot protein expression of iNOS in proximal (1) and distal stumps (2) of animals 

14 days following injury. iNOS was not detected in sham-uninjured sciatic nerves. Note 

there is a slight trend towards increased expression in diabetic stumps. Raw 264.7 is a 

mouse macrophage cell line that begins to express iNOS upon stimulation with 

lipopolysaccharide (LPS). 
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5.4 DISCUSSION OF R E S U L T S 

The major findings of the present study were: (i) diabetic rats showed decreased 

motor and sensory conduction velocity at 8 months of diabetes; (ii) there was no difference 

in red blood cell (RBC) flux of intact nerve between diabetics and nondiabetics; (iii) there 

was less enhancement of RBC flux in diabetic proximal and distal stumps 14 days after 

transection; (iv) there was increased NOS activity in the intact diabetic nerve; (v) there was 

a rise in NOS activity in proximal stumps but to a lesser degree in diabetics; (vi) diabetic 

distal stumps had significantly less NOS activity than control stumps; (vii) iNOS protein 

was not detected in diabetic and nondiabetic intact nerve; (viii) there was similar new and 

significant expression of iNOS in proximal and distal stumps of diabetics and nondiabetics 

14 days after transection; and (ix) the iNOS protein in diabetics may be posttranslationally 

modified. 

NO is extraordinarily labile with a half-life of only about 3-5 seconds after which it 

is converted into nitrates and nitrites for excretion. Despite being short-lived it subserves 

multiple functions in the nervous system. NO is involved in neuronal plasticity: long term 

potentiation (LTP) in the hippocampus and long-term depression (LTD) in the cerebellum. 

It is believed to be involved in intestinal relaxation during peristalsis (Bredt, 1999) and 

may mediate rises in cerebral blood flow during heightened neuronal activity (Iadecola et 

al., 1993). NOS inhibitors hinder motor learning (Hawkins, 1996), the formation of 

olfactory memories (Kendrick et al., 1997), and prevent hyperalgesia following tissue 

injury (Meller and Gebhart, 1993). 

Within a peripheral nerve, NO levels are thought to be very low corresponding to 

low constitutive NOS expression. We found that 8 month diabetic rats have enhanced NOS 
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activity that may be indicative of increased NO generation. Zochodne et al (2000) also 

noted increased NOS activity in 12 month diabetic DRG while Rosen et al (1996) 

identified increased activity in diabetic endothelium. Due to the unstable nature of NO its' 

availability in diabetic tissue has not been directly assayed. Evidence, however, has 

accrued that the formation and accumulation of AGEs in diabetes can dose-dependently 

quench NO, presumably leading to a depletion (Bucala et al., 1991). Therefore, increased 

NOS activity may be a compensatory mechanism to restore NO levels in diabetic nerve and 

tissue. 

NO inactivation has been thought to underlie impaired endothelium-dependent 

vasodilation in human and experimental diabetes (Williams et al., 1996;Kilo et al., 2000). 

Inhibition of A G E formation partially restored this endothelium deficiency (Bucala et al., 

1991). Poor vasodilation led Cameron et al (1993) to suggest that impaired NO synthesis 

may predispose peripheral nerve to ischemia in diabetic neuropathy. Acute interruption of 

NO production in sciatic nerve has been shown to reduce blood flow in nondiabetic rats 

(Tomlinson et al., 1998). 

A compensatory upregulation of NOS activity seems reasonable but the finding of 

enhanced activity in the intact nerve may create two other scenarios that have been 

overlooked. First, excessive NOS may generate elevated levels of NO that quickly become 

neurotoxic. NO binds to heme or iron sulfate sites of regulatory proteins, inducing D N A 

damage or competes with oxygen at cytochrome oxidase thereby affecting mitochondrial 

respiration (Brown, 1995;Schmidt et al., 1993;Stamler, 1994). NO donors are also known 

to reversibly block conduction in peripheral nerve axons (Redford et al., 1997). 
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Furthermore, NO also rapidly reacts with superoxide (02 -), already known to be 

elevated in diabetes, to produce the powerful oxidant peroxynitrite (ONOO"). Peroxynitrite, 

despite contributing to cellular energy depletion, also induces axonal damage with 

demyelination and myelin lipid peroxidation (Touil et al., 2001). Decreased levels of 

antioxidants in diabetic nerve, such as reduced glutathione, would predispose diabetic 

axons to peroxynitrite- mediated destruction. However, NO that is not transformed into 

peroxynitrite has been shown to inhibit myelin lipid peroxidation induced by CUSO4, H2O2, 

and even the NO-donor SIN-1 which simultaneously produces NO and superoxide leading 

to peroxynitrite formation (van der Veen and Roberts, 1999). As a result, high NOS 

activity in the intact diabetic nerve may simultaneously be neuroprotective by 

counteracting the oxidation of myelin lipids by peroxynitrite. 

Arginine is the substrate of all isoforms of NOS, generating NO and citrulline in a 

5-electron transfer reaction. A second scenario is that NO depletion may simply reflect 

poor availability or transport of L-arginine in diabetes. L-arginine supplementation has 

been demonstrated to reverse the endothelium-dependent vasodilatory impairments in 

diabetes (Chowienczyk et al., 1995). Low concentrations of arginine with high NOS 

activity leads to the unfortunate generation of the superoxide radical (O2") (Xia et al., 

1998). This lends support to the role of oxidative stress in the pathogenesis of diabetic 

neuropathy (as discussed in Chapter 1). 

Nerve injury is also known to affect NOS expression and activity. Zochodne et al 

(1999) found eNOS and nNOS localized in early axonal end-bulb like structures of injured 

peripheral nerve axons. This NOS expression may contribute to hyperemia that is found in 

stumps after injury (Levy et al, 1998). Proximal stumps of injured nerve exhibit elevated 
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NOS activity in both diabetic and nondiabetic animals, the extent to which was higher in 

the later. Although an adequate level of NO, along with CGRP and substance P, may be 

necessary to sustain blood flow to regenerating neurites, high levels in diabetic proximal 

stumps may be growth inhibitory. NO has been shown to cause growth cone collapse and 

inhibit extension of neurites from rat D R G neurons in vitro (Hess et al., 1993). Even if 

neurites do not collapse, tropism may be influenced by NO due to its colocalization with 

GAP-43 in peripheral nerve axons proximal to lesion (Gonzalez-Hernandez & Rustioni, 

1999). NO could effectively cleave GAP-43 from the advancing neurite tip resulting in 

misdirection of axons as seen in GAP-43 knockout animals (Strittmatter et al., 1992). 

Neuronal expression of NOS is increased in D R G following axotomy (Verge et al., 

1992). A simultaneous increase in cGMP-positive satellite cells surrounding NOS-positive 

neurons is also observed (Shi et al., 1998; Magnusson et al., 2000). This indicates that NO 

may serve a signalling function between these two sets of cells. The signal may be 

neuroprotective since dissociated DRG neurons deprived of NGF in culture undergo 

accelerated apoptosis i f either nNOS or cGMP enzymatic activity is blocked 

(Thippeswamy et al., 2001). nNOS may protect neurons through an NO or NO-cGMP 

cascade by suppressing death inducing bax or caspase 3 and 9 (Thippeswamy et al., 2001). 

However, motor neurons exposed to NO donors rapidly exhibit D N A strand breaks and 

subsequent degeneration (Liu & Martin, 2001). High levels of NO may also interfere with 

gene expression by inactivating the transcription factor N Í - K B (Colasanti & Suzuki, 2000). 

