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ABSTRACT OF THE DISSERTATION 
 

Epidermal Innervation and Thermal Nociception in Rodent Models of Diabetic 
Neuropathy 

 
 

by 
 

Kristina Beiswenger 
 
 

Doctor of Philosophy in Molecular Pathology 
University of California, San Diego, 2008 

Professor Nigel A. Calcutt, Chair 
 

 
 
 
 The assessment of epidermal innervation is emerging as a valuable 

means of diagnosing and staging clinical diabetic neuropathy.  In order to 

address whether or not rodent models of diabetes develop a similar loss of 

cutaneous innervation, we quantified epidermal nerve fiber density in various 

strains of diabetic rats and mice.  After confirming that each of these strains 

developed epidermal nerve fiber loss, as well as epidermal thinning, we 

examined the relationship between changes in epidermal nerve fiber density and 

changes in heat sensitivity.  After 2 weeks of diabetes, Swiss Webster mice 

developed significant thermal hypoalgesia.  However, a significant reduction in 

epidermal innervation did not develop until after 4 weeks of diabetes, indicating 

that loss of heat sensitivity precedes a detectable reduction in epidermal 

innervation. 



 xii 

Next we attempted to examine the mechanisms of thermal hypoalgesia by 

examining the effects of an aldose reductase inhibitor and exogenous 

neurotrophic support in type 1 diabetic Swiss Webster mice. The aldose 

reductase inhibitor IDD 676 and the NGF-enhancing compound Neotrofin 

partially ameliorated motor nerve conduction velocity slowing, but were unable to 

prevent thermal hypoalgesia.  CNTF and the prosaposin-like peptide TX14(A) 

prevented the development of thermal hypoalgesia, but none of these 

compounds were able to reverse established deficits.   

 Next we examined the neurotrophic properties of insulin by comparing the 

severity of neuropathy in type 1 and type 2 diabetic mouse models.  Both models 

developed thermal hypoalgesia and IENF deficits, indicating that insulin does not 

protect against the development of these deficits.  To further explore insulin’s 

neurotrophic properties, we examined the effects of insulin supplementation in a 

type 1 diabetic mouse model.  Low doses of insulin prevented epidermal thinning 

after 4 weeks of diabetes and high doses of insulin prevented thermal 

hypoalgesia after 4 and 8 weeks of diabetes, indicating neurotrophic effects of 

insulin.  Together, these results demonstrate that rodent models develop the 

epidermal nerve fiber loss observed in humans with diabetes.  However, a loss of 

thermal sensitivity precedes reductions in epidermal innervation.  Loss of 

neurotrophic support may be involved in the development of these deficits. 
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1 – INTRODUCTION

1.1 Diabetes Mellitus

Although the worldwide prevalence of diabetes mellitus is estimated at

124 million and the incidence is increasing, certain facets of this disease remain

poorly understood.  Diabetes mellitus affects multiple organ systems, including

the cardiovascular, renal and nervous systems.  According to the National

Diabetes Information Clearinghouse, diabetes-induced peripheral neuropathy,

which often results in foot ulcerations, is the leading cause of non-traumatic lower

limb amputations in the United States.  A better understanding of how peripheral

nerves, particularly those innervating the skin, are affected by diabetes mellitus

could lead to the development of treatments that could prevent or reverse

peripheral neuropathy.  The goal of this dissertation was to first examine

diabetes-induced changes in the innervation of the skin of rodent models, and

then to explore the pathogenesis of loss of thermal sensation and loss of

epidermal innervation.

1.1.1 Classifications of diabetes

According to the CDC, diabetes mellitus afflicts more than 20 million

people in the United States alone.  The number of people with diabetes mellitus

has more than doubled in the last twenty years and is expected to double again

in the next fifty years.  Responsible for more than 200,000 deaths a year,

diabetes mellitus is the sixth leading cause of death in the United States and
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costs roughly $132 billion a year in both direct medical costs and loss of

productivity.  The term diabetes mellitus encompasses a group of disorders

sharing the common feature of hyperglycemia.  The majority of cases are

classified as either type 1 or type 2.

Type 1 diabetes, also known as juvenile or insulin-dependent diabetes, is

caused by the autoimmune destruction of the insulin-producing beta cells of the

pancreatic islets.  It is most often diagnosed during childhood.  Type 2 diabetes,

also referred to as adult-onset or non-insulin-dependent diabetes,  is

characterized by insulin resistance.  Type 2 diabetes can develop at any age and

is often linked to obesity.  Gestational diabetes, caused by pregnancy hormones

and shortages of insulin, develops during the later stages of pregnancy.

Although it usually recedes after pregnancy, women who develop gestational

diabetes experience an increased risk of developing type 2 diabetes later in life.

Another category of diabetes, referred to as maturity-onset diabetes of the young

(MODY), is caused by genetic defects in beta cell function, including mutations in

glucokinase, insulin promoter factor and hepatocyte nuclear factors.  Other

genetic defects, diseases of the exocrine pancreas and endocrinopathies can

also cause diabetes mellitus.

Complications associated with diabetes include blindness due to

retinopathy, cataracts or glaucoma.  The cardiovascular system is also affected,

causing hypertension and atherosclerosis, which can result in heart attack and

stroke.  Diabetes also causes nephropathy and is the leading cause of kidney
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failure.  Neuropathies of a sensory, motor and autonomic origin also develop in

patients with diabetes.

1.1.2 Types of diabetic neuropathy

Diabetic neuropathy has been reported to develop in nearly 50% of

diabetic patients (Pirart et al., 1978).  Although there is no universally accepted

classification system, Thomas (1997) proposed a system based on distribution

and type of nerve affected that classifies diabetic neuropathies as either focal or

generalized.  Focal neuropathies, which affect single or multiple isolated nerves,

include cranial neuropathies, thoracolumbar radiculoneuropathy and proximal

diabetic neuropathy.  Cranial neuropathies most commonly affect the nerves

innervating the external ocular muscles and often result in pain.  Thoracolumbar

radiculoneuropathy can result in pain, sensory loss or weakness, and both

unilaterally and bilaterally affects the spinal nerves and nerve roots.  Proximal

diabetic neuropathy, also referred to as diabetic amyotrophy, presents in both

unilateral and bilateral distributions and can result in pain, sensory loss and

muscle weakness.

Generalized neuropathies include acute painful sensory neuropathy, acute

motor neuropathy, autonomic neuropathy and distal symmetric sensorimotor

polyneuropathy. Acute painful sensory neuropathy is characterized by burning

pain in the lower and sometimes upper limbs.  Acute motor neuropathy, although

less common than other types of diabetic neuropathy, can result in facial

weakness.  Autonomic neuropathy affects the nerves that control involuntary

actions of the body and is the cause of gastroparesis, postural hypotension,
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bladder dysfunction and erectile dysfuction.  Distal symmetric sensorimotor

polyneuropathy is the most common form and affects both sensory and motor

nerves, including myelinated A!, A" and A# fibers, which are involved in limb

proprioception, vibration and pressure sensation, and mechanical sensation,

respectively.  Unmyelinated C-fibers, which are involved in thermal and

mechanical burning pain, are also affected. The effects of distal symmetric

sensorimotor polyneuropathy include altered perception of thermal, tactile, and

vibratory stimuli and can range from hyperalgesia and allodynia to hypoalgesia.

Many patients experience a complete loss of sensation in hands and feet, which

can increase the risk of trauma and infection, ultimately leading to amputation.

Dysfunction of the small cutaneous nerve fibers that respond to thermal stimuli is

most commonly reported by patients and diagnosed by clinicians.

1.2 Animal Models of Diabetes

1.2.1 Rodent models

In rodent models, diabetes can be either chemically-induced, genetic or

diet-induced.  Chemical induction of diabetes involves the injection of a toxin,

usually streptozotocin (STZ), that selectively targets and destroys the insulin-

producing beta cells.  Within several days, the rodents become hyperglycemic.

In most injected rodents, the hyperglycemia persists, often exceeding 33mmol/l.

The STZ-diabetic rodent model was used in the majority of the experiments

described in this dissertation, and the structural and behavioral defects that

develop in these animals will be discussed in the next section.
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Genetically diabetic rodents are bred to develop hyperglycemia through

either impaired insulin secretion or insulin resistance.  Rat strains include the BB

Wistar model  of type 1 diabetes and the Zucker Diabetic Fatty model of type 2

diabetes.  Non-obese diabetic (NOD) mice develop type 1 diabetes, while the

db/db and ob/ob strains of mice develop type 2 diabetes.  These models

generally have a longer life-span, but timing of the onset of diabetes can be

variable.

Diet-induced models involve feeding rodents either a high-fat or galactose-

rich diet.  When rodents are fed a diet sufficiently high in fat, they become obese

and eventually develop type 2 diabetes.  Galactose-fed rodents have normal

insulin levels, but experience increased flux through the first stage of the polyol

pathway.  This model allows the role of aldose reductase in the development of

diabetes-induced complications to be separated from the role of insulin

deficiency.

1.2.2 Neuropathy in diabetic rodents

Rodent models replicate many, but not all, of the structural and functional

defects that develop in humans with diabetes.  STZ-diabetic rats develop tactile

allodynia (Calcutt et al., 1996), as well as thermal hyperalgesia that ultimately

progresses to thermal hypoalgesia (Calcutt et al., 2004).  An exaggerated

response to the chemogenic stimuli formalin has also been reported in the STZ-

diabetic rat model (Calcutt et al., 1994b; Calcutt et al., 1995).  Both tactile

allodynia and mechanical hypoalgesia have been reported in STZ-diabetic

mouse models (Christianson et al., 2007; Drel et al., 2007).  STZ-diabetic mice
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can also exhibit either thermal hyperalgesia or thermal hypoalgesia (Levine et al.,

1982; Gabra and Sirois, 2002, Gabra and Sirois, 2003; Chattopadhyay et al.,

2007; Drel et al., 2007). Differences in strain may be accountable for some of this

variability (Sullivan et al., 2008).  Unlike the rat model, STZ-diabetic mice exhibit

reduced pain behavior in response to formalin (Christian et al., 2003b; Johnson

et al., 2007).  However, both rat and mouse models of STZ-induced diabetes

exhibit nerve conduction velocity slowing (Eliasson, 1964; Tomlinson et al., 1982;

Mayer and Tomlinson 1983; Obrosova et al., 2005).

In addition to behavioral changes, diabetic rats and mice exhibit shrinkage

of both dorsal root ganglia (DRG) neurons (Jiang and Jakobsen, 2004) and

myelinated fiber axons (Jakobsen, 1976; Sima and Robertson, 1979).

Degeneration of Schwann cells (Sima and Robertson, 1979; Kalichman et al.,

1998) and loss of the paranodal axo-glial junction (Sima et al., 1986) also occur.

The loss of epidermal innervation that develops in rat and mouse models of

diabetes (Bianchi et al., 2004; Christianson et al., 2003) will be discussed in

detail later in this chapter.  Unfortunately, unlike humans with diabetic

neuropathy, rodent models do not develop axonal degeneration and myelinated

fiber loss (Thomas and Lascelles, 1966).

1.3 Pathogenic Mechanisms

1.3.1 Potential mechanisms

The direct cause of diabetic neuropathy is unknown, but several

biochemical pathways are thought to contribute.  The metabolic changes induced

by hyperglycemia contribute to diabetic neuropathy through defects in the polyol
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pathway, activation of protein kinase C, activation of the hexosamine pathway,

the generation of advanced glycosylation endproducts (AGEs) and an increased

susceptibility to oxidative stress. However, the presence of diabetic neuropathy in

patients receiving insulin therapy and maintaining normal glycemic levels

suggests that non-metabolic factors may also contribute to diabetic neuropathy.

Loss of neurotrophic support is also thought to play a role in the development of

diabetic neuropathy.

1.3.2 The polyol pathway

The polyol pathway involves the reduction of glucose to sorbitol by aldose

reductase and the consequent oxidation of NADPH to NADP+.  The sorbitol is

then oxidized to fructose by sorbitol dehydrogenase with the reduction of NAD+

to NADH.  Chronic hyperglycemia can result in a buildup of the organic osmolyte

sorbitol, which results in cellular swelling and a decrease in myo-inosotol levels

(Gillon et al., 1983).  The decrease in myo-inositol may ultimately lead to a

disruption of the sodium, potassium-ATPase (Greene and Lattimer, 1983).

However, the disruption of the sodium, potassium-ATPase has also been

attributed to the activation of PKC (Xia et al., 1995), and will be discussed later.

The accumulation of sorbitol also results in a reduction of the levels of taurine,

which is an antioxidant and promoter of nerve regeneration (Obrosova et al.,

2001; Pop-Busui et al., 2001).

Yet another consequence of increased polyol pathway activation is the

depletion of NADPH, which is also involved in the glutathione (GSH) cycle and

nitric oxide synthesis (Lee and Chung, 1999).  NADPH depletion results in a



8

decrease in both nitric oxide levels and the conversion of GSSG to GSH, which

can contribute to oxidative stress.  In a study examining the effects of STZ-

induced diabetes on transgenic mice lacking aldose reductase, the transgenic

mice were protected against both the depletion of GSH and the nerve conduction

velocity slowing that was observed in the STZ-diabetic wild type mice (Chung et

al., 2003)

In rat models of diabetes, inhibitors of aldose reductase have been shown to

improve nerve conduction velocity (Tomlinson et al., 1982; Yue et al., 1982;

Mayer and Tomlinson, 1983; Cotter et al., 1998; Obrosova et al., 2002) and

axonal transport (Tomlinson et al., 1982; Mayer and Tomlinson et al., 1983),

prevent reductions in nerve blood flow (Calcutt et al., 1994; Cotter et al., 1998;

Kuzomoto et al., 2006), and prevent both transient thermal hyperalgesia and the

development of thermal hypoalgesia (Calcutt et al., 2004).  Aldose reductase

inhibition also increases neurotrophic activity (Mizisin et al., 1997; Ohi et al.,

1998) and prevents reductions in GSH in diabetic rats (Obrosova et al., 2002;

Kuzomoto et al., 2006).  Although diabetic mice do not accumulate sorbitol, there

is a flux of glucose through the polyol pathway (Calcutt et al., 1988) and aldose

reductase inhibition has been shown to improve nerve conduction velocity (Miwa

et al., 1989; Drel et al., 2006), alleviate thermal hypoalgesia and prevent the loss

of epidermal innervation (Drel et al., 2006).  In clinical trials roughly 60% of

patients showed some improvement in peripheral neuropathy (Pfeifer et al.,

1997).  However, many large-scale clinical trials have been plagued by safety

concerns and poor trial design.  Problems with variability of endpoints, as well as



9

inadequate length and quality control, may have masked potentially beneficial

effects of aldose reductase inhibitors.

1.3.3 Activation of PKC

Increased flux through of the polyol pathway also increases the cytosolic

NADH/NAD+ ratio (Ramasamy et al., 1997), which results in inhibition of

GAPDH.  The inhibition of GADPH elevates triose phosphate levels and and the

trisoe phosphate lipid second messenger DAG, which activates the ! and "

isoforms of protein kinase C (PKC).  PKC overactivity can damage blood vessels

by altering expression of eNOS, endothelin-1, VEGF, collagen, fibronectin, TGF-

beta, and plasminogen activator inhibitor-1 (for review see Brownlee 2001, and

references therein).  The decrease in eNOS expression and increase in

endothelin-1 expression cause blood-flow abnormalities, while increases in

VEGF expression can result in changes in vascular permeability and

angiogenesis.  Increases in TGF-! and subsequent increases in collagen and

fibronectin, as well as increases in plasminogen activator inhibitor-1 expression,

can result in the occlusion of capillaries and other vessels.  The activation of PKC

also increases cytosolic phospholipase A2 activity, which leads to an increase in

the production of the sodium, potassium-ATPase  inhibitors arachidonate and

PGE2  (Xia et al., 1995).