Gonzalez-Hernandez et al (1999) also found nNOS and eNOS expression in distal 

stumps. However, the major contributor towards distal stump enhancement of NOS 

expression/activity is through TNF-a, IFN-y, and IL-1|3- activation of iNOS in 
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macrophages and Schwann cells. Tissues expressing iNOS can produce NO at rates 1000-

fold higher than typically produced by endothelium for signal transduction (Moneada et al., 

1991). High levels of NO in the distal environment are not only responsible for enhanced 

blood flow but also contribute to myelin and axonal breakdown (Gonzalez-Hernandez et 

al., 1999). lNOS-KO mice show slow Wallerian degeneration characterized by the relative 

persistence of myelinated fibers distal to injury (Levy et al., 2001) resulting in reduced 

regeneration. Deficient regeneration in the CNS may also be linked to poor NO production 

by microglia (Zeev-Brann et al., 1998). 

I found that iNOS protein was upregulated in diabetic and nondiabetic proximal and 

distal stumps. However, diabetes also seemed to induce post-translational modification of 

iNOS, perhaps involving glycosylation. Glycosylation is known to affect the function of 

molecules it targets. For instance, glycosylated laminin reduces neurite adhesion and 

outgrowth (Federoff et al., 1993) and could affect the activity and efficiency of the iNOS 

enzyme (summarized in Figure 37). As discussed previously, there was less enhancement 

of proximal stump NOS activity in diabetics that could be related to glycosylated iNOS. 

However, a post-translational effect on iNOS may be less crucial in the proximal stump 

since an upregulation of eNOS and nNOS may underlie the rises in NOS activity. The 

observable decrease in distal stump NOS activity may also be explained by the diabetes-

induced modification of iNOS. Comparatively low levels of NOS activity in diabetic distal 

stumps may fail to provide sufficient NO to aid in the clearance of degenerating debris 

leading to a reduced maturation of fibers (seen in Chapter 2). In addition, blunted 

hyperemia in diabetic distal stumps may also be attributed to this reduction. On the other 

hand, a decreased NOS activity may also relate to the tight regulation characteristic of NO 
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production. If elevated intact NOS activity does produce high levels of NO, then NO will 

invariably suppress transcription of the iNOS gene. NO, as mentioned previously, can 

suppress N f - K B activation by stabilizing the I K B or interfering with binding to the iNOS 

promoter (Matthews et al., 1996). 

The results indicate that there is an abnormal NOS activity both in the intact 

diabetic nerve and following injury. Increased NOS activity in the intact state may serve to 

replenish NO levels but may also reinforce oxidative destruction. Excessive proximal 

stump NOS activity after an injury could contribute to the delay in early diabetic axon 

regeneration by inhibiting growth cone extension. Furthermore, deficient NOS activity in 

the distal stump may fail to provide enough NO to aid in clearance of myelin and axonal 

debris. Post-translational modification of iNOS may contribute to decreased NOS activity 

observed in the distal stump. Poor elongation and an improperly prepared distal 

regenerative microenvironment would lead to maturational delays in diabetic nerve fibres. 
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Figure 37. Proposed mechanism relating NOS activity and expression following nerve 

injury 

A proposed mechanism relating NOS activity and expression following nerve injury. 

Typically, a rise in iNOS expression invariably results in an increase in NOS activity. 

However, diabetes induced post-translational modification of the iNOS protein may lead to 

defective iNOS resulting in an observable decrease in NOS activity. 
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CHAPTER 6: 

RETROGRADE REACTION IN DIABETIC DORSAL ROOT GANGLION 

NEURONS FOLLOWING AXOTOMY 

6.1 INTRODUCTION 

Previous chapters have demonstrated that there is a regenerative deficiency of 

peripheral nerves in experimental diabetes mellitus. This impairment has been associated 

with comparatively less nutritive perfusion as well as abnormal NOS activity. However, the 

first prerequisite for successful regeneration after nerve injury is survival of the neuron. 

Many factors influence survival. Spinal motoneurons for instance rarely die after 

peripheral nerve section in adult mammals and remain viable even after prolonged 

separation from the target (Himes and Tessler, 1989a;Vanden Noven et al., 1993). On the 

other hand, up to 50% of sensory neurons in D R G die after sciatic nerve transection 

(Melville et al., 1989). Immature neurons of the developing animal are also especially 

vulnerable to injury-induced cell death (Bahadori et a l , 2001). The proximo-distal location 

of the lesion further influences neuronal survival. For example, even spinal motoneurons 

die after proximal lesions, such as avulsion of spinal roots (Koliatsos et al., 1994). 

Axotomized neurons display characteristic morphological alterations along with 

D N A fragmentation, suggestive of death by apoptosis (Lo et al., 1995). Surviving neurons 

undergo morphological, physiological, and molecular changes collectively termed 

chromatolysis (Lieberman, 1971). These transformations in surviving neurons reflect 

enhanced protein synthesis with shifts in the production of cytoskeletal elements, 

neurotransmitters, and growth factor receptors to convert into a growth mode. However, 

the temporal association of this reaction with regeneration does not necessarily indicate that 
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they are essential for regeneration. For instance, surviving D R G neurons regenerate 

successfully with little chromatolysis (Hall, 1982). 

The threshold for survival of some neurons and death of others is unknown. It has 

been hypothesized that since cell death after axotomy is a slow process (2wks - 2months 

post injury) death is not an immediate result of the axotomy. Instead, death/survival may 

reflect a balance between pro-apoptotic (Bax and BAD) and anti-apoptotic (Bcl-2 and Bcl-

X L ) factors (Gillardon et al., 1996). High levels of cAMP and neurotrophic factors are also 

thought to promote survival (Hanson, Jr. et al., 1998;Groves et al., 1999). 

Intact diabetic sensory neurons are thought to express decreased Bcl-2 levels 

leading to caspase activation and apoptotic cell death (Srinivasan et al., 2000). Bax 

expression has previously been noted to be high in other diabetic tissue such as the neural 

cells of the diabetic inner retina (Podestà et al., 2000). The cell body reaction following 

injury may be altered since ornithine decarboxylase activity (one of the components 

leading to increased gene expression through enhancement of RNA polymerase I activity 

and thus protein synthesis) peaks much later in diabetics post-axotomy (Yamamoto et al., 

1998;McLean et al., 1987;Russell, 1983;Gilad and Gilad, 1983). Diabetic neurons also 

show marked delays in upregulation of immediate early genes (ie. c-fos) that may be linked 

to pro-survival functions (Xu et al., 2002;Xu and Sima, 2001). A failed upregulation of 

neurotrophins (NGF & IGF-1) may fail to further protect neurons from retrograde cell 

death. Additionally, diabetic neurons do not upregulate cAMP following injury (Kogawa et 

al., 2000). Therefore, diabetic sensory neurons may be especially vulnerable to cell death 

after axotomy. 
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The aim of the current study was to quantify neuronal loss in diabetic dorsal root 

ganglia (DRG) at 2 and 14 days following axotomy. A high transection of L 4 - L> spinal 

nerves was used to create a more proximal lesion that is believed to more severe and may 

cause an earlier reaction in DRG neurons (Koliatsos et al., 1994). Numerous discrepancies 

exist in the degree of cell loss after axotomy so a rigorous Coggeshall physical dissector 

counting approach was used to quantify neurons in Lt DRG as the first objective. In the 

second objective since nerve injury frequently results in the production of neuropathic pain 

this was measured using thermal hyperalgesia testing. 

6.2 M A T E R I A L S A N D M E T H O D S 

6.2.1 Animals 

Diabetes induction was as reported in previous chapters. Adult male Sprague-

Dawley rats (300-350g, N=48) were rendered diabetic by 3 consecutive injections of 

streptozotocin [Zanosar (50mg/ml); UpJohn] in citrate buffer (pH4.8) during the fasting 

state (one intraperitoneal injection/day; day 1, 100mg/kg; day 2, 83mg/kg; day 3, 

66mg/kg). Control animals received equivalent doses of the citrate buffer solution. 

Diabetes and hyperglycemia were verified 1 week after the final STZ injection by sampling 

from a tail vein. A fasting whole-blood glucose >16mmol/l (normal 5-8 mmol/1) was the 

criterion for experimental diabetes. Whole blood glucose tests were carried out using a One 

Touch FastTake (Lifescan Canada Ltd.; Burnaby, British Columbia), while plasma glucose 

was measured with a glucose oxidase method (Ektachem DT-II Analyzer; Eastman Kodak 

Company, Rochester, N Y , USA). 



201 

6.2.2 Surgery 

Following 8 months of diabetes, animals were anesthetized and underwent surgery. 

Animals were randomly assigned to either sham or transected group prior to surgery. A l l 

instruments were sterilized to reduce the chance of infection. A n incision was made 

approximately 3cm away from the spinal column in the lower lumbar segment. L4 and L5 

spinal nerves at this point unite to form the sciatic nerve and it was transected with 

microscissors. The spinal nerve is deep to the common L 4 / L 5 , lying under the iliac crest. 

It was teased out and also transected. Muscle and skin were resutured in layers and the 

wound covered with betadine to reduce infection. Sham animals consisted of exposure of 

the L4/L5 spinal nerves, but no transection. 

6.2.3 Electrophysiology 

Electrophysiological recordings were made under anesthesia (Nicolet Viking I 

E M G machine; Nicolet, Madison, WI, USA) as reported elsewhere (Chapter 2). 

6.2.4 Morphometry 

At 2 and 14 days post-injury animals were once again anesthetized. Right L4 -

DRG's, spinal cord, footpads, and toes were removed. Animals were subsequently 

euthanized with an overdose of sodium pentobarbitol. L 4 DRG's were allocated for epon 

embedding and quantification of neuronal number, while L 5 DRG's were fast frozen for in 

situ hybridization, and L¿ for immunohistochemistry. Briefly, L 4 samples were fixed in 

2.5% glutaraldehyde in 0.025M cacodylate buffer overnight, serially washed in 0.15M 

cacodylate buffer, post-fixed in 2% osmium tetroxide in 0.12M cacodylate, dehydrated 

using a series of graded alcohols and propylene oxide, and embedded in epon. 
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6.2.5 Neuronal Counting 

Sampling of dorsal root ganglia involved using a stereological technique called the 

physical dissector (Coggeshall and Lekan, 1996). DRG's embedded in epon were serially 

cut (1 um thick) on an ultramicrotome. The beginning of D R G tissue was considered to be 

the point at which at least 10 neuronal profiles were seen per transverse section (this 

section became known as " A " or the reference section). A subsequent section was made 1 

um away from " A " and served as a look-up section ("B"). Neurons were counted as those 

with nuclear profiles that were visible in " A " but not in "B" . The next pair of sections were 

processed in a similar manner at a predetermined interval "k" (150 um) away from the first 

set (n+k). Pairs of sections were then obtained for counting at every 150 um (n+2k, n+3k, 

...n+nk) until only 10 neurons were seen once again (indicating the end of the DRG). The 

distance interval of 150um was chosen for rats (versus 50um for mice) due to the larger 

size of the DRG. Total neuronal number was then calculated based on the formula of-

N (number of neurons counted in all sections) * k (distance interval between successive 

pairs of sections). Sections were visualized and quantitated under light microscope 

(Axioplan; Zeiss, North York, Ontario, Canada). Images were captured using a digital 

camera (Axiocam; Zeiss, North York, Ontario, Canada) and neuronal diameters measured 

using an interactive measurement module contained in an image analysis program 

(Axiovision 2.05; Zeiss, North York, Ontario, Canada). A l l counting was performed with 

the microscopist blinded to the identity of the experimental group. 

6.2.6 Thermal Hyperalgesia 

Thermal nociceptive responses were tested using a method previously described by 

Hargreaves et al. (1988). This procedure involved the use of a heated glass surface upon 
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which rats were placed individually within inverted ventilated plastic cubicles. Animals 

were allowed to habituate to the new surroundings (15 mins) before experiments were 

conducted. The stimulus originated from a focused projection bulb (75W halogen lamp, 4 x 

10 mm aperture) below the glass surface and was directed to the plantar surface of the hind 

paw. Both hind paws were tested separately with 5-minute intervals between individual 

tests to avoid sensitization of the hindpaws. The stimulus (light), once activated, started a 

timer that was stopped upon paw withdrawal (up to a maximum of 80 seconds). 

Withdrawal latencies were measured to the nearest 0.1 second. Three independent latencies 

were measured for each paw and averaged. A paw withdrawal latency (PWL) score was 

calculated for every animal, as a percentage of PWL change between the two paws 

(uninjured- injured/injured x 100). Thermal hypersensitivity was defined as a minus score. 

Baseline PWL scores were obtained 7 and 3 days prior to surgery. 

6.2.7 Analysis 

A l l data are presented as mean ± standard error of the mean (SEM). When multiple 

recordings (as in thermal hyperalgesia testing) were taken a mean value/rat was calculated 

before analyzing results for the entire group. Most of the data was analyzed by a one-way 

analysis of variance (ANOVA) with appropriate Bonferroni corrected post hoc Student's t-

test comparisons. For comparisons of diameter histograms, a two-factor A N O V A was 

applied. Statistical significance was set at a=0.05. 
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6.3 RESULTS 

6.3.1 Animals and Diabetes 

Eight month diabetic animals demonstrated polydipsia, polyuria, and a decrease in 

activity associated with hyperglycemia beginning one week after STZ injection. Diabetic 

animals also gained less weight than nondiabetics (Table 24). 

6.3.2 Electrophysiology 

Baseline motor conduction velocity and M-wave amplitudes in the sciatic-tibial 

nerve territory were measured prior to nerve transection. Caudal sensory conduction and 

sensory nerve action potentials were also recorded at this time. There was slowing of motor 

and sensory C V in 8-month diabetic rats (Table 24) without changes in amplitudes (data 

not shown) resembling findings in Chapters 4 & 5. 

6.3.3 Thermal Hyperalgesia 

Intact diabetics and nondiabetics had comparable withdrawal latencies to the heat 

stimulus on the leg that had undergone sham exposure of the sciatic nerve. Upon axotomy, 

withdrawal latencies became prolonged early on at 2 days post-injury. However, 

nondiabetics became hyperalgesic (negative withdrawal latencies) by 14 days post-injury 

(P<0.05), that correlated with a high level of autotomy behavior in these animals (data not 

shown). Diabetics, on the other hand, remained stable with withdrawal latencies similar to 

2 days post-injury (Figure 38) and did not demonstrate autotomy. Interestingly, only 

nondiabetic animals demonstrated autotomy. 
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Table 24. Physical characteristics and electrophysiological properties of rats. 