1.3.4 The hexosamine pathway

The inhibition of GADPH also results in increased activity of the hexosamine

pathway.  In the hexosamine pathway, the glycolytic intermediate fructose-6-

phosphate is diverted from the glycolytic pathway and instead converted to
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glucosamine-6-phosphate by the enzyme glutamine:fructose-6-phosphate

amidotransferase (GFAT).  Glucosamine-6-phosphate is then glycosylated by the

addition of N-acetylglucosamine (GlcNAc) to serine and threonine, with the

enzyme O-GlcNAc transferase (OGT) catalyzing the reaction.  Increased activity

of this pathway results in increased production of PAI-1 and TGF-!1 (Sharma

and McGowan, 2000; Carr, 2001), which are responsible for damage to the

kidneys and vascular system.  Hyperglycemia induced activation of  the

hexosamine pathway may also disrupt protein function by O-

acetylglucosaminylation (For review see Brownlee 2001, and references therein).

1.3.5 Non-enzymatic glycosylation

Chronic hyperglycemia results in non-enzymatic glycosylation or glycation

of proteins, which can ultimately result in the irreversible formation of advanced

glycosylation end products (AGEs) (Vlassara et al., 1981).  These AGEs are

thought to contribute to diabetic neuropathy by accumulating on myelin and

activating macrophages, resulting in demyelination (Vlassara et al., 1985).

AGEs are also involved in the covalent entrapment of plasma proteins in the

extracellular matrix, the cross-linking of basement membrane proteins and

alterations in axonal transport by disruption of actin and tubulin (Vlassara et al.,

1981).  AGEs interfere with the action of nitric oxide and are a source of oxidative

stress through the activation of receptors for AGEs (RAGE) and subsequent

production of reactive oxygen species (ROS) (for review see Vincent et al., 2004

and references therein).  Increased levels of RAGE mRNA and protein have

recently been reported in the epidermal axons, sural axons and Schwann cells of



11

STZ-diabetic mice.  Mice lacking RAGE were protected against the development

of neuropathy (Toth et al., 2008).

1.3.6 Oxidative stress

The activation of the polyol pathway, the activation of PKC, the activation of

the hexosamine pathway and  non-enzymatic glycation may be linked by their

capacity to generate oxidative stress.  In experimental diabetes, several of the

antioxidant defenses of peripheral nerves are lowered, including cupric

superoxide dismutase (Low and Nickander, 1991), GSH (Nickander et al., 1994),

GSH peroxidase (Hermenegildo et al., 1993) and ascorbic acid (Jennings et al.,

1997).  Lipids, proteins and nulcleic acids become oxidized and nitrosylated

when these antioxidants are unable to remove free radicals.  These altered

molecules are unable to perform their required functions and are ulitimately

targeted for degradation.  This process affects cellular activity (Vincent and

references therein, 2004).

Multiple studies have demonstrated the ability of various antioxidants to

improve diabetes-induced motor and sensory nerve conduction deficits

(Cameron et al., 1993; Cameron et al., 1994; Sagara et al., 1996; Cotter and

Cameron, 1995; Cameron and Cotter, 1996; Sharma and Sayyed, 2006; Saini et

al., 2007),  correct changes in thermal sensitivity (Ueno et al., 2002; Sharma and

Sayyed, 2006; Saini et al., 2007) and increase endoneurial blood flow (Cameron

et al.,1994; Cotter and Cameron, 1995; Sharma and Sayyed, 2006) in rodent

models.  In clinical trials, various antioxidants have been able to decrease lipid

peroxidation (Lubec et al., 1997; Butler et al., 2000),  improve blood flow (Butler
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et al., 2000) and reduce symptoms of neuropathy (Ziegler et al., 1995) in patients

with diabetes.  However, at present no definitive proof of the efficacy of

antioxidants in preventing or ameliorating diabetic neuropathy has been accepted

by the FDA.

1.3.7 Loss of neurotrophic support

Neurotrophic factors are vital to the development and maintenance of

nerve fibers and abnormalities in their expression have been detected in both

human patients and rodent models of diabetes.  Reduced levels of NGF have

been observed in skin biopsies from human patients with diabetes (Anand et al.,

1996).  Reductions in NGF have also been reported in sciatic nerves and

superior cervical ganglia of STZ-diabetic rats (Hellweg and Hartung, 1990).

Reductions in NGF mRNA have been observed in muscle and foot skin from

STZ-diabetic rats (Fernyhough et al., 1994).  Decreased levels of the

neuropeptides substance P (SP) and calcitonin gene-related peptide (CGRP) in

the sciatic nerve were also observed in these animals.  Retrograde axonal

transport of NGF is also reduced in STZ-diabetic rats (Hellweg et al., 1994). In

STZ-diabetic mice, reductions in both serum NGF levels and submaxillary gland

NGF content have been observed.  However, NGF content in the sciatic nerve

was not significantly decreased in these diabetic mice (Ordonez et al., 1994).

Treatments with NGF have been shown to alleviate symptoms of

neuropathy in diabetic animals.  In STZ-diabetic rats, NGF treatment was able to

prevent both the development of thermal hypoalgesia and the depletion of SP

and CGRP (Apfel et al., 1994; Diemel et al., 1994).  In STZ-diabetic mice, NGF
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treatments stimulated axonal branching in the skin, but were unable to restore

innervation (Christianson et al., 2003).  In a phase II clinical trial, improvements

in small fiber function were observed after 6 months of treatment with rhNGF

(Freeman, 1999).  However, a phase III clinical trial failed to confirm these

findings (Apfel et al., 2000).  The NGF treatments administered in these clinical

trials also resulted in hyperalgesia at the site of injection (Apfel et al., 2000).

Ciliary Neurotrophic Factor (CNTF), which is produced by Schwann cells,

serves as a neurotrophic factor for both sensory and motor neurons.  CNTF-like

activity was found to be reduced in the sciatic nerves of STZ-diabetic and

galactose fed rats (Calcutt et al., 1992).  Treatments with CNTF have been

shown to prevent the development of thermal hypoalgesia (Calcutt et al., 2004),

improve nerve conduction velocity and promote regeneration after nerve crush

injury in STZ-diabetic rats (Mizisin et al., 2004).

The mRNA of prosaposin, a peptide involved in differentiation and

prevention of cell death in a variety of nerve cell types (Hiraiwa et al., 1996), is

elevated in the peripheral nerve of STZ-diabetic rats (Calcutt et al., 1999).

TX14(A), a prosaposin-derived peptide, has been shown to preserve both axonal

caliber and sodium, potassium-ATPase activity, attenuate reductions in SP levels

and prevent the development of thermal hypoalgesia in STZ-diabetic rats (Calcutt

et al., 1999).  The peptide prevents both formalin hyperalgesia and SP-induced

thermal hyperalgesia in STZ-diabetic rats and alleviates tactile allodynia (Calcutt

et al., 2000; Jolivalt et al., 2006). TX14(A) also both prevents and reverses nerve

conduction velocity slowing (Calcutt et al., 1999; Mizisin et al., 2001).
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Altered expression of neurotrophin-3 (NT-3) (Fernyhough et al., 1995;

Fernyhough et al.,1998; Ihara et al., 1996), neurotrophin-4 (NT-4), BDNF

(Rodriguez-Pena et al., 1995; Mizisin et al., 1999), IGF-1 (Wuarin et al., 1994),

and GDNF (Christianson et al., 2003) has also been detected in skin, muscle,

nerve and other organs in experimental diabetes.  Administration of exogenous

IGF-II (Zuang et al., 1997), NT-3 (Mizisin et al.,1998), and GDNF (Akinna et al.,

2001) all demonstrated efficacy in the treatment of diabetic neuropathy.

However, to date, none of these therapies have been approved for clinical use.

1.4 Characteristics of Skin

1.4.1 Skin structure

The integumentary system is composed of the epidermis and dermis.  The

epidermis consists of 4 to 5 layers, including the stratum corneum, the stratum

lucidum, the stratum granulosum, the stratum spinosum and the stratum basale.

The stratum corneum, the outermost layer, is composed of anucleate keratinized

cells.  In thick skin, the stratum lucidum is found beneath the stratum corneum.

In hematoxylin-stained sections of both thick and thin skin, the stratum

granulosum is prominent due to intensely basophillic keratohyalin granules and

sits above the stratum spinosum.  The stratum spinosum, which is several layers

thick, exhibits spiny cytoplasmic processes that are connected to adjacent cells

by desmosomes.  The stratum basale, the lowermost layer, rests on a basal

lamina immediately above the dermis and contains the stem cells from which

new keratinocytes arise.
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The epidermis is composed primarily of keratinocytes, but also contains

melanocytes, Langerhans cells and Merkel's cells.  Keratinocytes are epithelial

cells that produce various keratins, which are the major structural proteins of the

epidermis.  By dividing, differentiating, dying and eventually exfoliating,

keratinocytes promote the continual turnover of the epidermis.

Melanocytes are derived from neural crest tissue and generate the

melanin pigment that gives skin its color.  Long dendritic processes emanate

from each melanocyte and make contact with keratinocytes, forming a dermal-

melanin unit.  Melanosomes, containing melanin pigment, are transferred to

neighboring keratinocytes through a process called pigment donation.  Variations

in the rate of melanin synthesis and degradation, rather than melanocyte

number, are responsible for differences in skin color.

Langerhans cells are found within stratum spinosum where they present

antigens that enter through the skin.  These dendritic cells are immunoreactive to

antibodies against the pan-neuronal marker protein gene product 9.5 (PGP9.5).

In PGP9.5-immunostained skin sections, Langerhans cell processes can be

mistaken for epidermal nerve fibers, which results in complications that will be

discussed in another chapter.

Merkel's cells, found in the stratum basale, contain dense-core vesicles,

form desmosomal attachments with neighboring keratinocytes and are also

associated with the terminals of myelinated nerve fibers.  Together, the Merkel's

cell and associated nerve ending are thought to be involved in mechanical

sensation.  The innervation of the skin will be further discussed in section 1.4.2.
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The dermis is divided into papillary and reticular layers. The papillary layer

consists of loose connective tissue, containing both type I and type III collagen, in

addition to irregularly arranged elastic fibers.  Portions of the papillary dermis,

referred to as dermal papillae, project into the epidermis, which allows for a more

extensive dermal-epidermal interface. The deeper reticular layer is composed

primarily of elastic fibers and thick bundles of type I collagen.

The skin also contains several specialized structures, including hair

follicles, nails, sebacious glands and sweat glands.  Hair follicles are only found

in thin skin and extend into the dermis and hypodermis.  Nails are made of hard

keratin and form protective coverings over the epidermis on fingers and toes.

Sebacious glands are often associated with hair follicles and secrete sebum,

which lubricates the skin and may have antimicrobial properties.  Sweat glands

can be classified as either eccrine or apocrine.  Eccrine sweat glands cover most

of the body and secrete a watery solution that evaporates to cool the blood and

lower body temperature.  Apocrine sweat glands are found in the axillary, pubic

and anal regions. These glands produce produce a fluid that can develop a

distinctive odor due to subsequent bacterial degradation.

1.4.2 Innervation

           The innervation of the skin consists of low-threshold mechanoreceptors,

thermoreceptors and nociceptors, along with their myelinated and unmyelinated

axons (for review see Birder and Perl, 1994). The dermis contains low-threshold

mechanoreceptors, which are myelinated A! or A"# fibers with specialized

terminals.  The terminals are generally associated with hair-follicle receptors
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involved in tactile sensation, Meisser’s corpuscles involved in touch velocity and

low-frequency vibration, Pacinian corpuscles involved in touch acceleration and

high-frequency vibration or Ruffini’s endings involved in pressure sensation.

Myelinated A! fibers are also involved in cold sensation.  Epidermal nerve fibers

are predominantly capsaicin-sensitive unmyelinated C-fibers, which are involved

in the detection of thermal nociceptive pain (Nolano et al., 1999; Malmberg et al.,

2004).  C-fibers originate from small neurons in the dorsal root ganglia and form

sub-epidermal bundles in the papillary dermis, immediately subjacent to the

stratum basale of the epidermis.   Individual fibers loose their Schwann cell

ensheathment as axons cross the dermal-epidermal junction and weave through

the keratinocytes of the epidermis (Wang et al., 1990; Kennedy and

Wendelschafer-Crabb, 1993). These epidermal nerve fibers can be divided into

two subsets, peptidergic and non-peptidergic.  The peptidergic neurons are NGF-

responsive and express CGRP, SP and the trkA receptor.  The non-peptidergic

nerves are GDNF-responsive and express GDNFR" and the P2X3 receptor

(Snider and McMahon, 1998).  Quantification of these epidermal nerve endings

has proven to be a valuable diagnostic tool.

1.5 Epidermal Nerve Fiber Quantification

1.5.1 Evaluation of skin biopsies

Skin biopsies are emerging as a valuable means of diagnosing and

staging peripheral nerve disorders.  As a minimally invasive technique, skin

biopsies allow for assessment of a variety of fiber types, including the small

unmyelinated fibers that are difficult to evaluate by other means.  There is
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particular interest in using this technique to provide an assessment of distal

symmetrical neuropathies, such as diabetic neuropathy, both to stage and

evaluate progression of neuropathy, as well as to assess efficacy of potential

therapeutics (Kennedy et al., 1996; Lauria et al., 1998; McArthur et al., 1999).

Until recently, clinical studies have been restricted to using electrophysiologic

and sensory testing as surrogate markers for nerve pathology, or to the

evaluation of sural nerve biopsies, which are invasive and not approved as a

diagnostic tool.

1.5.2 Techniques for assessment  of intraepidermal nerve fibers

The development of several antibodies has allowed for the

immunohistochemical assessment of intra-epidermal nerve fibers (IENFs).  The

most commonly used antibody is directed at PGP9.5, a cytosolic ubiquitin

carboxyl-terminal hydroxylase that is found in all neurons and that, in skin

biopsies, binds to dermal nerve bundles as well as both peptidergic and non-

peptidergic epidermal nerve profiles (Dalsgaard et al., 1989; Wilkinson et al.,

1989).   Antibodies against neuropeptides, such as CGRP and SP, have also

been used to selectively identify peptidergic nerve fibers (Bjorklund et al., 1986).

Non-peptidergic nerve fibers can be indentified with antibodies against the P2X3

receptor or through their ability to bind isolectin IB4 (Petruska et al., 1997).

Antibodies against components of the cytoskeleton have also been used to

identify IENFs.  A study, comparing immunoreactivity using antibodies against

various structural proteins and an antibody against PGP9.5 in skin from healthy

subjects and patients with diabetic neuropathy, found similar IENF densities in
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skin labeled with anitbodies against PGP9.5, unique-beta-tubulin and

microtubule-associated-protein-1B.  IENF densities in skin labeled with

anitbodies against phosphorylated neurofilament, as well as 70 and 200 kDa

neurofilament, were significantly lower than in the PGP9.5-labeled skin  (Lauria

et al., 2004).

The immunolocalization of transient receptor potential vanilloid receptor

subtype 1 (TRPV1), the heat-sensitive receptor found on epidermal C-fibers

(Caterina et al., 1997), has recently been examined in skin biopsies from patients

with peripheral neuropathy.  TRPV1-immunoreactive IENF densities have been

quantified in biopsies from breast cancer patients (Gopinath et al., 2005) and

patients with painful neuropathies (Lauria et al., 2006).   However, epidermal

nerve endings immunostained with TRPV1 receptor antibodies can be difficult to

distinguish because TRPV1 immunoreactivity has also been observed in

keratinocytes (Denda et al., 2001).  Confocal microscopy studies examining co-

localization of TRPV1 and other IENF markers have shown there to be a loss of

TRPV1 immunoreactivity in patients with painful diabetic neuropathy (Lauria et

al., 2006).  A more recent study of skin from patients with diabetic neuropathy

found a loss of TRPV1-expressing epidermal and sub-epidermal fibers, as well

as a down-regulation of TRPV1 in surviving fibers (Facer et al., 2007).

Skin samples can be obtained through either punch biopsies or the blister

method.  Removal of punch biopsies, the more commonly used technique, is

minimally invasive and generally does not require a suture (Kennedy, 2004). The

even less invasive blister method involves applying a suction capsule to the skin,
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which separates the epidermis from the dermis and creates a blister.  The

epidermis can then be removed with the epidermal innervation remaining intact

(Kennedy et al., 1999).

Once removed, biopsies must be fixed and processed.  Commonly used

fixatives include paraformyldehyde and Zamboni's solution (Kennedy et al.,

1996). If embedded in paraffin, tissue can be cut at a thickness of around 5

microns.  Frozen tissue embedded in OCT can be cut to around 100 microns

after cryoprotection (Kennedy et al., 1996). After sectioning, the tissue may then

be mounted on glass slides.  If thick sections are cut, they can be stained as 'free

floating' sections, which allows the antibody to penetrate deeper into the tissue.

Thin tissue sections are appropriate for quantification of immunoreactive profiles.

However, for analysis of nerve length, thicker sections are often required

(Kennedy et al., 1996).

Immunoreactive IENF profiles can be visualized through conventional light

microscopy, fluorescence microscopy or confocal microscopy (Kennedy et al.,

1996;  Periquet et al., 1999).  Methods for quantifying IENF density include

manual counting of immunoreactive profiles, stereology and color subtractive-

computer-assisted analysis (Underwood et al., 2001). Manual determination of

linear density, which is perhaps the most commonly used method, has been

shown to significantly correlate with stereology and has a diagnostic efficiency of

88% (McArthur et al., 1998).

There are 2 methods that are commonly used to visually quantify IENF

density.  The first involves counting all immunoreactive profiles that fall within the
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epidermis, even those that represent nerve fragments.  The second method

involves counting only the nerve fibers that can be seen crossing the dermal-

epidermal border, excluding branches within the epidermis.  Both methods have

been successfully used to quantify reductions in IENF density.  However, a

recent study found that the first method is more sensitive to capsaicin-induced

fiber loss (Smith et al., 2007).

When compared to other widely used endpoints, IENF density

measurements were found to be more reproducible than motor and sensory

amplitude measurements, with the relative inter-trial variability similar to that of

nerve conduction velocity measurements (Smith et al., 2005).  As a measure of

small fiber neuropathy, IENF density quantification is less invasive and more

sensitive than sural nerve biopsy (Herrmann et al., 1999).  In diabetic patients,

IENF density correlates with warm and cold threshold, heat pain, pressure sense

and total neurological disability score (Pittenger et al., 2004; Shun et al., 2004).

These findings suggest that measurement of IENF density is a reliable means of

evaluating diabetic neuropathy.

1.5.3 Cutaneous innervation in diabetic humans

Initial studies assessing cutaneous innervation in the skin of diabetic

subjects found reduced immunoreactivity to PGP9.5, along with reduced

immunoreactivity to the neuropeptides CGRP, SP, vasoactive intestinal

polypeptide (VIP) and neuropeptide Y (NPY) (Levy et al., 1989; Lindberger et al.,

1989).   Multiple subsequent studies have confirmed the decrease in PGP9.5-

immunoreactive IENFs (Levy et al., 1992; Properzi et al., 1993; Kennedy et al.,
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1996; Lauria et al., 1998; Hirai et al., 2000; Gibran et al., 2002; Pittenger et al.,

2004; Shun et al., 2004; Koskinen et al., 2005).  A reduction in PGP9.5

immunoreactive profiles has been observed in patients suffering from both type 1

(Properzi et al., 1993; Boucek et al., 2005) and type 2 (Shun et al., 2004;

Pittenger et al., 2005) diabetes, as well subjects with impaired glucose tolerance

(Smith et al., 2005).  In a recent study comparing patients with metabolic

syndrome to patients with both metabolic syndrome and type 2 diabetes,

changes in IENF density were only observed in patients with both afflictions

(Pittenger et al., 2005).

In studies examining biopsies from multiple locations, a decrease in IENF

density from proximal to distal sites has been observed (Holland et al., 1997;

Pittenger et al., 2004), suggesting that loss of small fibers occurs in a length-

dependent manner.  In addition to the loss of IENFs, diabetic subjects also have

a slower rate of nerve regeneration after C-fiber damage induced by topical

application of capsaicin compared to non-diabetic subjects, and this impaired

regeneration is most marked in patients exhibiting symptomatic neuropathy

(Polydefkis et al., 2004).

1.5.4 Correlation with other indices of diabetic neuropathy

Recent studies have also focused on correlating the diabetes-induced

reduction in cutaneous nerve fiber density with indices of sensory dysfunction.   A

quantitative analysis determining both nerve fiber number and length in the

epidermis and dermis showed a significant correlation between reduced nerve

length in the dermis and slowing of sural nerve conduction velocity, in addition to
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an overall decrease in both dermal and epidermal nerve counts and lengths in

diabetic patients (Hirai et al., 2000).  In another study, IENF density in the distal

leg showed a significant negative correlation with warm and cold thermal

threshold, heat pain, pressure sense and total neurological disability score

(Pittenger et al., 2004).  A third study, examining distal leg biopsies from type 2

diabetic patients, found a strong negative correlation between IENF density and

warm temperature threshold  (Shun et al., 2004).  These authors also reported a

negative correlation between duration of diabetes and IENF density.  A

comparison of diabetic patients with and without neuropathic pain found a

significant inverse correlation between IENF density and vibration perception

threshold, as well as between IENF density and neuropathy status determined

with a Michigan Neuropathy Screening Instrument in both groups.  However, a

significant correlation between IENF density and cold perception threshold was

only observed in the group without pain (Sorensen et al., 2006).  Correlations

between IENF density and other measures of diabetic neuropathy, even those

that do not measure small fiber dysfunction specifically, could be useful for

staging neuropathy and provide a means of assessing efficacy of potential

therapeutics in clincial trials.  It has been reported that there is loss of epidermal

fibers in patients with impaired glucose tolerance but without overt diabetes

(Smith et al., 2001).  Another study comparing patients with impaired glucose

tolerance to patients with diabetes found that the reduction in IENF density in the

group with impaired glucose tolerance was less severe (Sumner et al., 2003).

Reductions in IENF density have also been reported in diabetic patients that do
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not yet show clinical or electrophysiological evidence of neuropathy (Umapathi et

al., 2007).  Together these studies suggest that skin biopsies may be able to

detect neuropathy at its earliest stages.

1.5.5 Animal models

The literature describing cutaneous innervation in non-human primates

with diabetes is currently limited to a single paper assessing innervation of

glabrous skin from monkeys with naturally occurring type 2 diabetes (Pare et al.,

2007).  Biopsies from monkeys with short-term hyperglycemia showed a

hypertrophy of epidermal nerve fibers.  However, in monkeys that were diabetic

for duration of 8 years or longer, a severe reduction in PGP9.5-immunoreactive

IENFs was observed.  CGRP- and TRPV1-immunoreactivity was also diminished

in the epidermis of longer-term diabetic monkeys.

While diabetic rats form the most extensively studied model of diabetic

neuropathy, the literature describing immunohistochemical assessment of skin

biopsies from diabetic rats is less extensive than the clinical literature.  One of

the earliest studies (Karanth et al., 1990) assessed SP, CGRP, VIP, NPY and

PGP9.5 immunoreactivity in skin from the lip and footpad of STZ-induced

diabetic rats, a model of insulin-deficient type 1 diabetes, and found no change at

2, 4 and 8 weeks of diabetes.  However, at 12 weeks of diabetes an increase in

CGRP-reactive fibers was observed in both the dermis and epidermis, along with

an increase in VIP around sweat glands and blood vessels.  An increase in

PGP9.5 immunoreactivity was also reported, while dermal or epidermal SP and

NPY immunoreactivity was unchanged (Karanth et al., 1990).  The early increase
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in sweat gland associated VIP is similar to that seen in humans with diabetes for

less than 3 years (Properzi et al., 1993).

At the time that I began this dissertation, no other studies of epidermal

innervation in diabetic rats had been published.  Studies published during my

dissertation work have been unable to confirm this apparent increase in

epidermal and dermal innervation in diabetic rodents and instead have shown a

reduction in epidermal innervation in rat models of diabetic neuropathy (Bianchi

et al., 2004; Lauria et al., 2005; Leonelli et al., 2007; Roglio et al., 2007), which

mirrors the reduction observed in human subjects with longer durations of

diabetes.  A correlation between decreased IENF density and tail sensory nerve

conduction velocity slowing has also been observed in rats with STZ-induced

diabetes (Lauria et al., 2005).    Together, these data suggest that rats may be

useful for modeling loss of cutaneous innervation in diabetic neuropathy and for

investigating the pathophysiolgic mechanisms involved.

The immunohistochemical assessment of skin biopsies in diabetic mice

was also limited when I began my research.  In a study examining the cutaneous

innervation of C57Bl/6 mice with STZ-induced diabetes of 7 week’s duration,

footpad and flank skin biopsies showed decreased immunoreactivity to CGRP,

P2X3, and PGP9.5 when compared to non-diabetic controls (Christianson et al.,

2003).  However, it should be noted that this quantification included both dermal

and epidermal profiles. Studies had also been performed in type 2 diabetic

mouse models that spontaneously develop insulin resistance before ultimately

progressing to insulin deficiency.  Compared to their heterozygous non-diabetic
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littermates, PGP9.5-immunoreactive epidermal fibers were significantly reduced

in genetically diabetic C57BL/KsJ-m+/+Leprdb; db/db mice, and similar reductions

were observed in the skin samples from human subjects evaluated in the same

study (Gibran et al., 2002).  These results agree with changes observed in both

type 1 and type 2 diabetic patients and suggest that mice may also be a valuable

model for the studying cutaneous innervation.

1.5.6 Therapeutic interventions

The effects of therapeutic intervention on cutaneous innervation in animal

models of diabetes are largely unexplored.  During the course of my dissertation

work, a report was published on the neuroprotective properties of erythropoietin

in the STZ-diabetic rat (Bianchi et al., 2004).  While the density of PGP9.5-

immunoreactive profiles in the epidermis was unchanged after 5 weeks of

diabetes in this study, a significant reduction was observed after 11 weeks of

diabetes and administration of erythropoietin from week 5 onwards prevented the

epidermal nerve fiber deficit from developing.  Thermal hypoalgesia, already

present at week 5 of diabetes, was also reversed by erythropoietin treatment.

Another study examining the effects of intrathecally delivered insulin and IGF-1

found an increase in IENF density and IENF length compared to the untreated

diabetic group (Toth et al., 2006).  However, the treatments were unable to

increase IENF density or length to that of the non-diabetic control group.  Recent

evidence also suggests that progesterone and its reduced metabolites, as well as

testosterone and its metabolites, may have protective effects against cutaneous

nerve fiber loss (Leonelli et al., 2007; Roglio et al., 2007).  In STZ-diabetic rats,
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treatments with progesterone, dihydroprogesterone and tetrahydroprogesterone

were able to prevent a reduction in IENF density and reverse established thermal

hypoalgesia (Leonelli et al., 2007).  Treatments with testosterone,

dihydrotestosterone and 5!,17"-diol prevented a reduction in IENF density.

However, only dihydrotestosterone and 5!,17"-diol were able to partially reverse

thermal hypoalgesia (Roglio et al., 2007).

During my dissertation work, STZ-diabetic mice have also been used to

assess efficacy of assorted therapies. Intrathecal treatment with NGF for 2 weeks

stimulated axonal branching, but failed to improve cutaneous innervation,

whereas intrathecal GDNF and NTN treatment increased both axonal branching

and cutaneous innervation in diabetic mice (Christianson et al., 2003).  Herpes-

simplex-virus-mediated gene transfer of both vascular endothelial growth factor

(VEGF) (Chattopadhyay et al., 2005) and neurotrophin-3 (NT-3) (Chattopadhyay

et al., 2007) has been shown to prevent reductions in proportional area of

footpad skin and subcutaneous tissue occupied by PGP9.5-immunoreactive

nerve fibers in STZ-diabetic mice.  In the ob/ob mouse model, treatment with an

aldose reducatase inhibitor was able to prevent both onset of thermal

hypoalgesia and IENF loss (Drel et al., 2006).  Peroxynitrite decomposition

catalysts have also shown efficacy in the prevention of IENF loss (Drel et al.,

2007).  However, in none of these studies was the therapy used against

established loss of epidermal fibers and, while the data are encouraging for the

development of prophylactics, whether these or any other agents have the
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capacity to promote functional re-innervation of the epidermis remains to be

established.

1.5.7 Pathogenic mechanisms of epidermal fiber loss

In most clinical studies of IENF loss, distinctions have not been made

between patients with insulin-dependent type 1 diabetes and patients with

insulin-resistant type 2 diabetes.  However, whether or not IENF loss is affected

by the presence or absence of insulin is an important question.  While several

studies have reported a reduction in IENF density in rat models of type 1

diabetes (Bianchi et al., 2004; Lauria et al., 2005; Leonelli et al., 2007; Roglio et

al., 2007), the effects of hyperglycemia on epidermal innervation in rat models of

type 2 diabetes remain unexplored.  Fiber loss has been reported in mouse

models of type 2 diabetes (Gibran et al., 2002; Drel et al., 2006), although these

models can show insulinopenia in later stages of the disease.  Another study of

STZ-induced type 1 diabetic mice found evidence of epidermal reinnervation in

mice that had spontaneously regained islet cell function (Kennedy and

Zochodne, 2005).  The role that endogenous insulin plays in the preservation of

cutaneous innervation is certainly worthy of further study.

Examination of the effects of various therapeutics on IENF density (see

above) may also shed light on the pathogenic mechanisms underlying cutaneous

nerve fiber loss.  The efficacy of erythropoietin (Bianchi et al., 2004) and

exogenous insulin (Toth et al., 2006), both of which have neurotrophic properties

(Konishi et al., 1993; Fernyhough et al., 1993; Xu et al., 2004), as well as GDNF,

NTN (Christianson et al., 2003), VEGF (Chattopadhyay et al., 2005) and NT-3
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(Chattopadhyay et al., 2007) at preventing cutaneous nerve fiber loss in diabetic

rodents suggests that diminished neurotrophic support may contribute to similar

losses in patients with diabetes.  The efficacy of aldose reductase inhibition (Drel

et al., 2006) indicates that increased flux through the polyol pathway may also

contribute to the pathogenic mechanisms involved.
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Specific Aims

The following questions will be addressed in this dissertation:

1. Do rodent models mirror the epidermal nerve fiber loss observed in

humans with diabetic neuropathy, and what other diabetes-induced

changes develop in skin?