Property Weight (g) Blood Glucose 
(mmol/1) 

Motor CV 
(m/s) 

Sensory CV 
(m/s) 

Diabetic 302 ± 6 39.1 ±2 .0 36.6 ± 1.4 41.2 ± 1.3 
Nondiabetic 694 ± 14 8.9 ±1.5 54.8 ±2.2 53.6 ±1.2 

*** *** *** *** 
Data are presented as mean ± SEM (n=30/group). Diabetics and nondiabetics were compared on 

each parameter using unpaired Student's t-tests. Motor CV, motor conduction velocity in sciatic-

tibial nerve; Sensory CV, caudal sensory conduction velocity. ***p<0.001 



206 

6.3.4 Neuronal Counting 

a) Intact-Sham Dorsal Root Ganglia- L4 D R G neurons were counted using the 

Coggeshall physical dissector counting approach. There was no difference in the total 

number of neurons in sham DRG's between 8 month diabetics and nondiabetics at either 

timepoint (Table 25). However, there was a slight trend towards fewer neurons in diabetics 

with 8 out of 12 diabetic animals having neuronal counts less than 10000 neurons. There 

also appeared to be more basophilic neurons in diabetic DRG's. Diabetic neurons were 

significantly smaller than nondiabetic neurons (2 days following sham sciatic exposure, 

P<0.01; 14 days following sham sciatic exposure; P<0.05). Neuronal histograms showed 

that nondiabetics consistently had more neurons with diameters exceeding 30um (Figure 

39). 

b) Injured Dorsal Root Ganglia- There was relative preservation of neuron numbers 

in both diabetic and nondiabetic L 4 ganglia (compared to their respective shams) at 2 days 

post-axotomy. However, a significant difference in neuronal number was uncovered 

between the 2 groups due to lower variabilities (SEM) compared to their respective shams 

(p<0.05). There was also no difference in neuronal diameter between the 2 groups perhaps 

due to greater swelling in diabetic neurons (Table 25). A two-factor A N O V A comparing 

treatment (diabetics, nondiabetics, and respective shams) versus neuronal diameter did not 

yield any signficance at the 2-day timepoint. A decline in neuronal numbers was however 

evident in both groups at 14 days after axotomy. By this point, diabetics had lost 

significantly more neurons than nondiabetics (40% loss in diabetics; 20% loss in 

nondiabetics) resulting in diabetics having less neurons overall (P<0.05). Neuronal 

histograms show that nondiabetics predominantly lost more larger diameter neurons 
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(>30um) while diabetics tended to lose smaller diameter neurons (<30um) (Figure 39B). A 

two-factor A N O V A revealed differences between treatments (diabetic, nondiabetics, and 

respective shams; p<0.01) but also an interaction effect with neuronal diameter (p<0.001). 

This preferential cell loss, combined with atrophy of nondiabetic neurons resulted in 

comparable mean diameters of remaining neurons between groups (Table 25). 
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Days Post-Axotomy 

Figure 38. Thermal hyperalgesia following axotomy 

Thermal hyperalgesia following axotomy in diabetic and nondiabetic rats. Data are 

expressed as a difference paw withdrawal latency (PWL) score, calculated for every animal 

as a percentage of PWL change between the two paws (uninjured - injured/injured x 100). 

Thermal hypersensitivity was defined as a minus score. Baseline (0) represents pre-

axotomy scores. A significant early rise in paw withdrawal scores is observed in both 

groups following axotomy. By 14 days nondiabetics demonstrate negative withdrawal 

latencies indicating hyperalgesia. *P<0.05 
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Table 25. Morphological properties of L4 dorsal root ganglia at two and fourteen days 
post-axotomy. 

2 DAYS POST-AXOTOMY 
SHAM INJURED 

NONDIABETIC DIABETIC NONDIABETIC DIABETIC 

Number of 
neurons 

13510±1440 10510 ±2375 14300 ±1061 10920 ± 430* 

Mean 
Diameter of 
neurons 
(um) 

33.0 ± 1.3 27.7 ±0.7 ** 32.4 ±1.1 30.3 ±1.7 

14 DAYS POST-AXOTOMY 
SHAM INJURED 

NONDIABETIC DIABETIC NONDIABETIC DIABETIC 

Number of 
neurons 

13410±1399 10360±1651 10700 ±1138 6260 ±1127* 

Mean 
Diameter of 
neurons 
(um) 

33.8 ± 0.9 27.0 ± 0.7 ** 27.9 ±0.8 29.7 ±1.3 

Data are presented as mean ± SEM. Shams consisted of spinal nerve exposure but no transection. A 

separate sham group was used for each timepoint. Diabetics and nondiabetics were compared at 

each timepoint using a one-way ANOVA with Bonferroni post-hoc t-tests. *P<0.05; **P<0.01.(n=6 

per group). 
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Figure 39. Diameter histograms of L4 DRG neurons from 8 month rats following 

injury 

Diameter histograms of L4 dorsal root ganglia from 8 month diabetic and nondiabetic rats 

following axotomy. The number of neurons per diameter cohort is presented for each 

group. (A) 2 days post-axotomy. (B) 14 days post-axotomy. Respective shams at each 

timepoint represent animals that underwent spinal nerve exposure but no transection. A 

two-factor A N O V A was performed on the data (2 days post-axotomy; Diameter, PO.001) 

(14 days post-axotomy; Treatment, P<0.01, Diameter, PO.001, Interaction, PO.001). 

Notice that there are more larger diameter neurons (>30um) in nondiabetic sham ganglia in 

both (A) and (B). 
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6.4 DISCUSSION OF R E S U L T S 

The major findings of the present study were: (i) 8-month diabetic rats exhibited 

decreased sensory and motor conduction velocity indicative of experimental neuropathy; 

(ii) stereological counting using the physical dissector method revealed no difference in the 

number of L4 dorsal root ganglion (DRG) neurons between diabetics and nondiabetics; (iii) 

diabetic neurons from intact DRG had atrophy; (iv) high transection of spinal nerves did 

not yield any early (2 days post) neuronal loss in diabetic or nondiabetic DRG; (v) by 14 

days post-axotomy diabetics had lost a significantly greater proportion of neurons (mainly 

small diameter), and (vi) nondiabetic but not diabetic animals exhibited hyperalgesia in the 

injured paw 14 days post-injury. 

Dorsal root ganglia neurons appear relatively resistant to change being less 

influenced by age (La Forte et al., 1991) or weight loss (Pover et al., 1994). However, 

Schmidt et al (1997) (Schmidt et al., 1997) showed that sensory neuron cell membranes 

may become slightly compressed with age due to dystrophic axonal swelling. The 

predominance of sensory symptoms in diabetic neuropathy have led investigators to re

examine the influence of diabetes on DRG. The lone pathological study to date noticed 

marked postmortem changes in all 6 patients, some with cell loss and disintegration 

(Greenbaum et al., 1964). D R G neurons have higher metabolic requirements than axons 

requiring enhanced levels of perfusion (Zochodne and Ho, 1991). Reductions have been 

observed in diabetic DRG and autonomic ganglia blood flow (Zochodne et al., 

1994;Cameron and Cotter, 2001). Studies of rats that were diabetic 12-18 months showed 

ischemia in the DRG and there was evidence of demyelination of dorsal and ventral roots 
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(Sasaki et al., 1997). Therefore, microangiopathy may influence DRG neurons in the 

diabetic state. 

Russell et al (1999) reported that a subset of diabetic DRG neurons showed 

chromatin condensation, shrinkage of the nucleus, and TUNEL-positivity indicative of 

apoptosis. Kishi et al (2001) proposed that diabetic neurons undergo apoptosis at a rate of 

12% at 12 months. Additionally, neuronal cultures of sensory neurons exposed to high 

glucose conditions also undergo apoptosis. However, earlier work by Sango et al (1991) 

observed that culture conditions for diabetic neurons actually require higher glucose 

suggesting adaptations to hyperglycemia. Furthermore, in vitro investigations could be 

distorted by the demonstration that collagen type IV in culture becomes rapidly glycated 

when exposed to high glucose resulting in poor attachment and death of neurons (Luo et 

al., 2002). Thus the in vitro effect of diabetes on neurons may not be comparable to in vivo 

work. 