2. How do changes in epidermal nerve fiber density relate to alterations in

thermal nociception?

3. What are the mechanisms involved in the development of epidermal nerve

fiber loss and thermal hypoalgesia?
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2 – GENERAL METHODS

2.1 Rodent Models of Diabetes

Experiments examining the effects of type 1 diabetes were performed on

adult female rats of either the Wistar or Sprague-Dawley strains, or adult male

mice of either the C57Bl/6 or Swiss Webster strains.  Mice and rats were given

an intraperitoneal injection of streptozotocin (STZ), an antibiotic that selectively

targets insulin-producing beta cells by binding to the GLUT2 receptor (Schnedl et

al., 1994).  In cell culture, STZ reduces GLUT2 protein levels, but not mRNA

levels, in a concentration-dependent manner (Gai et al., 2004).  High doses of

STZ result in beta cell toxicity.  Multiple lower doses result in both beta cell

toxicity and T-cell dependent immune reactions (Wang and Gleichmann, 1998).

Injections of STZ cause an initial drop in blood glucose levels, followed by a

permanent state of hyperglycemia. The STZ was dissolved in 0.9% sterile saline

and administered at  a dose of 55 mg/kg of body weight for rats and 180 mg/kg

for mice.  Prior to each STZ injection, rats and mice were fasted to limit the

competition between endogenous glucose and STZ for the GLUT2 receptor.

Hyperglycemia  was confirmed after 3 days with a glucose-oxidase-strip-

operated reflectance meter, and rodents with blood glucose levels above 15

mmol/l were considered diabetic.  Blood glucose levels were monitered

throughout the studies

Experiments examining the effects of type 2 diabetes were performed on

db/db (B6.Cg-m+/+Leprdb/J) mice obtained from Jackson Labs (stock  #000697).
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These mice are homozygous for the spontaneous G!T point mutation Leprdb.  

As a result, they express an alternatively spliced transcript of the leptin receptor 

OB-R that lacks the long intracellular domain necessary for intracellular signal 

transduction (Chen et al., 1996).  Leptin plays a central role in the regulation of 

metabolism, appetite and body weight.  With a mutated leptin receptor, db/db 

mice become obese by 3 to 4 weeks of age and exhibit polydipsia, polyuria and 

polyphagia.  Initially db/db mice exhibit hyperinsulinemia, but after prolonged 

periods of hyperglycemia many mice experience a drop in insulin levels (Hummel 

et al., 1966).   Non-diabetic C57Bl/6 mice were used as age-matched controls.  

Blood glucose levels of the db/db mice were measured weekly for the duration of 

the study. 

  Rats and mice were housed in a vivarium with controlled temperature and 

humidity.  The light/dark schedule was 12 hours of light followed by 12 hours of 

darkness.  The rodents were given free access to food and water.  In early 

studies, rats and mice were fed Harlan diet 8604.  In later studies, the diet was 

switched to Harlan 7001, which has lower levels of several antioxidants (see 

Table 3.2).  Body weights were monitored weekly.  Low doses of insulin were 

given to rats whose body weights fell to below 200 grams.    

2.2 Behavioral Assessment 

 

2.2.1 Measurement of thermal response latency 
 

Thermal response latency was measured using a slightly modified version 

of the method described by Hargreaves et al. (1998).   Animals were placed in 

plexiglass enclosures with a warmed (30°C) glass floor and allowed to acclimate 
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for approximately 30 minutes.  After the acclimation period, a mobile radiant heat 

source was applied to the heel portion of the hind paw from below the glass.  The 

heat was increased at a rate of approximately 0.9°C per second to ensure that 

the animal’s response was due to the activation of C-fibers (Yeomans et al., 

1996; Yeomans and Proudfit, 1996).  The latency from the initiation of heat to 

paw withdrawal was measured by movement sensors.  The heat source was 

automatically cut off after 20 second to avoid tissue damage.  Animals were 

observed during latency measurements to ensure that paw withdrawal 

movements were not part of normal movement or grooming behavior.  All 

measurements were taken after a 30-minute acclimation period, with 5-minute 

intervals between each measurement.  The initial measurement was discarded, 

and the median of the following 3 measurements was used for analysis.  A 

calibration curve, representing the rate of heat increase, was also constructed for 

each group of animals to allow for conversion from withdrawal latency to the 

temperature applied at the time of withdrawal. 

2.3 Rodent Physiology 
 

2.3.1 Measurement of motor nerve conduction velocity 
 

 Motor nerve conduction velocity measurements were taken from control 

and diabetic mice of the C57Bl/6 and Swiss Webster strains.  Mice were 

anesthetized with isofluorane and placed on a heating pad.  A thermistor probe 

was inserted rectally, and a constant body temperature was maintained.  Paws 

were immobilized and reference electrodes were inserted in the interosseous 

muscles. Mice were then stimulated with an electrode at the ankle followed by 
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stimulation at the sciatic notch.  The difference in response latency between the 

2 sites was recorded to obtain the time required for the motor nerve conduction 

to travel from the ankle to sciatic notch.  Calipers were then used to measure the 

distance between the 2 areas stimulated.  The distance was divided by the 

difference in response latencies to obtain the nerve conduction velocity. 

2.3.2 Measurement of Blood Flow 

 Blood flow was measured by laser Doppler.  A low power laser was used 

to illuminate the foot pad skin, and an optical probe collected backscattered light.  

A percentage of that light was scattered by red blood cells, and Doppler shift was 

derived by comparing emitted and returned signal.  Prior to measurement, 

animals were anesthetized with isofluorane and placed on a heating pad.  A 

cylindrical laser probe was then applied directly above the skin for 20 seconds 

before the blood flow, expressed in arbitrary units, was recorded.  The probe was 

applied to 5 separate points on the plantar surface of the hind paw, starting at the 

tubercles and continuing down toward the heel, and the average of these 5 

measurements was used for analysis. 

2.4 Immunohistochemical Assessment of Skin Biopsies 
 

2.4.1 Immunohistochemistry 

Skin biopsies were taken from the plantar surface of the hind paw.  The 

tissue was immediately submerged in 4% paraformaldehyde in 0.1M sodium 

phosphate buffer and fixed for 24 hours.  Tissue samples were then dehydrated 

and embedded in paraffin blocks.  6 µm thick sections were then cut transversly 

so that both the dermal and epidermal layers were visible and collected onto 



 35 

glass slides.  The slides were incubated with either an antibody against the pan-

neuronal marker PGP9.5 (1:1000, Chemicon International, Temecula, CA or 

Biogenesis Ltd., UK), an antibody against substance P (SP) to visualize 

peptidergic innervation (1:50, Abcam Inc, Cambridge, MA) or an antibody against 

growth associated protein-43 (GAP-43, 1:1000, Abcam, UK) in order to visualize 

regenerating fibers.  The primary antibody incubation was followed by an 

incubation with a secondary biotinylated antibody.  Next, the slides were 

incubated with a peroxidase-conjugated avidin-biotin enzyme complex (Vector 

Laboratories, Burlingame, CA).  Immunoreactive profiles were visualized by 

adding a substrate containing hydrogen peroxide (Vector Laboratories, 

Burlingame, CA), which produced a red reaction product.  Specificity was 

confirmed by ommitting the primary antibody on certain sections.   

2.4.2 Quantification of innervation 

Immunoreactive profiles were viewed and quantified using a light 

microscope at 400x magnification by an observer who was unaware of the 

treatment groups.  The total number of immunoreactive profiles throughout the 

epidermis was then normalized to the length and area of the section.   

Immunoreactive profiles in the immediately subjacent papillary dermis were also 

quantified.  Figure 2.1 contains a representative micrograph demonstrating 

PGP9.5-immunoreactive nerve fiber profiles.   

In initial experments, length was traced and measured using a 

computerized system (ImagePro).  In later experiments, point-counting methods 

using a grid reticle (Microscope Depot, Tracy, California) containing 100 squares 
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each 25 µm were used to determine both the length and area of the sections 

analyzed.  For measurement of length, the number of intersections between the 

epidermis, measured along the base of the stratum granulosum, and the grid 

lines was quantified.  Length was calculated using a previously derived formula 

(Kalichman et al. 1995):  Length = no. of intersections x 1/2 x (!/2 x 25 

micrometers). 

 

Figure 2.1. A micrograph of PGP9.5-immunostained rat skin.  Arrows identify 
immunoreactive IENF profiles, arrowheads identify sub-epidermal nerve plexuses 
and black lines mark the upper and lower boundaries of the epidermal area 
analyzed.  Bar, 40µm. 

 

Epidermal area was quantified by counting the number of lattice points contained 

within the epidermis, excluding the stratum lucidum and the stratum corneum.  
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The total number of points was then multiplied by the area of each individual 

square within the grid to calculate the total area of the section analyzed.  

Epidermal thickness was determined by dividing the area of each section by its 

length.  However, due to the undulating nature of the dermal-epidermal junction, 

our calculation was an estimation of the average thickness, rather than the exact 

thickness at any given point. 

2.5 ELISA Assays 
 

2.5.1 Measurement of serum insulin levels 
 

Blood was collected at the time of sacrifice and allowed to clot.  Serum 

was then separated by centrifugation.  Samples were stored at -20°C until time of 

use.  Insulin levels were measured using an ultrasensitive mouse insulin ELISA 

kit (Mercodia, Winston Salem, NC).  Samples were added to a plate coated with 

monoclonal anti-insulin antibodies and incubated for 2 hours with a solution 

containing monoclonal peroxidase-conjugated anti-insulin antibodies that were 

directed against a separate epitope.  Samples containing a known amount of 

insulin were also included.  After washing to remove unbound antibodies, 

3,3',5,5'-tetramethylbenzidine was added to allow for colormetric detection.  After 

30 minutes, 0.5M H2SO4 was added to stop the reaction.  Spectrophotometric 

readings of plates were made using a wavelength of 450 nm.  The known 

samples were used to construct a standard curve, and the insulin levels of the 

unknown samples were then extrapolated. 

2.5.2 Measurement SP 
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 SP was first extracted from sciatic nerves by boiling the tissue in a media 

consiting of 2M glacial acetic acid, 10mM hydrochloric acid, 1mM ethylene 

diamine tetraacetic acid and 1mM DL-dithiothreitol.  After the nerves were 

homogenized and centrifuged, the supernatent was extracted and freeze dried.  

SP content of the reconstituted supernatent was later measured using a 

compeititive enzyme immunoassay (Substance P EIA, Cayman Chemical Co., 

Ann Arbor, MI). 

2.6 Measurement of Protein Oxidation 

 Foot skin samples were homogenized in PBS buffer, pH 7.4 containing 5 

mM butylated hydroxytoluene (Sigma-Aldrich) and 0.4% protease inhibitor 

cocktail (Sigma-Aldrich).  Samples were then centrifuged at 10,000g  for 15 

minutes at 4°C and supernatents were collected.  The levels of oxidatively 

modified proteins were measured by immunoblotting using an assay kit 

(Chemicon International., CA, USA; OxyBlot Protein Oxidation Detection assay). 

 

 
 
 
 
 
 
 
 
 
 



39

3 - Assessment of Epidermal Innervation in Rodent Models of Diabetes

3.1 Introduction

3.1.1 Immunohistochemical assessment of epidermal innervation

The immunohistochemical assessment of skin biopsies, which are

relatively non-invasive and easy to obtain, is emerging as a valuable means of

diagnosing and staging clinical neuropathy.  However, certain aspects of this

technique still require validation.  This chapter describes my work investigating

the nature of changes in epidermal innervation in various rodent models of

diabetes and identifying other diabetes-induced changes in skin.

The development of several neuron-specific antibodies has made the

visualization of epidermal innervation possible.  Antibodies against protein gene

product 9.5 (PGP9.5), an ubiquitin carboxyl-terminal hydroxylase that is found in

the cytoplasm of nerve fibers, are    most commonly used in the identification and

quantification of epidermal nerve fibers.  However, questions have been raised

as to whether changes in PGP9.5 immunoreactivity reflect a loss of innervation,

or simply a downregulation of PGP9.5 expression in otherwise intact nerves.

Comparisons between PGP9.5-immunoreactivity and immunoreactivity to other

neuronal proteins in skin from both diabetic and non-diabetic rodents may help to

address this question.  High molecular weight (HMW) Tau is a microtubule-

associated protein that is expressed in peripheral nerves, and antibodies against

this protein also identify epidermal nerve fibers (Georgieff et al., 1993; Nothias et
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al., 1995).  In order to validate the use of the PGP9.5 antibody, we compared 

immunoreactivity in PGP9.5-immunostained skin sections to immunoreactivity in 

HMW Tau-immunostained skin sections from both control and diabetic rats. 

3.1.2 Epidermal innervation in animal models of diabetic neuropathy 

 Although changes in epidermal innervation have been observed in primate 

(Pare et al., 2007), rat (Bianchi et al., 2004; Lauria et al., 2005; Leonelli et al., 

2007; Roglio et al., 2007) and mouse (Gibran et al., 2002; Christianson et al., 

2003;) models of diabetes, the techniques used to quantify epidermal innervation 

in these studies have varied.  In some studies, both epidermal and dermal 

innervation were quantified (Christianson et al., 2003), while in other studies, only 

fibers observed crossing the dermal-epidermal junction were considered (Bianchi 

et al., 2004; Lauria et al., 2005; Leonelli et al., 2007; Roglio et al., 2007).  Rodent 

strain and methods of induction of diabetes also vary.  STZ-diabetic rats of the 

Sprague-Dawley strain have been evaluated (Bianchi et al., 2004; Lauria et al., 

2005; Leonelli et al., 2007; Roglio et al., 2007), but innervation in rat models of 

type 2 diabetes remains unexplored.  STZ-diabetic mouse models of the 

C57BL/6 strain (Christianson et al., 2003) have also been studied, but the 

majority of literature has focused on type 2 diabetic mouse models (Gibran et al., 

2002; Drel et al., 2006; Vareniuk et al., 2007).  It has recently been suggested 

that the effects of diabetes can vary greatly between various strains of mice 

(Sullivan et al., 2008). Although epidermal innervation has been examined in 

multiple strains of rats and mice, the effects of diabetes on epidermal nerve fiber 

density have yet to be assessed using a consistent method of quantification that 
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would allow for comparisons to be drawn between rats and mice of various 

strains.  In the following experiments we sought to evaluate and compare 

diabetes-induced changes in epidermal innervation in various strains of rats and 

mice using a consistent method of quantification.  We also examined the effect of 

diets containing different amounts of anti-oxidant vitamins on epidermal nerve 

fiber density in non-diabetic and STZ-diabetic rats. 

3.1.3 Other diabetes-induced changes in skin 

While there has been increasing interest in evaluating epidermal 

innervation in both human patients and animal models of diabetes, the effects of 

diabetes on other characteristics of skin remain largely unexplored. Glucose, 

insulin and IGF-1 all play a role in keratinocyte differentiation and proliferation 

(Spravchikov et al., 2001; Wertheimer et al., 2001).  However, to date no 

attempts have been made to examine the effects of hyperglycemia and insulin-

deficiency on keratinocytes and epidermal thickness in rodent models of 

diabetes. In the following experiments, epidermal thickness was also assessed in 

a variety of rodent models of diabetes.  

3.2 Methods 

3.2.1 Rodent models of diabetes 

 Type 1 diabetes was induced in rats of both the Wistar and Sprague-

Dawley strains by a 50mg/kg injection of streptozotocin (STZ), an antibiotic that 

selectively targets and destroys insulin-producing beta cells.  Mice of C57Bl/6 

and Swiss Webster strains were injected with 180mg/kg of STZ to induce type 1 

diabetes.  Hyperglycemia was confirmed 3 days later, and only the rodents with 
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blood glucose levels exceeding 15 mmol/l were included in the diabetic groups.  

In order to study the effects of type 2 diabetes, db/db mice were purchased from 

Jackson Labs.  db/db mice are homozygous for a leptin receptor mutation that 

results in hyperphagia and obesity, eventually leading to the development of 

hyperglycemia.  Blood glucose levels were monitored throughout the study.  

3.2.2 Analysis of skin samples 

Plantar foot skin was removed from both non-diabetic control and STZ-

diabetic rats of the Sprague-Dawley and Wistar strains, and non-diabetic control 

and STZ-diabetic mice of the C57Bl/6 and Swiss Webster strain.  Plantar foot 

skin was also obtained from type 2 diabetic db/db mice.  Skin samples were then 

processed and immunostained with antibodies against either PGP9.5 (Chemicon 

International, Temecula, CA or Biogenesis Ltd., UK) or HMW Tau (obtained from 

Dr. I Fischer) using the methods described in section 2.4.1.  Both epidermal and 

sub-epidermal nerve fiber density were then assessed as described in section 

2.4.2. 

3.2.3 Measurement of epidermal thickness 

Section area and section length were measured using the point counting 

methods described in the section 2.4.2.  By dividing the epidermal area by the 

length of the epidermis, we derived an estimation of epidermal thickness.  Given 

the undulating nature of the dermal-epidermal interface, our calculations did not 

necessarily reflect the precise thickness of the epidermis at any given point, but 

rather an estimation of the average distance between the dermal-epidermal 

interface and the stratum granulosum.  The total number of nuclei observed 
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within the epidermis was also quantified and normalized to section length.  

Although the epidermis contains melanocytes and Langerhans cells, the majority 

of the cells are keratinocytes.  Hence, we assumed that the majority of the nuclei 

counted belonged to keratinocytes. 

3.2.4 The effects of diet on epidermal innervation 

Female Sprague Dawley rats were used to examine the effect of diet on 

epidermal nerve fiber density.  Type 1 diabetes was induced using the methods 

described in section 3.2.1.  Immediately following the confirmation of 

hyperglycemia, 1 group of diabetic rats and 1 group of non-diabetic control rats 

were placed on a diet with lower levels of several antioxidant vitamins (Harlan 

Diet, 7001), while another group of diabetic rats and another group of non-

diabetic control rats were given the standard diet (Harlan Teklad Diet 8604, see 

table 3.3 for a comparison).  After 12 months, the rats were sacrificed and foot 

skin was collected, immunostained and analyzed using the methods described in 

sections 2.4.1 and 2.4.2. 

3.3 Results 

3.3.1 Comparison of PGP9.5 and Tau immunoreactivity 

Skin sections from Sprague-Dawley rats immunostained with antibodies 

against either PGP9.5 (Figure 3.1A) or HMW Tau (Figure 3.1B) contained 

multiple branched profiles, with the varicosities that are indicative of epidermal 

nerve fibers. The immunoreactive IENF profile densities were similar in both the 

control (Figure 3.1C) and diabetic (Figure 3.1D) groups.  However, the HMW Tau 
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antibody did not appear to stain the Langerhans cells that are often stained by 

antibodies against PGP9.5 (see Figure 3.2). 

 

A 

 

B 

 

C 

 

D 

 

Figure 3.1. Micrographs of rat skin immunostained with antibodies against PGP9.5 
(A) and Tau (B) and immunoreactive IENF profile densities from control (C) and 
diabetic (D) rat skin immunostained with either PGP9.5 or HMW Tau.  Arrows 
identify intra-epidermal immunoreactive profiles. Bar,40µm.  Data are presented as 

mean+SEM and were analyzed by 2-tailed unpaired t-test. Differences are not 
significant. 
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Table 3.1.  Strain, gender, duration of diabetes, final body weight and final blood 
glucose levels for the rats and mice described in this chapter. 

Strain/Species Gender Treatment/Duration Final Body 
Weight (g) 

Final 
Blood 

Glucose 
(mmol/l) 

Wistar/Rat 
(N=9) 

Female Control unavailable unavailable 

Wistar/Rat 
(N=9) 

Female Diabetic/8 weeks unavailable unavailable 

Sprague-Dawley/Rat 
(N=8) 

Female Control unavailable unavailable 

Sprague-Dawley/Rat 
(N=8) 

Female Diabetic/8 weeks 218.8±32.2 unavailable 

C57Bl/6/Mouse 
(N=8) 

Male Control 30.5±1.7 All<15 

C57Bl/6/Mouse 
(N=7) 

Male Diabetic/4 weeks 18.6±1.9** All>15 

Swiss 
Webster/Mouse 

(N=8) 

Male Control 31.7±1.8 10.2±1.9 

Swiss 
Webster/Mouse 

(N=8) 

Male Diabetic/4 weeks 23.2±3.2** >33.3 

C57Bl/6/Mouse 
(N=8) 

Male Control 26.1±1.7 6.7±0.6 

db/db/Mouse 
(N=8) 

Male Diabetic/41 days 51.7±2.4** 18.2±5.1 

Data are mean ± SEM. Statistical analysis was performed by unpaired t-test, 
**p<0.01. 

 

3.3.2 Immunoreactive IENF profile density in rat models of diabetes 

  Figure 3.2 contains representative micrographs of PGP9.5-immunostained 

skin from control and diabetic rats.  We observed a significant (p<0.05) reduction 

in linear immunoreactive IENF profile density in female Wistar rats with STZ-

induced diabetes of 2 month’s duration (Figure 3.3A).  A significant (p<0.01) 

reduction in linear immunoreactive IENF profile density was also observed in 

female Sprague-Dawley rats with STZ-induced diabetes for 2 month’s duration 
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(Figure 3.3B).  The density of sub-epidermal nerve profiles did not differ between 

diabetic and control rats of either strain (Figure 3.3C,D). 

 

 

A 

 

B 

 

Figure 3.2. Skin sections from a control (A) rat and a rat after 2 months of STZ-
induced diabetes (B).  Circles identify immunoreactive IENF nerve profiles, and 
arrowheads identify sub-epidermal nerve plexuses.  The arrow identifies a 
Langerhans cell.  Bar, 40µm. 
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Figure 3.3. Immunoreactive IENF profile density was significantly reduced in 
female Wistar rats after 2 months of STZ-induced diabetes (A).  A significant 
reduction was also observed female Sprague Dawley rats after 2 months of STZ-
induced diabetes (B).  The sub-epidermal immunoreactive nerve profile densities 
of both the Wistar (C) and Sprague-Dawley (D) rats were unchanged. Data are 
presented as mean+SEM and were analyzed by an unpaired 2-tailed t-test, 
*p<0.05, **p<0.01. 

 

3.3.3 Immunoreactive IENF profile density in mouse models of diabetes 

Diabetic mice of both the C57BL/6 and Swiss Webster strains developed 

significant (p<0.01) weight loss (Table 3.1) compared to control mice.  Figure 3.4 

contains representative micrographs of PGP9.5-immunostained skin from control 

and diabetic mice.  In mice of the C57Bl/6 strain with STZ-diabetes for 4 week’s 

duration, we observed a significant (p<0.01) reduction in linear immunoreactive 

IENF profile density (Figure 3.5A).  A significant (p<0.01) reduction in linear 
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A 

 

B 

 

Figure 3.4. Micrographs of skin sections from a control mouse (A) and a mouse 
after 4 weeks of STZ-induced diabetes (B).  The circle identifies immunoreactive 
IENF profiles, and the arrowheads identify sub-epidermal nerve plexuses. Bar, 
40µm. 

 

immunoreactive IENF profile density was also observed in Swiss Webster mice 

with diabetes for 4 week’s duration (Figure 3.5B).  Type 2 db/db mice developed 

significant (p<0.01) weight gain, compared to non-diabetic control mice (Table 

3.1). The db/db mice also developed a significant (p<0.01) reduction in linear 

immunoreactive IENF profile density after approximately 41 days of 

hyperglycemia (Figure 3.5C).  Again, sub-epidermal nerve profile density did not 

differ between the diabetic and control mice of the C57Bl/6, Swiss Webster and 

db/db strains (Figure 3.5D,E and F, respectively). 
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Figure 3.5. Immunoreactive IENF profile density was significantly reduced in 
STZ-diabetic mice of the C57BL/6 strain after 4 weeks (A).  A reduction in 
immunoreactive IENF profile density was also observed in STZ-diabetic mice of 
the Swiss Webster strain after 4 weeks of diabetes (B).  Genetically type 2 
diabetic db/db mice developed a significant reduction in immunoreactive profile 
density after approximately 41 days of hyperglycemia (C). Sub-epidermal 
immunoreactive nerve profile density was unchanged in the C57BL/6 (D), Swiss 
Webster (E) and db/db (F) strains. Data are presented as mean+SEM and were 
analyzed by an unpaired 2-tailed t-test, **p<0.01. 
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3.3.4 The effect of diet on immunoreactive IENF profile density 

 At the conclusion of our study examining the effects of diet, diabetic rats 

had significant (p<0.05) weight loss compared to control rats after 12 months.  

Body weight was unaffected by diet in both the control and diabetic groups 

(Table 3.2).  The majority of the diabetic rats on both diets had blood glucose 

levels exceeding the upper limit of detection (Table 3.2).  The levels of various 

nutrients in diets 8604 and 7001 are presented in Table 3.3.  Diet 7001 had lower 

levels of the antioxidant vitamins E, B1, B6 and B12, compared to diet 8604.  

However, the levels of Niacin and Pantothenic Acid were higher in diet 7001. 

There were no significant differences in immunoreactive IENF density between 

the control and diabetic rats on Diet 8604 (Figure 3.6A).  However, the diabetic 

rats on diet 7001 developed a significant (p<0.05) reduction in immunoreactive 

IENF density compared to the control rats on diet 7001 (Figure 3.6B).  Diabetic 

rats on diet 7001 also had increased levels of oxidatively modified proteins 

compared to both control rats (p<0.05) and diabetic rats on diet 8604 (p<0.05) 

(Figure 3.7). 
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Table 3.2.  Final body weight and blood glucose levels for control and diabetic 
rats on either diet 8604 or diet 7001. 

Group       Final Body Weight  
(g) 

Final Blood Glucose 
(mmol/L) 

Control, Diet 8604 
(N=8) 

311.3±23.4 8.9±1.0 

Diabetic, Diet 8604  
(N=8) 

251.5±4.2* >33.3 

Control, Diet 7001  
(N=7) 

322.9±34.3 7.2±0.5 

Diabetic, Diet 7001 
(N=6) 

274.5±20.9* >33.3 

Data are mean±SD.  Statistical analysis was performed by unpaired 2-tailed 
unpaired t-test. *p<0.05 vs. control. 
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Figure 3.6. There was no significant difference in immunoreactive IENF profile 
density between control and diabetic rats given diet 8604 (A).  Diabetic rats given 
diet 7001 developed a significant reduction in immunoreactive IENF profile 
density compared to control rats given diet 7001. Data are presented as 
mean+SEM and were analyzed by an unpaired 2-tailed t-test, *p<0.05. 
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Table 3.3.  A comparison of Harlan Teklad diets 8604 and 7001. Antioxidant 
vitamins are in bold. 

 Diet 8604 Diet 7001 

Protein (%) 24.48 25.03 

Fat (%) 4.40 4.25 

Fiber (%) 3.69 4.67 

Calcium (%) 1.36 1.85 

Phosphorus (%) 1.01 0.89 

Sodium (%) 0.29 0.44 

Iron (mg/kg) 352.14 198.60 

Manganese (mg/Kg) 105.39 87.60 

Zinc (mg/Kg) 82.87 30.60 

Copper (mg/Kg) 24.42 13.30 

Iodine (mg/Kg) 2.46 2.00 

Vitamin A (IU/g) 12.90 8.30 

Vitamin D3 (IU/g) 2.40 5.05 

Vitamin E (IU/g) 90.18 64.70 

Niacin (mg/Kg) 63.42 80.00 

Pantothenic Acid (mg/Kg) 21.03 33.40 

Vitamin B6 (mg/Kg) 12.95 9.40 

Vitamin B2 (mg/Kg) 7.85 7.80 

Vitamin B1 (mg/Kg) 27.95 16.10 

Vitamin K3 (mg/Kg) 4.11 9.00 

Folic Acid (mg/Kg) 2.72 4.00 

Biotin (mg/Kg) 0.39 0.31 

Vitamin B12 (mcg/Kg) 51.20 29.20 
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Figure 3.7. Oxidatively modified protein levels for control and diabetic rats on 
either diet 8604 or diet 7001. Data are presented as mean+SEM and were 
analyzed by 1-way ANOVA followed by SNK, *p<0.05, **p<0.01 vs. diabetic, 
7001. 

 

3.3.5 Epidermal thickness in rat and mouse models of diabetes 

In rats of the Sprague-Dawley strain with STZ-diabetes, we observed 

significant (p<0.001) epidermal thinning after 2 months (Figure 3.8A).  Significant 

(p<0.05) epidermal thinning was also observed in STZ-diabetic C57Bl/6 mice 

after 4 weeks (Figure 3.8B).  In STZ-diabetic Swiss Webster mice, significant 

(p<0.001 vs. control) epidermal thinning was observed as early as 1 week post-

STZ injection (Figure 3.8C) and persisted after 4 weeks of diabetes (p<0.01) 

(Figure 3.8D).  However, the mean epidermal thickness of type 2 diabetic db/db 

mice was significantly (p<0.001) thicker than that of the non-diabetic controls 

(Figure 3.8E).  When the total number of nuclei observed throughout the 

epidermis was normalized to section area in Swiss Webster mice with diabetes 

for 2 weeks duration, no significant differences were observed between the 

diabetic and control groups (Figure 3.9A).  However, when the nuclear counts 
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were normalized to section length, the control group had significantly (p<0.01) 

more nuclei per mm than the group with diabetes for 2 weeks duration (Figure 

3.9B).   

A 

 

B 

 

C 

 

D 

 

                               E 

 

Figure 3.8.  Significant epidermal thinning was observed in STZ-diabetic 
Sprague-Dawley rats after 8 weeks (A) and STZ-diabetic C57Bl/6 mice after 
4 weeks (B).  STZ-diabetic Swiss Webster mice developed significant 
epidermal thinning after 1 week (C) and this thinning persisted after 4 weeks 
(D).  The mean epidermal thickness of the db/db mice was significantly 
thicker than that of the control mice (E). Data are presented as mean+SEM 
and were analyzed by 2-tailed unpaired t-test, *p<0.05, **p<0.01, ***p<0.001 
vs. control. 
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A 

 

B 

 

Figure 3.9. The number of nuclei counted within the epidermis was unchanged 
between Swiss Webster control mice and mice with STZ-induced diabetes for 2 
weeks duration when normalized to section area (A).  A significant reduction in 
linear nuclear density was observed in the diabetic group (B).  Data are 
presented as mean+SEM and were analyzed by an unpaired 2-tailed t-test, 
**p<0.01. 