Neuronal apoptosis has been seen previously in other diabetic tissues such as the 

retina resulting in decreased thickness of the inner plexiform and nuclear layers (Barber et 

al., 1998). Serum from diabetic patients with neuropathy also reportedly induce apoptosis 

in neural cell lines (Srinivasan et al., 1998). Hyperglycemia-induced apoptosis is presumed 

to involve mitochondrial damage with leakage of cytochrome C and subsequent activation 

of caspase-3. Srinivasan et al (2000) showed that diabetic DRGs have decreased anti-

apoptotic and pro-survival Bcl-2 expression thereby predisposing the neuron to Bax or 

B A D meditated damage. 

Despite the overwhelming evidence for apoptosis in diabetic sensory neurons actual 

loss can only be substantiated by appropriate counting schemes. Most have relied on profile 
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counts, an approach with potential inherent bias, to sample the D R G (Coggeshall and 

Lekan, 1996). Recently, Kishi et al (2002) using a profile counting paradigm on 12 month 

diabetic rats discovered no overt loss of diabetic neurons. Zochodne et al (2001) using a 

stereological method (physical dissector) also found no loss of neurons in 12 month 

diabetic animals. Ten months of diabetes similarly did not lead to neuronal loss in 

sympathetic ganglia (Schmidt, 2001). However, both Zochodne et al (2001) and Kishi et al 

(2002) found that diabetic neurons tended to be smaller with a reduction in the ratio of 

large:small cells. 

The physical dissector approach is more rigorous and technically demanding. It was 

shown to estimate total neuron number to within 2% of the total obtained from 3-

dimensional reconstructions of HRP-labelled neurons (Popken and Farei, 1997). Reliability 

and validity of the method reportedly increase with the number of dissector pairs used 

(Popken and Farei, 1997) (We used at least 10 per DRG). Estimates of the number of 

neurons in L 4 ganglia are in the range of 13,500 - 14,000 for physical dissector (Popken 

and Farei, 1997;Lekan et al., 1997) and 14,000 for optical dissector (McKay et al., 2002). 

The present study using a similar counting paradigm as Zochodne et al (2001) and Popken 

& Farei (1997) yielded approximately 13,500 neurons for nondiabetic rats. Additionally, no 

loss of neurons was evident in diabetic D R G in this study. However, similar to Kishi et al 

(2002) there was preponderance for some diabetic ganglia to have reduced neuron numbers 

compared to nondiabetics. 

We also found that diabetic neurons tended to be smaller with significantly less 

neurons >30um in diameter. Preferential loss of larger neurons was also seen by Kishi et al 

(2002). This corresponds with a previously noted 18% reduction in perikaryal volume of 
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diabetic neurons after only 4 weeks of diabetes (Sidenius and Jakobsen, 1980). It may be 

possible that neuronal atrophy underlies the purported size difference. Cytoskeletal 

structures such as neurofilaments have reduced synthesis and transport in diabetes creating 

axonal as well as cell body impairments. Fernyhough et al (1999) found aberrant 

neurofilament phosphorylation of diabetic DRG neurons while Scott et al (1999) reported a 

decrease in neurofilament and tubulin mRNA expression in diabetic sensory neurons. 

We observed that diabetic D R G had comparatively more basophilic neurons, a 

finding consistent with Kishi et al (2002). These neurons are typically smaller and are often 

referred to as type B cells, connecting mostly to unmyelinated fibers with a few to small 

myelinated fibers (Harper and Lawson, 1985). Correspondingly, these same basophilic 

neurons tended to be the sole neurons presenting vacuoles in diabetic DRG perhaps 

suggesting early targeting of type B cells in diabetes. Vacuolation may be artefactual and 

although not specifically addressed in our study, diabetic neurons did appear to present 

with more vacuoles. Interestingly, these same B-cells are the most susceptible to axotomy 

and tend to be the first lost (Tandrup et al., 2000), a finding consistent only in the diabetic 

animals in our study. 

Functional recovery following nerve injury depends on 4 factors (mentioned in 

Chapter 1) including cell survival, axonal sprouting, a supportive distal environment, and 

proper reinnervation. Survival of the cell is essential for the growth and maintenance of the 

axon. The trigger for retrograde reactions in the cell body are not fully understood but may 

involve depolarization of the membrane, loss of action potentials, loss of axoplasm, lack of 

substances (such as trophic molecules) conveyed by retrograde axonal flow or a substance 

originating at the site of injury and conveyed to the cell body (Cragg, 1970). Surviving 
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neurons undergo swelling and chromatolytic changes (briefly reviewed in Chapter 1) 

thought to prime the cell for regeneration. However, cell death also occurs in some neurons 

with some unknown factor determining a cell's fate. 

Results of cell death in D R G after injury have been inconsistent presumably due to 

different quantitative methodologies employed and species analyzed. Some report that 

neuron loss is more dramatic in the L 4 DRG than L 5 beginning 1 week after axotomy and 

reaching 35% loss by 2 months (McKay et al., 2002). Neuron loss may approach 50% by 8 

months post-axotomy (Lekan et al., 1997) but the majority of neuronal death is believed to 

be completed between 1-6 weeks after injury (Rich et a l , 1989). We did not observe any 

cell loss early after axotomy but did obtain 20% by 2 weeks in nondiabetics. McKay et al 

(2002) reported a 19% loss by 2 weeks after injury. D R G neurons are thought to undergo 

less chromatolytic changes following axotomy which is consistent with our observed 

absence of cell swelling in nondiabetics (Hall, 1982). In addition, Rich et al (1989) 

reported a decrease in neuronal area beginning 1 week after axotomy. We have shown that 

diabetic neurons are more susceptible to axotomy. There were significantly fewer neurons 

remaining 14 days after injury in diabetic animals but they were larger than uninjured 

diabetic sensory neurons. Diabetic neurons may be lost due to apoptosis since Kogawa et al 

(2000) reported greater T U N E L staining following crush injury in diabetic neurons. 

Apoptosis of neurons in cases of ischemic cerebral injury is known to be accelerated by 

pre-existing diabetes (Wang et al., 2001). Diabetic neurons may therefore suffer from 

deficits in survival mechanisms. 

An organized expression of various molecules is essential for injured neurons to 

survive and regenerate. Most neurons undergo favourable changes following injury in gene 
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expression, including changes in cytoskeletal proteins, as well as axonal transport motors 

kinesin and dynein (Takemura et al., 1996), growth-associated proteins such as GAP-43 

(Benowitz and Routtenberg, 1997), neurotransmitters and neuropeptides, ion channels 

(Dib-Hajj et al., 1998), cell adhesion and guidance molecules (Martini, 1994), as well as 

trophic factors and their receptors (Ernfors et al., 1989). Some of these changes may be 

mediated by the rapid expression of the immediate early genes (IEGs) (ie. c-jun and c-fos) 

in D R G that persist until regeneration is complete (Mulderry and Dobson, 1996;Leah et al., 

1991). These genes are known to encode transcription factors that bind to D N A at sites 

known to regulate gene expression (Karin et a l , 1997). Growth-associated protein 43 

(GAP-43) and neuropeptide Y (NPY) may be encoded by these transcription factors 

(Andersson et al., 1994;Eggen et al., 1994). The relevance of IEG expression on neuron 

survival was exemplified by the demonstration of greater neuronal loss in c-fos null mutant 

mice following kainic-acid induced seizures in the hippocampus (Zhang et al., 2002). 