 

3.4 Discussion  

As demonstrated in Figures 3.2 and 3.4, immunoreactive IENF profiles are 

clearly present in skin samples from control and diabetic rats and mice after 

immunostaining with antibodies against the pan-neuronal marker PGP9.5.  

Through the analysis of similarly-immunostained skin samples, we were able to 

assess epidermal innervation using a consistent method in a variety of strains of 

both rats and mice.  Our results, showing similar immunoreactivity in skin from 

control and diabetic rats immunostained with antibodies against either PGP9.5 or 

HMW Tau, indicate that the decrease in PGP9.5 immunoreactivity observed in 

skin from diabetic rodents is due to a loss or retraction of the epidermal C-fibers, 

rather than simply a reduction in PGP9.5 expression.  Unfortunately, the antibody 

against HMW Tau does not cross-react with mice, so we were unable to compare 

PGP9.5 and HMW Tau immunoreactivity in this species.  
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There are 2 methods commonly used to quantify epidermal innervation.  

The first considers only immunoreactive nerve fibers that are observed crossing 

the dermal-epidermal junction.  The second method, commonly referred to as the 

fragment-counting method, considers all immunoreactive nerve profiles observed 

from the lower edge of the stratum basale to the upper edge of the stratum 

granulosum of the epidermis.  The majority of the studies examining epidermal 

innervation in STZ-diabetic Sprague-Dawley rats (Bianchi et al., 2004; Lauria et 

al., 2005; Leonelli et al., 2007; Rogilio et al., 2007) employed the first method.  

However, a recent study, comparing the method in which only nerves crossing 

the dermal-epidermal border are counted to the fragment-counting method, found 

that, while both methods were able to successfully discriminate reductions in 

IENF density, the fragment-counting method was more sensitive to capsaicin-

induced fiber loss (Smith et al., 2007).  If we assume that early degenerative and 

regenerative changes are occurring at the nerve terminals, a conclusion that is 

supported by our observation of reductions in epidermal innervation occurring 

before a decrease in sub-epidermal innervation is observed, one would expect 

the fragment-counting method to be more sensitive because it includes 

immunoreactive profiles observed in the outer layers of the epidermis.  

Therefore, we employed the fragment-counting method of analysis because it 

would be more likely to identify early signs of degeneration, as well as sprouting, 

in our subsequent studies evaluating therapeutics.  However, when nerve 

fragments throughout the epidermis are counted, there is a high likelihood that 

portions of the same nerve fiber will be counted multiple times.  Hence, we refer 
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to the fragments as immunoreactive IENF profiles, rather than considering each 

fragment as an individual nerve fiber. 

Although reductions in epidermal innervation have been observed in rats 

of the Wistar strain with cisplatin or paclitaxel-induced neuropathy (Lauria et al., 

2005), our observation of a reduction in epidermal innervation in Wistar rats with 

STZ-induced diabetes is novel.  While the majority of studies examining 

diabetes-induced fiber loss have employed Sprague-Dawley rats (Bianchi et al., 

2004; Lauria et al., 2005; Leonelli et al., 2007; Roglio et al., 2007), our results 

indicate that Wistar rats with STZ-induced diabetes could also serve as a model 

of epidermal nerve fiber loss.  Our observation of similar diabetes-induced 

reductions in epidermal innervation in rats of both the Wistar and Sprague-

Dawley strain also argues against the notion that strain plays a large role in the 

development of diabetic neuropathy. 

There is a previous report describing a reduction in cutaneous innervation 

in STZ-diabetic C57BL/6 mice (Christianson et al., 2003).  However, these 

researchers employed a different method of quantification.  In their study, 

computer-imaging software was used to visualize each skin sample and calculate 

the section area.  The immunoreactive axons throughout the dermis and 

epidermis were then traced using a graphics tablet, and the percentage of the 

total skin area occupied by axons was calculated.  In our analysis, we made a 

distinction between epidermal and sub-epidermal profiles, which allowed us to 

demonstrate that there is a reduction in epidermal, but not sub-epidermal 

innervation in STZ-diabetic mice of the C57Bl/6 strain.  We observed a similar 
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reduction in epidermal nerve profile density in STZ-diabetic Swiss Webster mice.  

Based on these results, STZ-diabetic mice of either the C57Bl/6 or Swiss 

Webster strains could serve as models of diabetes-induced changes in epidermal 

innervation. 

Our observation of a reduction in epidermal innervation in type 2 diabetic 

db/db mice mirrors the deficit observed in db/db mice using a computer-assisted 

color-subtractive analysis to assess fiber density (Underwood et al., 2001).  More 

recent studies have confirmed the usefulness of type 2 diabetic db/db mice 

(Gibran et al., 2002), as well as ob/ob mice (Drel et al., 2006), for the 

assessment of epidermal innervation. 

The results of our study comparing control and diabetic rats receiving 2 

separate diets for 12 months indicate that diet may play a role in the severity of 

neuropathy observed in diabetic rodents.  One key difference between these 

diets was in the levels of the antioxidant vitamins E, B1, B6 and B12, with the 

diabetic rats receiving the diet lower in these antioxidants (diet 7001) appearing 

to be more susceptible to diabetes-induced IENF loss.  This observation is in 

agreement with multiple studies reporting the efficacy of these vitamins in the 

prevention of neuropathy (Okada et al., 2000; Medina-Santillan et al., 2004; 

Haupt et al., 2005).  Our observation of increased levels of oxidatively modified 

proteins in the skin of the diabetic rats receiving diet 7001 further indicates that 

oxidative stress may contribute to fiber loss.  Although diet 7001 has higher 

levels of niacin and pantothenic acid, neither of these vitamins have been shown 

to improve neuropathy.  In studies aimed at evaluating the effects of various 
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therapeutics on certain indices of diabetic neuropathy, it is advantageous to try to 

maximize the deficits observed in our untreated diabetic rodents.  Therefore, 

based on the results of this study, the rodents used in the experiments described 

in the remainder of this dissertation were given the diet 7001. 

While previous clinical studies have described either thickening (Forst et 

al., 1994) or thinning (Forst et al., 2006) of the skin in patients with diabetes, 

these measurements included both the dermal and epidermal layers.  To date, 

the effects of diabetes on epidermal thickness in rodent models remains 

unexplored.  Our observation of epidermal thinning in both rat and mouse models 

of diabetes is novel, but not entirely unexpected.  Several mechanisms could be 

responsible for diabetes-induced changes in epidermal thickness.   

In mouse models of skin denervation, the dying back of epidermal nerve 

fibers results in a reduction in epidermal thickness (Chiang et al., 1998).  

However, in our experiments, we observed epidermal thinning before a 

detectable reduction in epidermal innervation was observed.  Also, in our study of 

type 2 diabetic db/db mice, we observed a thickening of the epidermis despite a 

robust reduction in epidermal nerve fiber density.  These data suggest that 

factors other than fiber loss may contribute to the epidermal thinning observed in 

diabetic rodents. 

In cultured keratinocytes, high glucose levels are associated with changes 

in cellular morphology and decreased proliferation (Spravchicov et al., 2001), and 

activation of both the insulin receptor and the IGF-1 receptor appear to be 

involved keratinocyte proliferation (Wertheimer et al., 2000).  In insulin receptor 
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knockout mice, a decrease in keratinocyte proliferation is observed (Wertheimer 

et al., 2001).  Insulin receptor substrate 1 (IRS-1) knockout mice, which lack a 

protein that acts as an interface between insulin and IGF-1 receptors and 

promotes various downstream signaling pathways (Myers et al., 1994), have a 

significantly thinner epidermis.  Histological analysis of the IRS-1 knockout mice 

revealed that their stratum spinosum had fewer layers (Sadagurski et al., 2007).  

Our observation of a reduction in nuclear density in the diabetic mice when nuclei 

counts were normalized to section length, but not section area, indicates that this 

thinning of the epidermis is also the result of a reduction in the number of 

keratinocytes, rather than cell shrinkage.  These reports raise the possibility that 

the epidermal thinning observed in STZ-diabetic rodents could be due to 

hyperglycemia, IGF-1 deficiency, insulin deficiency or a combination of these 

factors.  The potential role of insulin in epidermal thinning is further supported by 

our observation of epidermal thickening in the hyperinsulinemic db/db mice. 

Differences in epidermal thickness between non-diabetic and diabetic 

rodents should be considered when quantifying nerve profiles.  When comparing 

linear density of profiles counted throughout the epidermis between a control 

group and a diabetic group with a thinner epidermis, a reduction in epidermal 

innervation expressed as linear IENF density may appear more exaggerated 

than if epidermal area had been incorporated into the measurement.  The IENF 

data presented in the following chapters includes both linear and area densities. 

In conclusion, STZ-diabetic rats of the Wistar and Sprague-Dawley strains, as 

well as STZ-diabetic mice of the C57Bl/6 and Swiss Webster strains, develop  
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epidermal nerve fiber loss.  Type 2 diabetic db/db mice also develop epidermal 

nerve fiber deficits, indicating that each of these models could be useful for 

modeling the nerve fiber loss that has been observed clinically.  The thinning of 

the epidermis observed in STZ-diabetic rats and mice, as well as the thickening 

observed in db/db mice, should be taken into account when analyzing cutaneous 

innervation. 
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4 – The relationship between thermal hypoalgesia and epidermal nerve
fiber loss

4.1 Introduction

4.1.1 Thermal sensitivity in animal models and humans with diabetes

Changes in thermal sensitivity occur in both animal models and humans

with diabetes.  In clinical studies, both thermal hyperalgesia and thermal

hypoalgesia have been reported, and these changes are viewed as an early

indicator of diabetic neuropathy (Dyck et al., 2000).  Thermal sensitivity has been

studied in rodent models of diabetes with varying results.  In the STZ-diabetic

Sprague Dawley rat model, a period of thermal hyperalgesia has been observed

approximately 4 weeks after induction of diabetes, which is followed by a

progression to thermal hypoalgesia after 8 weeks (Calcutt et al., 2004).  Both

thermal hyperalgesia and hypoalgesia have been reported in mouse models of

diabetes (Levine et al., 1982; Davar et al., 1995; Gabra and Sirois, 2005), but to

date only a single study has reported a clear progression from one state to the

other (Pabbidi et al., 2008).  Differences in strain and method of induction of

diabetes may be responsible for some of the variability observed in mouse

models (Sullivan et al., 2008).  Although changes in thermal sensitivity are

present in humans and rodent models of diabetes, how these changes relate to

other indices of diabetic neuropathy has not been addressed.
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4.1.2 Epidermal innervation in animal models and humans with diabetes

The innervation of the epidermis consists primarily of unmyelinated C-fibers,

which are involved in the sensation of noxious heat.  Recent studies have

focused on quantifying these intraepidermal nerve fibers (IENFs) as a measure

of diabetic neuropathy. Diabetes-induced reductions in epidermal innervation

have been observed in multiple clinical studies (Levy et al., 1989; Lindberger et

al., 1989; Levy et al., 1992; Properzi et al., 1993; Kennedy et al., 1996; Lauria et

al., 1998; Hirai et al., 2000; Gibran et al., 2002; Pittenger et al., 2004; Shun et al.,

2004; Koskinen et al., 2005), as well as in diabetic primates (Pare et al., 2007)

and rodents (Gibran et al., 2002; Bianchi et al., 2004; Chen et al., 2005; Lauria et

al., 2005; Drel et al., 2006; Toth et al., 2006; Leonelli et al., 2007; Roglio et al.,

2007; Obrosova et al., 2007; Vareniuk et al., 2007).  Attempts have been made

to correlate the loss of epidermal innervation with measures of nerve function to

assess the predictive value of IENF loss for other aspects of diabetic neuropathy.

In humans, reductions in IENF density have been correlated with changes in

pressure and vibration perception, total neurological disability score and

neuropathy status (Pittenger et al., 2004; Sorensen et al., 2006).  In a rat model

of type 1 diabetes, loss of IENF density was correlated with sensory nerve

conduction velocity slowing determined by antidromic tail stimulation (Lauria et

al., 2005).

4.1.3 The relationship between epidermal innervation and thermal sensitivity

One would logically expect that loss of thermal sensation is a

consequence of a loss of epidermal innervation.  Indeed, reductions in IENF
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density induced by topical application of capsaicin to the skin of normal volunteer

subjects have been associated with a loss of heat and heat pain sensitivity

(Simone et al., 1998; Nolano et al., 1999; Malmberg et al., 2004). However, only

a few studies of diabetic humans have reported any correlation between loss of

epidermal innervation and changes in heat sensitivity (Pittenger et al., 2004;

Shun et al., 2004; Quattrini et al., 2007). The relationship between thermal

hypoalgesia and IENF density in animal models of diabetes also remains largely

unexplored.  The aim of the following experiments was to examine the

relationship between changes in heat sensitivity and changes in epidermal

innervation in a mouse model of diabetes.

4.2 Methods

4.2.1 Experimental design

Type 1 diabetes was induced in male Swiss Webster mice by

intraperitoneal injection of 180 mg/kg of streptozotocin (STZ).  Hyperglycemia

was confirmed 3 days later, and only mice with blood glucose levels exceeding

15 mmol/l were included in the diabetic groups.  Two weeks after STZ injection,

the thermal withdrawal latencies of 8 diabetic mice and 8 age-matched controls

were assessed using the methods described in section 2.2.1.  Hind paw

cutaneous blood flow was also assessed using the methods described in section

2.3.2.  Mice were then sacrificed and plantar foot skin was removed from the

same region of the paw where the thermal stimulus was applied during the

measurement of thermal withdrawal latency.  Skin samples were later

immunostained using the methods described in section 2.4.1.  An antibody
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against the pan-neuronal marker PGP9.5 was used to visualize the innervation of

the skin.  In earlier studies, the antibody was obtained from Chemicon

International (Temecula, CA).  Later studies used an antibody from Biogenesis

Ltd. (UK).  Skin sections from control mice and mice that had been diabetic for 2

weeks were also immunostained with an antibodies against either substance P

(SP) (Abcam Inc., Cambridge, MA) or GAP-43 (Abcam Inc., Cambridge, MA).

Immunoreactive nerve profile density and epidermal thickness were then

determined using the methods described in section 2.4.2.  Sciatic nerves were

also removed from control and diabetic mice after 2 weeks of diabetes and

immediately frozen in liquid N2.  SP was later extracted and levels were

measured using the methods described in section 2.5.3.

4.3 Results

4.3.1 The impact of 2 weeks of diabetes

After 2 weeks, the diabetic mice were hyperglycemic and had a significant

(p<0.001) weight loss (Table 4.1).  There was a significant (p<0.001) increase in

paw thermal withdrawal latency in the diabetic mice compared to the control mice

(Figure 4.1A) and a significant decrease in hind paw cutaneous blood flow

(Figure 4.1B). The linear densities of PGP9.5-immunoreactive IENF profiles and

sub-epidermal PGP9.5-immunoreactive nerve profiles of control and diabetic

mice were not significantly different (Figure 4.2A, E).  However, when PGP9.5-

immunoreactive IENF counts were normalized to epidermal area, the diabetic

group had a significantly (p<0.05) increased profile density compared to the

control group (Figure 4.2B), reflecting the significant (p<0.001) thinning of the
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Table 4.1. Final body weight and blood glucose levels for STZ-diabetic and
control mice after 2 weeks.

Group Final Body Weight (g) Final Blood Glucose
(mmol/l)

Control, 2 Weeks
(N=8)

31.5±0.6 13.0
(9.9-17.6)

Diabetic, 2 Weeks
(N=8)

21.4±0.7*** >33.3

Data are presented as mean±SEM (body weight) or median(range) (blood
glucose.  Statistical analysis of body weights was performed by unpaired t-
test.***p<0.01 vs. control.

A B

Figure 4.1. After 2 weeks, diabetic mice developed a significant increase in
thermal withdrawal latency (A) and a significant decrease in cutaneous blood
flow (B). Data are mean+SEM and were analyzed by 2-tailed unpaired t-test,
***p<0.001, *p<0.05.

epidermis in skin from diabetic mice (Figure 4.2C).  There was no correlation

between thermal withdrawal latency and PGP9.5-immunoreactive IENF profile

density after 2 weeks of diabetes (Figure 4.2D). Both linear and area densities of

SP-immunoreactive IENF profiles were significantly (both p<0.01) increased in

diabetic mice compared to controls (Table 4.2).  With respect to GAP-43, there
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A B

C D

                                      E

Figure 4.2. After 2 weeks of diabetes, linear immunoreactive IENF profile density
was unchanged (A) and when immunoreactive profile counts were normalized to
epidermal area, the density was significantly increased (B).  The epidermis of the
diabetic mice was significantly thinner (C). Withdrawal latency did not correlate
with linear immunoreactive profile density (D), and sub-epidermal
immunoreactive nerve profile density was unchanged (E). Data are mean+SEM
and were analyzed by 2-tailed unpaired t-test, ***p<0.001, *p<0.05. In the linear
regression analysis, closed circles represent diabetic mice and open circles
represent control mice, r2=0.0063.

was a nonsignificant increase in linear density and a significant (p<0.05) increase

in area density of immunoreactive IENF profiles (Table 4.2).  The densities of
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either SP or GAP-43-immunoreactive IENF profiles were markedly lower than the

corresponding values obtained using PGP 9.5 (Figure 4.2A).  No significant

differences in either sub-epidermal SP- or GAP-43-immunoreactive nerve profile

densities were evident between the diabetic and control groups (Table 4.2).

There was a significant (p=0.05) decrease in SP levels in the sciatic nerves of

mice after 2 weeks of diabetes compared to controls (Table 4.2).

Table 4.2. Sciatic nerve (SN) levels of SP, and SP and GAP-43 immunoreactive
epidermal and sub-epidermal nerve profile densities of foot pad skin from control
and diabetic mice after 2 weeks of diabetes.

               SP GAP-43
Group SN

pg/mm
IENF
Profiles
(#/mm)

IENF
Profiles
(#mm

2
)

SNP
Profiles
(#/mm)

IENF
Profiles
(#/mm)

IENF
Profiles
(#mm

2
)

SNP
Profiles
(#/mm)

Control
(N=7)

14.9±1.3 0.5±0.2 21.7±8.0 5.6±0.7 6.8±1.2 206±33.5 25.2±1.2

Diabetic
(N=7)

11.3±1.5
#

1.1±0.3** 96.1±21.2** 4.6±0.7 9.4±1.8 507.2±101.5* 28.1±1.3

Data are presented as mean±SEM and were analyzed by unpaired t-test,
**p<0.01, *p<0.05, #p=0.05 vs. control.

4.3.2 The impact of 4 weeks of diabetes.

As was described in chapter 3, diabetic mice were hyperglycemic and

developed significant (p<0.05) weight loss compared to control mice after 4

weeks (Table 3.2).  We again observed a significant (p<0.01) increase in paw

thermal withdrawal latency in the diabetic mice compared to the control mice

(Figure 4.3A).  As was reported in chapter 3, there was also a significant (p<0.01)

reduction in linear PGP9.5-immunoreactive IENF profile density (Figure 3.5B)

and a significant (p<0.01) thinning of the epidermis (Figure 3.7D).  Despite this

thinning, a significant (p<0.01) decrease in PGP9.5-immunoreactive IENF
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profiles per section area was also detected (Figure 4.3B).  Regression of paw

thermal withdrawal latency against paw PGP9.5-immunoreactive IENF profile

A B

                                C

Figure 4.3. After 4 weeks, the diabetic mice developed a significant increase in
thermal withdrawal latency (A).  Immunoreactive nerve profile density was
significantly decreased when profile counts were normalized to epidermal area
(B).  Withdrawal latency modestly correlated with linear immunoreactive profile
density (C). Data are mean+SEM and were analyzed by 2-tailed unpaired t-test,
**p<0.01. In the linear regression analysis, closed circles represent diabetic mice
and open circles represent control mice, p<0.01, r2=0.5597.

linear density demonstrated a significant (p<0.01; r2=0.5597) inverse relationship

(Figure 4.3C).  As described in chapter 3, we did not detect a change in sub-

epidermal PGP9.5-immunoreactive nerve profile density despite the significant
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decrease in PGP9.5-immunoreactive IENF profile density after 4 weeks of

diabetes (Figure 3.5E).

4.3.3 Reanalysis of skin from mice with diabetes for 4 week’s duration

Three years after our initial analysis, we repeated our immunostaining of

skin from mice that had previously shown an epidermal nerve fiber deficit, using

the PGP9.5 antibody that was used in our more recent experiments (Biogenesis

Ltd.).  We again observed a significant (p<0.01) decrease in immunoreactive

IENF profile density in the diabetic mice (Figure 4.3).

Figure 4.4. Immunoreactive IENF profile density was decreased in Swiss
Webster mice after 4 weeks of STZ-induced diabetes when slides were
restained and analyzed 3 years later. Mean+SEM, 2-tailed unpaired t-
test, **p<0.01.

4.4 Discussion

The present time-course study of sensory fiber function and structure has

identified a disassociation between thermal sensitivity and IENF density in the

paw of diabetic mice.  It is plausible that immunostaining with PGP9.5 does not
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identify early structural damage to IENFs, as PGP9.5 is a cytoplasmic enzyme

also known as ubiquitin hydroxylase  (Wilkinson et al., 1989).  However, our

comparison of linear IENF density measured using PGP9.5 to that measured

using the structural protein HMW Tau found that similar values were obtained

with antibodies directed at either antigen (see section 3.3.1). The early loss of

thermal sensation could also reflect loss of a small sub-population of IENFs

subsumed within the total PGP9.5-immunoreactive population.  To begin to

address this possibility, we measured epidermal and dermal fibers expressing

SP, as this neuropeptide is associated with thermal nociception (Mantyh et al.,

1997; Cao et al., 1998; Laneuville et al., 1998; Nichols et al., 1999; Vierck et al.,

2003).  However, we did not detect any loss of SP-containing fibers in the paw of

diabetic mice but instead found a statistically significant increase in IENF linear

and area density.  It is possible that this increase reflects sprouting to

compensate for early damage or dysfunction of sensory fibers.  Therefore,

epidermal fibers immunoreactive to an antibody against GAP-43, which is

expressed by developing and regenerating nerve fibers (De Graan et al., 1985),

were quantified.  GAP-43 immunoreactive profiles were detected in the skin of

control mice, likely reflecting epidermal neural plasticity and remodeling resulting

from continuous migration of basal keratinocytes to more superficial layers of the

epidermis (Verze et al., 1999; Verze et al., 2003). The modest trend towards an

increase in linear density coupled with a significant increase in area density of

GAP-43-immunoreactive IENF profiles in mice that had been diabetic for 2 weeks
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suggests that IENFs, prior to subsequent degeneration, may experience an early

period of sprouting in response to the onset of diabetes.

Our time course data suggest that heat-sensitive IENFs may be subject to

a diabetes-induced disruption of function that precedes the loss of PGP9.5-

immunoreactive profiles.  The coefficient of determination (r2) for the regression

of paw thermal withdrawal latency against linear IENF density after 4 weeks of

diabetes indicates that only 56% of the variation in withdrawal latency can be

attributed to changes in immunoreactive IENF profile density.   Therefore, factors

other than fiber loss must contribute to thermal hypoalgesia, even when IENF

loss is detected.  These functional disorders could include impairment of heat

detection at peripheral terminals or mechanisms involved in central nociceptive

processing.  TRPV1 is a heat-sensitive receptor found on C-fiber terminals

(Caterina et al., 1997) and a reduction in TRPV1-immunoreactive IENF density

has recently been reported in skin biopsies from patients with diabetic

neuropathy (Facer et al., 2007).  TRPV1 expression is also decreased in the cell

bodies of the small, unmyelinated neurons of diabetic rats (Hong and Wiley,

2005) and in the spinal cord, dorsal root ganglia and paw skin of diabetic mice

(Pabbidi et al., 2008).  A similar loss of TRPV1 could plausibly contribute to the

thermal hypoalgesia in our diabetic mice.  Unfortunately, keratinocytes also

express the TRPV1 receptor (Denda et al., 2001).  Immunostaining of skin

sections with commercially available TRPV1 antibodies results in high levels of

background staining in the epidermis, which makes the identification and



73

quantification of TRPV1-immunoreactive nerve fibers within the epidermis

difficult.

Changes in expression of SP may also affect C-fiber nociceptive function.

In STZ-diabetic rats, reduced SP levels have been reported in dorsal root ganglia

(Willars et al., 1989; Kanbayashi et al., 2002) and both the peripheral (Robinson

et al., 1987; Willars et al., 1989) and central (Calcutt et al., 2000) projections of

primary afferents.  Reductions in SP reflect reduced synthesis of this

neuropeptide and consequent decreases in the amounts undergoing axonal

transport (Tomlinson et al, 1988) and released in the spinal cord after peripheral

noxious stimulation (Calcutt et al., 2000).  Our present finding of a similar decline

in sciatic nerve SP content in mice after 2 weeks of diabetes suggests that

diminished synthesis, transport and spinal release of SP may contribute to early

thermal hypoalgesia.

Given that the epidermis is avascular and depends on dermal vessels for

oxygenation and removal of waste, we hypothesized that epidermal nerve

endings may be particularly vulnerable to diabetes-induced changes in dermal

blood flow.  In clinical studies, both increases (Edmonds et al., 1982; Archer et

al., 1984) and decreases (Rendell et al., 1989; Jorneskog et al., 1995) in

cutaneous blood flow have been observed.  A relationship between impaired

vasomotion and thermal sensitivity has also been reported in diabetic patients

(Stansberry et al., 1996).  We measured cutaneous blood flow in our control and

diabetic mice as a means of identifying an early physiological change that may

also contribute to the loss of function and eventual retraction of epidermal C-
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fibers.  Our observation of a decrease in blood flow to the skin of mice that had

been diabetic for 2 weeks suggests another potential mechanism of C-fiber

dysfunction and may also provide evidence of dysfunction in another subset of

nerve fibers.  Thermoregulation of the skin relies on arteriovenous shunts that

bypass the capillary bed, and sympathetic nerves direct the opening and closing

of these shunts.  Diabetes-induced sympathetic neuropathy may result in

increased opening of these shunts and the subsequent diversion of blood away

from the papillary dermis.  In clinical studies, increased shunting of blood flow

appeared to contribute to the development of diabetic foot ulcers (Boulton et al.,

1982; Edmonds et al., 1982).  In our mice, it is possible that dysfunction of the

sympathetic nerve fibers may have resulted in the opening of the arteriovenous

shunt and a consequent reduction in blood flow to the capillaries subjacent to the

epidermis, which may have contributed to the dysfunction of the epidermal C-

fibers.

The degeneration of C-fibers may also further contribute to reduced

cutaneous blood flow through disruption of nerve axon reflex-related vasodilation.

Stimulation of epidermal C-fibers results in the antidromic stimulation of adjacent

C-fibers leading to a release of the neuropeptides SP and CGRP, which act as

potent dilators.  In patients with diabetes, reductions in acetylcholine and sodium

nitroprusside-induced vasodilatory response have been observed (Parkhouse

and LeQuesne, 1988; Hamdy et al., 2001; Caselli et al., 2003).  Our observation

of an increase in SP-immunoreactive nerve endings in skin from diabetic mice

could be viewed as evidence that a reduction in SP-induced vasodilation of the
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dermal blood vessels is not involved in the reduction of cutaneous blood flow.

However, the possibility remains that impaired release of SP from the peripheral

terminals could contribute to reduced blood flow, especially given the impaired

spinal release of SP that has been observed in diabetic rats (Calcutt et al., 2000).

Regardless of the mechanisms of dysfunction, our observation of a reduction in

cutaneous blood flow after 2 weeks of diabetes provides evidence of an early

physiological change that may contribute to the loss of thermal sensitivity and the

eventual degeneration of epidermal C-fibers.

Our observation of epidermal thinning in diabetic mice presents issues of

both IENF quantification, further discussed in section 3.4, and the physical and

functional contribution of epidermal cells to heat transduction and sensation

during diabetes.  As noted in section 3.4, epidermal thinning in our insulin-

deficient and hyperglycemic mice is consistent with reports that insulin and IGF-1

are involved in keratinocyte proliferation and differentiation (Wertheimer et al.,

2000; Wertheimer et al., 2001) and that high glucose levels decrease

proliferation of cultured keratinocytes (Spravchicov et al., 2001).  Further, it has

been suggested that epidermal nerve fibers and keratinocytes make synaptic

connections (Chateau and Misery, 2004).  Given that keratinocytes express a

variety of heat-sensitive receptors (Denda et al., 2001; Peier et al., 2002; Chung

et al., 2003), these cells may be involved in the detection of heat, and thinning of

the epidermis during diabetes could contribute to thermal hypoalgesia, even

when there is no loss of epidermal innervation.
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The results of our subsequent studies described in chapters 5 and 6

confirm the dissociation between thermal nociception and epidermal innervation.

In 3 separate studies, we observed significant (p<0.01) thermal hypoalgesia

(Figure 5.4, Figure 5.7, Figure 6.6) after 4 weeks of diabetes, although reductions

in epidermal innervation had not yet developed (Figure 5.5, Figure 5.8, Figure

6.7).  Given that these results disagree with our previous observation of a

reduction in epidermal innervation after 4 weeks of diabetes, we addressed the

possibility that the change of antibody vendor or unintentional changes in

technique could be responsible for our failure to observe deficits in more recent

experiments. As demonstrated in Figure 4.3, the deficit that we had observed 3

years ago was still observed in slides that were immunostained and analyzed

more recently.  Therefore, these results demonstrate that the lack of a decrease

in epidermal innervation observed in our more recent experiments is not due to a

failure of technique.  Nevertheless, these more recent experiments,

demonstrating a reduction in thermal sensation preceding epidermal nerve fiber

loss, further support our hypothesis that functional changes precede structural

changes.

In summary, diabetes-induced thermal hypoalgesia develops before a

detectable reduction in linear PGP9.5-immunoreactive IENF profile density.