Inhibition and alteration of transcription/translation impairs nerve regeneration 

(Gaete et al., 1998). A delayed and attenuated expression of the IEG's in diabetes post-

injury may contribute to deficient tubulin upregulation in D R G (Xu et al., 2002;Xu and 

Sima, 2001). Further, impairment of IEG expression after injury may result in the limited 

expression of GAP-43 in regenerating sensory neurons of diabetic rats (Maeda et al., 

1996a). However, the temporal association of IEG expression does not necessarily indicate 

that they are essential for survival. For example, correlative studies have also shown that 

Fos and Jun may facilitate cell death (Dragunow and Preston, 1995). 

Diabetic neurons may suffer from impairments in other survival mechanisms. For 

instance, neurotrophins are believed to initiate a retrograde survival response through 
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mitogen-activated protein kinase (MAPK) (Watson et al., 2001). In fact, exogenous trophic 

factor (NGF & NT-3) supplementation has been shown to reduce neuronal loss following 

axotomy (Groves et al., 1999;Ljungberg et al., 1999). Diabetic sensory neurons are known 

to have pre-existing difficulties in retrograde transport resulting in less neurotrophin 

expression in the soma. Injury-induced deficits in retrograde transport of NGF are also 

present (Delcroix et al., 1997) resulting in less NGF expression in neurons and regenerating 

neurites (Maeda et al., 1996a). The transcription factor CREB may be involved in carrying 

out neurotrophic actions and has recently been shown to be essential for a proportion of 

sensory neuron survival (Lonze et al., 2002). An examination of CREB expression in 

diabetes has not been performed. Heat shock protein-27 (HSP-27) is also upregulated after 

peripheral nerve injury in virtually all D R G neurons (Costigan et al., 1998). Exogenous 

HSP-27 has been shown to decrease sensory neuron apoptosis after NGF withdrawal in 

vitro (Wagstaff et al., 1999) and in vivo (Lewis et al., 1999). Diabetic sensory neurons have 

already been shown to have elevated HSP-27 mRNA expression in the intact state 

(Zochodne et al., 2001a). 

Long-term diabetic animals did not exhibit sensory symptoms such as thermal 

hyperalgesia in the intact state. Fox et al (1999) reported that STZ-rats may show 

hypoalgesia but do demonstrate mechanical hyperalgesia that may be related to the 

decreased health of the animals. A peripheral nerve injury, on the other hand, often causes 

neuropathic pain but the underlying mechanisms remain obscure. We did not observe any 

hyperalgesia at 2 days post transection, but rather hypoalgesia likely due to sensory loss. 

However, at 14 days post-transection nondiabetic rats exhibited hyperalgesia in the injured 

limb, a response that was absent in diabetic rats. Autotomy was also seen only in 
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nondiabetic rats supporting the notion that self-injurious behavior reflects the experience of 

enhanced pain. L 5 spinal nerve transection has been shown previously to induce maximal 

hyperalgesia at 14 days after injury (Li et al., 2002). Ectopic activity generated from 

injured sensory neurons could contribute to the maintenance of neuropathic pain (Liu et al., 

2000;Abdulla and Smith, 2001). The more overt loss of neurons in diabetes may limit the 

number of neurons available to generate spontaneous activity. On top of this, nitric oxide 

has also been linked to the generation of neuropathic pain (Levy and Zochodne, 1998). 

Differential NOS activity as seen between diabetic and nondiabetic injured nerves may 

further account for differing pain thresholds following injury. 

Our results demonstrate that long-term diabetes does not invoke cell loss in long-

term diabetic rats. This is in contrast to long-term diabetic mice that showed significant 

neuronal loss. However, diabetic neurons do become more susceptible to cell death 

following axotomy that may relate to the absence of injury-induced hyperalgesia in these 

same animals. Poor survival mechanisms in the diabetic state may lead to less neurons 

available to sprout neurites creating observed decreases in numbers of regenerating fibers. 
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C H A P T E R 7: 

S U M M A R Y A N D F U T U R E DIRECTIONS 

7.1 S U M M A R Y 

My dissertation focused on characterizing neuropathy in experimentally-induced 

diabetic mice as well as identifying potential mechanisms impeding peripheral nerve 

regeneration in experimental diabetes. My first objective was to verify neuropathic 

impairment in an STZ-mouse model. In Chapter 2, I showed that STZ-induced diabetic 

mice may be a good model to study diabetic neuropathy since despite showing conduction 

slowing in the tibial nerve, early diabetes in these mice also caused fiber loss in distal sural 

nerves. The model also demonstrated that diabetes influences the PNS differently over its 

course. For instance, long-term diabetes (9 months) led to a reduction in tibial and sural 

fiber caliber, DRG neuron loss, and a reduction in epidermal nerve fiber density. 

Unexpectedly, a proportion of animals that were originally hyperglycemic 6 months post-

STZ injection reverted to euglycemia within the following 3 months. These animals 

yielded an important avenue to address whether hyperglycemic-induced changes initiated 

early by diabetes could be reversed while simultaneously preventing late alterations. These 

"recovered animals" continued to exhibit sensory abnormalities such as neuron loss and 

myelin thinning in sural nerves but apparent recovery in tibial nerves and normal motor 

conduction velocity. This may indicate that sensory impairments that develop early in the 

course of diabetes (as exemplified by persistent sensory symptoms in diabetic neuropathy) 

are less reversible while motor deficiencies that develop later are capable of being 

prevented or reversed. 
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My next objective was to demonstrate a regenerative deficiency in the 

aforementioned STZ-diabetic mouse model. In chapter 3, serial studies addressed fiber 

regrowth for up to 10 weeks after both sciatic nerve crush injury and complete transection. 

Following nerve crush, there was a delay in motor fiber reinnervation of tibial innervated 

interosseous muscles of diabetics, manifest as a slow recovery of the M-wave recorded 

from these muscles. Diabetic M-waves increased by 6 weeks post-injury but the presence 

of fewer tibial axons indicates recovery by sprouting of residual fibers. Histological studies 

distal to crush or transection identified substantial delays in the regrowth of the numbers 

and caliber of regenerating myelinated fibers in diabetics for up to 8-10 weeks. Moreover, 

this delay was observed in both the tibial and sural distal sciatic branches. There also was 

an associated delay in macrophage invasion and their later resorption in the diabetic nerves 

indicating that a potential mechanism of impaired regeneration might be abnormal 

macrophage participation in nerve repair. Elongation distances as assessed by immuno-

labelling for CGRP and galanin demonstrated that galanin-IR diabetic axons did not 

regenerate as far as nondiabetics by 5 days post-crush. 

My third objective of the dissertation was to address potential mechanisms that may 

account for the regenerative impairment previously demonstrated by others in diabetic rat 

models (Longo et al., 1986) and recently by us in a diabetic mouse model (Kennedy and 

Zochodne, 2000). The mechanisms examined in this disseration are summarized in Figure 

40. I first tested the hypothesis that diabetes prevents injury-induced hyperemia in the 

microcirculation of the peripheral nerve. In chapter 4, I used Laser Doppler flowmetry 

(representing epineurial/perineurial flow) and hydrogen clearance polarography 

(representing endoneurial flow) to show that there is no difference in baseline nerve blood 
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flow between 8-month diabetic and nondiabetic rats. However, following transection, 

hyperemia is attenuated at 2 days (endoneurial and epineurial flow) and 14 days (epineurial 

flow) following injury. I further demonstrated that the impaired hyperemia in diabetic 

proximal and distal stumps was associated with fewer and smaller microvessels. Failure of 

nerves to increase their blood flow after injury may be an important reason diabetic nerves 

regenerate less rapidly and completely. Future Analysis- Further work could address the 

mechanism accounting for the hyperemic deficiency. Early impairments may implicate 

inadequate production/release of vasodilators such as CGRP and substance P from 

perivascular nerve terminals while the late decrement may rely on nitric oxide. An 

inadequate upregulation of V E G F could relate to blunted angiogenesis. 

A second mechanism tested the hypothesis that diabetes reduces NOS (nitric oxide 

synthase) activity/expression in the regenerative milieu. In Chapter 5, I showed that intact 

diabetic nerves normally have a higher level of NOS activity that rises further following 

axotomy. Increases in proximal stump NOS activity were proportionately higher in 

nondiabetics however, but diabetics continued to have levels in excess of nondiabetics. 

However, diabetic distal stumps had significantly less NOS activity after injury. iNOS 

protein expression was upregulated in proximal and distal stumps of diabetics and 

nondiabetics after injury. Diabetic stumps expressed an additional band of iNOS protein 

expression indicative of post-translational modification of iNOS. Future analysis: Further 

work could assay the expression of eNOS and nNOS in order to determine which isoforms 

contribute to proximal stump activity. Additionally, NO donors could be locally applied to 

diabetic animals to observe i f regeneration can be enhanced in the distal stump. A n analysis 

of the availability of the NOS substrate, arginine, would prove of value in determining the 
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capability of NO formation in the diabetic state. Finally, characterizing the nature and 

consequence of iNOS post-translational modification would be important. 

The last mechanism of impaired diabetic regeneration addressed the role of 

retrograde sensory neuron death following peripheral nerve injury. Investigations have 

recently implicated neuronal apoptosis in the pathogenesis of diabetic neuropathy (Russell 

et al., 1999). Stereological counting using physical dissector of intact DRG's from 8 month 

STZ-diabetic rats did not identify a loss of neurons. Spinal nerve transection did not induce 

early (2 days post) cell loss in either nondiabetics or diabetics. However, 14 days after 

injury both groups had retrograde neuron loss but diabetics lost significantly more neurons. 

Analysis of thermal hyperalgesia demonstrated that diabetic animals failed to develop 

hyperalgesia at this timepoint. Future analysis: Three more areas need to be further 

examined in detail in this work. Since neuronal survival may be dependent on a balance 

between survival and death genes, the expression profiles of known survival molecules 

such as LIF and HSP-27 could be quantified in diabetic sensory neurons following injury. 

The ratio of apoptosis-related molecules such as Bcl-2 (anti-apoptotic) to B A D (pro-

apoptotic) may also prove to be worthwhile to further investigate. Although spinal 

motoneurons are relatively resistant to injury-induced cell death the high transection model 

may cause loss of vulnerable diabetic motoneurons. 



224 

2. NOS activity 

Figure 40. A schematic summarizing three potential mechanisms that may influence 

peripheral nerve regeneration. 

Deficient hyperemic reaction, enhanced cell death, and abnormal NOS activity may 

simultaneously reduce the number of axons that regenerate in the diabetic condition. 
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7.2 A REVISED MODEL OF DIABETIC PERIPHERAL NERVE 

REGENERATION 

This dissertation provides evidence that not only peripheral nerve function but also 

regenerative processes are negatively influenced by diabetes. Diabetic axons may fail to 

mount an efficient regenerative response due to an impaired upregulation of blood flow, 

inappropriate NO generation, or overt loss of sensory neurons. In the following section, 

these findings will be incorporated into a sequence of events underlying a failed 

regenerative program in diabetic nerve. The regenerative process will be divided into 4 

sequential stages. 

Stage 1: Early Reaction of Cell Body 

Nerve injury invokes diffuse morphological and molecular changes in the cell body. 

Typically, neurons respond with changes of gene expression (ie. | C G R P in motor neurons 

& i in sensory neurons) designed to coerce the cell into a growth mode. Diabetic neurons 

fail to upregulate immediate early genes (IEG's), such as c-jun, perhaps leading to later 

deficits in GAP-43/B-50 and neuropeptide expression (Meiri et al., 1998b;Maeda et al., 

1996b;Schmidt et al., 1995) in diabetic regenerating axons. Deficient intra-axonal transport 

machinery and failed synthesis of neurotrophins such as NGF contribute to inadequate 

support of diabetic neurons during the injured state. Potential survival molecules such as 

LIF and HSP-27 may also fail to be upregulated in diabetic neurons. As a result, as 

demonstrated in Chapter 6, a substantial number of diabetic neurons fail to survive 

axotomy, thereby reducing the number of axons attempting regeneration. 
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Stage 2: Sprouting and Elongation 

The limited number of axons that sprout in the diabetic proximal stump are then 

faced with high NOS activity as shown in Chapter 5. This may lead to an oversupply of NO 

that collapses growth cones (Hess et al., 1993) creating observable delays in onset of 

regeneration (Bisby, 1980). Abnormally high NOS activity 14 days after injury could also 

contribute to the neuronal death we saw at this timepoint (Ruan et al., 1995;Wu and L i , 

1993;Tamatani et al., 1998). Within 1 day following injury, glucose uptake is normally 

increased in nerve (Kreutzberg and Emmert, 1980). However, a failed early upregulation of 

blood flow, as shown in Chapter 4, will limit the delivery of metabolic substrate (ie. 

glucose) to those neurites capable of overcoming high NO levels. A poor supply of 

resources manifests as slow elongation rates (Ekstrom and Tomlinson, 1989) and distances 

(Chapter 3). 

Axon growth during regeneration typically requires assembly of microtubule arrays 

(Challacombe et al., 1997) and their extension into growth cones (Kabir et al., 2001). 

Inhibition of microtubule assembly and dynamics causes misdirected axon outgrowth (Dent 

and Kalil , 2001) while microtubule stability is also known to decrease axon extension 

(Rochlin et al., 1996). Further retardation of diabetic axon extension may be attributed to 

inadequate synthesis and delivery of tubulin and subsequent incorporation into 

microtubules in the extending axon (Xu and Sima, 2001). 

Regenerating diabetic axons also elongate in an unfavourable distal environment. 

Low NOS activity in the distal stump may contribute inadequate levels of NO to aid in the 

breakdown of myelin and axonal debris. For example, Levy & Zochodne (1999) showed 

that iNOS deficiency markedly slows Wallerian degeneration. NO may facilitate Wallerian 
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degeneration by promoting rises in calcium by activation of cGMP-gated calcium channels 

(Broillet and Firestein, 1997). Rises in intracellular calcium are thought to mediate axonal 

breakdown by activating calpains (George et al., 1995). NO-derived peroxynitrite may 

simultaneously promote lipid peroxidation and dissolution of the myelin sheath (Rubbo et 

al., 1994). Low levels of NO also enhances depolymerization of actin filaments that may 

allow for growth cone extension (Lee et a l , 1997). The persistence of original basal lamina 

further creates obstacles to regeneration (Bradley et a l , 1995). Even with adequate 

calcium-mediated proteolysis diabetic axons may be resistant to breakdown due to 

hyperphosphorylation of neurofilaments (Terada et al., 1998). NOS inhibition has been 

further shown to reduce the recruitment of macrophages to sites of injury (Setoguchi et al., 

1996). Deficient NOS activity will lead to slow recruitment of macrophages into the 

degenerating nerve to phagocytize degenerating debris as seen in Chapter 3. 

Stage 3: Axon-Schwann Cell Interaction 

Proliferating Schwann cells elaborate axon regeneration by providing trophic 

molecules for regenerating axons and by serving as scaffolds. Schwann cell proliferation in 

the distal stump during degeneration and regeneration further recruits metabolic substrate 

from the environment. The importance of blood flow and metabolic support in cellular 

proliferation is often seen in tumor growth (Jones et al., 1999). A poor upregulation of 

blood flow will also hinder cellular proliferation and influence Schwann cell viability. 

Excessive p75 N T R expression on diabetic Schwann cells may further promote apoptosis 

through an autocrine mechanism (Hirata et al., 2001 ;Eckersley et al., 2001). Schwann cells 

that do persist may fail to support diabetic axons due to glycation of basal laminae 

components (Federoff et al., 1993) 
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Stage 4: Target Reinnervation 

The limited number of diabetic axons that survive early sprouting and are able to 

elongate through an unfavourable microenvironment attempt to re-innervate target tissues 

such as muscle and sensory organs. This process may be complicated by pre-existing 

neuropathic atrophy (ie muscle wasting) in target tissues that limits synthesis of target 

derived molecules. Terminal Schwann cells, at neuromuscular junctions for instance, may 

also be involved. These cells are thought to guide regenerating axons to denervated 

synaptic sites (Love and Thompson, 1999) and also express active agrin which clusters 

acetylcholine receptors at the neuromuscular junction (Yang et al., 2001). Yard et al (2001) 

showed that agrin was reduced in diabetic kidney but no information is currently available 

on its expression at the diabetic neuromuscular junction. Therefore, the reformation of 

synapses in diabetic regeneration may also be compromised. Axons that do successfully 

regenerate in diabetes are few in number, smaller caliber and possess thinner myelin as 

seen in Chapter 3. These remaining fibers may also be prone to a second round of 

degeneration induced by persistent macrophages. 

7.3 FUTURE DIRECTIONS 

7.3.1 STZ diabetic mice 

In Chapter 2, I demonstrated that the STZ-mouse model of diabetes mellitus 

exemplifies many of the features of its human counterpart. Genetic manipulation of mice 

adds to the attractiveness of this model of diabetes. However, since it is currently incapable 

of recording blood flow from the relatively small nerves of mice, the pathogenetic 
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mechanism of microangiopathy may be inaccessible to study in this model. On the other 

hand, most of the other hypotheses with the exception of polyol flux, have not been studied 

in diabetic mice. Therefore, as outlined in Chapter 1, the impact of AGE-induced 

alterations of cytoskeletal and myelin components and ROS-induced D N A damage need to 

be further examined. The emerging role that mitochondrial dysfunction may play in 

diabetic neurons may also be later examined in this model. Furthermore, long term diabetic 

mice begin to exhibit changes in motor components (ie. tibial nerve). The ventral horn of 

the spinal cord may become involved in these mice and should be examined further. 

7.3.2 Diabetic Peripheral Nerve Regeneration 

Regeneration of diabetic axons has covered several key areas, some of which have 

been addressed in this dissertation. However, three other potential areas deserve further 

investigation. Our observation (in Chapter 3) of a delayed recruitment of macrophages into 

diabetic nerve will have implications for degeneration and onset of regeneration (Perry and 

Brown, 1992). It would be interesting to examine the expression profiles of macrophage-

derived factors such as IL-1, IL-6, and TNF-a. Upregulation of IL-6, for instance, leads to 

enhanced regeneration (Hirota et al., 1996) while IL-1 leads to critical NGF synthesis in 

non-neuronal cells (Horie et al., 1997a). Glial growth factor (GGF) release from 

macrophages also aids in Schwann cell mitosis following injury (Marchionni et al., 1993). 

The diabetic Schwann cell should also serve as a potential area of future 

investigation. Typically, the early release of neuregulins (ie. GGF) from transected axons 

(Loeb and Fischbach, 1995;Sandrock, Jr. et al., 1995)or Schwann cells themselves 

(autocrine mechanism) (Carroll et al., 1997) activates ErbB receptors on Schwann cells 

(Carraway, III and Burden, 1995).This activation, observed during Wallerian degeneration 
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(Kwon et al., 1997), causes both demyelination and dedifferentiation of Schwann cells 

(Zanazzi et al., 2001) and reentry into the cell cycle (Dong et al., 1995; Grinspan et a l , 

1996). Proliferation is thought to be conducted by phosphatidylinositol 3-kinase (PI 3-

kinase) with downstream effectors involving the proto-oncogene Akt (Maurel et al., 2000) 

and the cell cycle component cyclin-dependent kinase 2 (CDK-2) (Tikoo et al., 2000). 

Since the neuregulin receptor ErbB2 is not upregulated on diabetic Schwann cells 

(Eckersley et al., 2001) and this receptor is the signal transducer of the receptor family 

(Carraway, III and Burden, 1995;Vartanian et a l , 1997) the Schwann cell reaction in 

diabetes may be attenuated. This would result in the absence of bands of Bungner to guide 

regenerating neurites, reduce the deposition of laminin and other extracellular matrix 

molecules for neurite-substrate attachment, and attenuate the release of NGF. Blocking PI 

3-kinase activity also was shown to result in shorter myelin internodes and decreases the 

rate of myelin protein accumulation. Therefore, Schwann cells with less ErbB2 expression 

that may attempt remyelination in diabetic nerve may explain the thinner myelin sheaths 

observed in regenerated diabetic axons. 

Neuregulins also induce Schwann cell motility through mitogen-activated protein 

kinase-kinase (MAPK-kinase) (Meintanis et al., 2001). This may impact on Schwann cell 

guidance at terminals such as the neuromuscular junction (NMJ) (Son et al., 1996). 

Restoration of function requires synaptic regeneration but studies addressing diabetic nerve 

regeneration have largely failed to account for reinnervation and synaptogenesis. We know 

that there is a rich interaction between axons and the postsynaptic cell membrane of muscle 

fibers. For instance, regenerating motor neurons not only trigger clustering of acetycholine 

receptors (AChR's) but also stimulate their synthesis. This has not been quantified in 
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diabetes. Additionally, denervation typically leaves the postsynaptic membrane largely 

intact (ie. junctional folds and AChR remain) such that regenerating axons readily form 

new neuromuscular junctions at pre-existing synaptic sites. Diabetic mice have been 

previously shown to have alterations in the distribution and expression of AChR leading to 

noticeably less aggregation in muscle (Marques and Neto, 2002). This pre-existing 

condition may influence subsequent reinnervation capabilities of diabetic axons. 

The extracellular matrix of diabetic nerve has been shown to have enhanced 

expression of certain collagen isoforms (Bradley et al., 2000). Despite showing no declines 

in laminin content, alterations in Schwann cell ability during diabetic regeneration may 

limit its deposition. Furthermore, A G E induction does glycate laminin on Schwann cell 

basal laminae rendering it ineffective as an elongation substrate (Federoff et al., 1993). 

Nerve terminals have been shown to fail to develop in mutant mice that lack the laminin-p2 

chain (Noakes et al., 1995). Motor axons that encounter laminin in vitro have been shown 

to stop growing, accumulate synaptic vesicles, and acquire the ability to release 

neurotransmitters. If diabetes does affect laminin production or that which has already been 

produced by Schwann cells, then motor axons may not acquire this ability and improper 

neuromuscular junctions will re-form. 

The microenvironment of diabetic nerve exhibits deficiencies that become more 

salient in the regenerative milieu. As regeneration proceeds there is an additive effect of the 

impairments resulting in poor maturation and reinnervation of nerve fibers. Although there 

is currently no cure for diabetes, a deficient regenerative process contributing to 

neuropathy may eventually be circumvented. 
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