While the appearance of thermal hypoalgesia before a reduction in IENF density

was surprising, it is not entirely unprecedented as the onset of thermal

hypoalgesia preceded a reduction in innervation of leg skin from diabetic mice

(Chen et al., 2005) and was absent from mice fed a high-fat diet that displayed
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thermal hypoalgesia (Obrosova et al., 2007).  Neurochemical and functional

disorders of epidermal nociceptors appear to contribute to early stages of

diabetes-induced thermal hypoalgesia before the quantifiable loss of peripheral

terminals.
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5 – The Pathogenesis of Diabetic Neuropathy

5.1 Introduction

5.1.1 Mechanisms of development of diabetic neuropathy

Although neuropathy affects nearly 50% of patients with diabetes (Pirart et

al., 1978), the pathogenesis is not fully understood.  Without a clear

understanding of the molecular pathways contributing to the development of

diabetic neuropathy, effective therapies have been difficult to identify.  Among the

mechanisms thought to play a role in the development of diabetic neuropathy are

increased flux through the polyol pathway and loss of neurotrophic support.  The

experiments described in the following chapter were designed to examine the

contribution of both of these pathways by determining the effects an aldose

reductase inhibitor and exogenous neurotrophic factors on several measures of

diabetic neuropathy.

5.1.2 Polyol pathway flux

The polyol pathway involves the conversion of glucose to sorbitol by the

enzyme aldose reductase with the consequent oxidation of NADPH, followed by

the conversion of sorbitol to fructose by the enzyme sorbitol dehydrogenase with

the resulting reduction of NAD+.  Increased flux through this pathway is thought

to contribute to the development of diabetic neuropathy by depleting myo-inositol

levels and disrupting the sodium, potassium-ATPase (Gillon et al., 1983; Greene
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and Lattimer, 1983).  Polyol pathway activation generates oxidative stress as well

through the depletion of NADPH, which is involved in the glutathione cycle and

nitric oxide production (Lee and Chung, 1999) and may also contribute to loss of

neurotrophic support in diabetic rodents (Mizisin et al., 1997; Ohi et al., 1998).

Multiple studies have indicated that inhibitors of aldose reductase show

therapeutic potential (Tomlinson et al., 1982; Yue et al., 1982; Mayer and

Tomlinson, 1983; Calcutt et al., 1994; Mizisin et al., 1997; Cotter et al., 1998;

Obrosova et al., 2002; Calcutt et al., 2004).  In rats with streptozotocin(STZ)-

diabetes, treatment with the aldose reductase inhibitor IDD 676 prevented both

the onset of thermal hyperalgesia and the progression to hypoalgesia (Calcutt et

al., 2004). However, the effects of this aldose reductase inhibitor on thermal

hypoalgesia and epidermal nerve fiber density in a mouse model of diabetes

have not thus far been explored.

 5.1.3 Loss of neurotrophic support

Neurotrophic factors are vital for the development and maintenance of

peripheral nerves and loss of neurotrophic support is thought to be a factor in the

development of diabetic neuropathy (Hellweg and Hartung, 1990; Calcutt et al.,

1992; Fernyhough et al., 1994; Hellweg et al., 1994).  Treatment with

neurotrophic factors such as CNTF or compounds that have neurotrophic factor-

like properties, such as Neotrofin or TX14(A), may prove to be an effective

means of preventing and reversing diabetes-induced degeneration of peripheral

nerves.
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Although treatment with NGF has shown efficacy in animal models (Apfel

et al., 1994; Diemel et al., 1994; Christianson et al., 2003), clinical trials have

been less successful, partially due to hyperalgesia at the site of injection (Apfel et

al., 2000).  Recent studies have focused on the purine derivative Neotrofin, also

referred to as AIT-082, which may prove to have therapeutic potential similar to

that of NGF, without inducing hyperalgesia. Neotrofin has been shown to

enhance NGF-mediated neurite outgrowth in cultured PC12 cells (Middlemiss et

al., 1995).  In rat skin, injections of Neotrofin induced nerve sprouting without

causing hyperalgesia (Holmes et al., 2003).  Treatment with Neotrofin was able

to prevent NGF depletion in muscle and foot skin, as well as substance P (SP)

and CGRP depletion in the sciatic nerve and dorsal root ganglia of STZ-diabetic

rats (Calcutt et al., 2006).  Neotrofin treatment also prevented thermal

hypoalgesia and improved sensory nerve conduction velocity in these rats.

Ciliary Neurotrophic Factor (CNTF), which is produced by Schwann cells,

serves as a neurotrophic factor for sensory and motor neurons.  CNTF-like

activity was found to be reduced in the sciatic nerves of STZ-diabetic and

galactose fed rats (Calcutt et al., 1992) and treatment with CNTF has been

shown to prevent the development of thermal hypoalgesia (Calcutt et al., 2004),

improve nerve conduction velocity and promote regeneration after nerve crush

injury in STZ-diabetic rats (Mizisin et al., 2004).

Prosaposin peptides promote differentiation and prevent cell death in a

variety of nerve cell types (Hiraiwa et al., 1997).  Prosaposin mRNA levels are

elevated in the peripheral nerve of STZ-diabetic rats (Calcutt et al., 1999), and
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the prosaposin-derived peptide, TX14(A), has been shown to preserve both axon

caliber and sodium, potassium-ATPase activity, attenuate reductions in SP levels

and prevent the development of thermal hypoalgesia in STZ-diabetic rats (Calcutt

et al., 1999).  The peptide also prevents both formalin and SP-induced thermal

hyperalgesia, alleviates tactile allodynia (Calcutt et al., 2000; Jolivalt et al., 2006)

and both prevents and reverses nerve conduction velocity slowing (Calcutt et al.,

1999; Mizisin et al., 2001) in STZ-diabetic rats.  Although Neotrofin, CNTF and

TX(14)A all show therapeutic potential, their effects on thermal hypoalgesia and

IENF loss in STZ-diabetic mice remain unexplored.

In the following experiments, we examined the effects of the aldose

reductase inhibitor IDD 676, as well as Neotrofin, CNTF and TX14(A) on various

functional and structural deficits in STZ-diabetic mice.  Given that these

compounds have already demonstrated efficacy in the prevention of thermal

hypoalgesia in diabetic rats, the primary aim of these experiments was to

examine their effects on IENF loss.  Other measures of diabetes were included to

confirm the efficacy of the treatments.  A better understanding of the effects of

these compounds is valuable not only for the identification of potential

therapeutics, but also to further our understanding of the contribution of

increased flux through the polyol pathway and loss of neurotrophic support to the

development of diabetic neuropathy.
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5.2 Methods

5.2.1 The effects of IDD 676 and Neotrofin on diabetic neuropathy

This study used Swiss Webster mice with STZ-induced diabetes and included

an untreated diabetic group, a diabetic group receiving a 250mg/kg dose of the

aldose reductase inhibitor IDD 676 (Institute for Diabetes Discovery, Branford,

Conn., USA) administered by oral gavage, a diabetic group receiving a 150mg/kg

intraperitoneal injections of Neotrofin (NeoTherapeutics Inc., Irvine, CA) and a

non-diabetic control group.  Treatments were initiated immediately following the

confirmation of hyperglycemia and continued 6 days weekly for 4 weeks. At the

conclusion of treatment period, the mice underwent thermal withdrawal latency

testing and motor nerve conduction velocity (MNCV) was measured using the

methods described in sections 2.2.1 and 2.3.1, respectively. Mice were then

sacrificed and foot skin was taken for analysis of epidermal nerve fiber density

and epidermal thickness, as described in section 2.4.2.

5.2.2 The effects of CNTF and TX14(A) on diabetic neuropathy

This study used STZ-diabetic Swiss Webster mice and included an

untreated diabetic group, a diabetic group receiving 1mg/kg of CNTF

(Regeneron, Tarrytown, NY), a diabetic group receiving 1mg/kg of TX14(A)

(AnaSpec, San Jose, CA) and a non-diabetic control group.  Subcutaneous

injections of either CNTF or TX14(A) were administered immediately following

the confirmation of hyperglycemia and continued 6 days weekly for 4 weeks.

Thermal withdrawal latency was measured at the conclusion of the treatment

period.  Mice were than sacrificed and footpad skin was removed for analysis.
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5.2.3 Reversal of diabetic neuropathy

Type 1 diabetes was induced in Swiss Webster mice by injection of STZ.

After 4 weeks, thermal withdrawal latency and MNCV were measured.  Mice

were then divided into groups consisting of non-diabetic control mice, untreated

diabetic mice, and diabetic mice treated with either 250mg/kg of IDD 676,

150mg/kg of Neotrofin, 5mg/kg of CNTF or 5mg/kg of TX14(A).  Treatments were

administered 6 days weekly and continued for 4 weeks.  At the conclusion of the

treatment period, thermal withdrawal latency and MNCV were again measured.

Mice were then sacrificed and footpad skin was taken for analysis of epidermal

nerve fiber density and epidermal thickness.

5.3 Results

5.3.1 The effects of IDD 676 and Neotrofin on diabetic neuropathy

After 4 weeks, untreated diabetic mice developed a significant (p<0.001)

weight loss, compared to the control mice.  Neither IDD 676 nor Neotrofin

affected body weight (Table 5.1).  The untreated diabetic mice also developed

significant (p<0.05) MNCV slowing, compared to control mice.  Treatment with

either IDD 676 or Neotrofin resulted in a partial amelioration, with MNCV values

not being significantly different from either the untreated diabetic mice or the

control mice (Figure 5.1).  Significant (p<0.001 vs. control) thermal hypoalgesia

was also observed in the untreated diabetic mice and was not prevented by

either treatment (Figure 5.2).  Significant changes in epidermal innervation

(Figure 5.3) and epidermal thickness (Figure 5.4) were not observed in any of the

groups.
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Table 5.1.  Final body weight and blood glucose levels for non-diabetic control
mice, untreated diabetic mice and mice treated with either 250mg/kg of IDD 676
or 150mg/kg of Neotrofin 6 days weekly for 4 weeks.

               Group Final Body Weight (g) Final Blood Glucose
(mmol/l)

Control
(N=8)

31.7±2.3 10.7
(7.2-13.4)

Untreated Diabetic
(N=11)

22.9±3.1*** >33.3

IDD 676-Treated
Diabetic

(N=7)

23.1±1.3*** >33.3

Neotrofin-Treated
Diabetic

(N=7)

22.3±2.6*** >33.3

Data are presented as mean±SD (body weight) or median(range) (blood
glucose).  Body weight was analyzed by 1-way ANOVA, followed by SNK,
***p<0.001 vs. control.

Figure 5.1. Untreated diabetic mice developed a significant decrease in MNCV
that was partially prevented by treatment with either IDD 676 or Neotrofin. Data
are presented as mean+SEM and were analyzed by 1-way ANOVA, followed by
SNK, *p<0.05 vs. control.
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Figure 5.2.  Untreated diabetic mice developed a significant increase in thermal
withdrawal latency that was not prevented by treatment with either IDD 676 or
Neotrofin. Data are presented as mean+SEM and were analyzed by 1-way
ANOVA, followed by SNK, *p<0.05, **p<0.01, ***p<0.001 vs. control.

A B

Figure 5.3. Significant changes in immunoreactive IENF profile density were not
observed when profile counts were normalized to either epidermal length (A) or
epidermal area (B). Data are presented as mean+SEM and were analyzed by 1-
way ANOVA, followed by SNK.
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Figure 5.4. No significant changes in epidermal thickness were observed. Data
are presented as mean+SEM and were analyzed by 1-way ANOVA, followed
by SNK.

5.3.2 The effects of CNTF and TX14(A) on diabetic neuropathy

After 4 weeks, untreated diabetic mice experienced significant (p<0.01)

weight loss compared to control mice that was unaffected by treatment with

TX14(A) (Table 5.2).  Weight loss was more severe in CNTF-treated diabetic

mice, which is consistent with a report that this factor has been associated with

cachexia (Henderson et al., 1994).  The untreated diabetic mice also developed

significant  (p<0.01) thermal hypoalgesia, which was completely prevented by

treatment with either CNTF or TX14(A) (Figure 5.5).  Significant changes in

epidermal nerve profile density were not observed in diabetic mice (Figure 5.6).

However, the untreated diabetic mice developed significant (p<0.01) epidermal

thinning that was not prevented by either treatment (Figure 5.7).
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Table 5.2.  Final body weight and blood glucose levels for non-diabetic control
mice, untreated diabetic mice and mice treated with either 1mg/kg of CNTF or
1mg/kg of Tx14(A), 6 days weekly for 4 weeks.

Group Final Body Weight (g) Final Blood Glucose
(mmol/l

Control
(N=8)

36.0±2.3 8.6
(4.0-12.2)

Untreated Diabetic
(N=11)

30.6±2.6** >33.3

CNTF-Treated Diabetic
(N=13)

26.5±3.1**,# >33.3

Tx14(A)-Treated
Diabetic
(N=12)

29.6±3.1** >33.3

Data are presented as mean±SD (body weight) or median(range) (blood
glucose).  Body weight was analyzed by 1-way ANOVA, followed by SNK,
**p<0.01 vs. control, #p<0.05 vs. untreated diabetic.

Figure 5.5. The untreated diabetic mice developed a significant increase in
thermal withdrawal latency that was prevented by treatment with either CNTF or
TX14(A). Data are presented as mean+SEM and were analyzed by 1-way
ANOVA, followed by SNK, **p<0.01 vs. control.
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A B

Figure 5.6.  No significant changes in immunoreactive IENF profile density were
observed when profile counts were normalized to either epidermal length (A) or
area (B). Data are presented as mean+SEM and were analyzed by 1-way
ANOVA, followed by SNK.

Figure 5.7.  The untreated diabetic mice developed significant epidermal
thinning that was not prevented by treatment with either CNTF or TX14(A).
Data are presented as mean+SEM and were analyzed by 1-way ANOVA,
followed by SNK, **p<0.01, ***p<0.001 vs. control.

5.3.3. Reversal of neuropathy

After 4 weeks of untreated diabetes, diabetic mice had significantly

(p<0.01) slower MNCVs (Figure 5.8) and significantly (p<0.05) higher thermal

withdrawal latencies than control mice (Figure 5.9).  Four subsequent weeks of

treatment with either IDD 676, Neotrofin, CNTF or TX14(A) were unable to
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reverse either deficit.  Significant changes in immunoreactive nerve profile

density (Figure 5.10) and epidermal thickness (Figure 5.11) were not observed in

any of the groups.  With the exception of CNTF, which again induced cachexia,

none of the treatments had a significant effect on diabetes-induced weight loss

(Table 5.3).

A B

Figure 5.8. The diabetic mice had significantly slower MNCVs after 4 weeks (A).
Four weeks of treatment with either IDD 676, Neotrofin, CNTF or TX14(A) were
unable to reverse the slowing (B). Data are presented as mean+SEM and were
analyzed by 1-way ANOVA, followed by SNK, ***p<0.001 vs. control.
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A B

Figure 5.9.  After 4 weeks, the diabetic mice developed a significant increase in
thermal withdrawal latency (A).  Four subsequent weeks of treatment were
unable to reverse this increase (B). Data are presented as mean+SEM and were
analyzed by 1-way ANOVA, followed by SNK, **p<0.01, ***p<0.001 vs. control.

A B

Figure 5.10. No significant changes in immunoreactive nerve profile density were
observed when profile counts were normalized to either epidermal length (A) or
area (B). Data are presented as mean+SEM and were analyzed by 1-way
ANOVA, followed by SNK.
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Figure 5.11. Significant changes in epidermal thickness were not observed
between any of the groups. Data are presented as mean+SEM and were
analyzed by 1-way ANOVA, followed by SNK.

Table 5.3.  Final body weight and blood glucose levels for non-diabetic control
mice, untreated diabetic mice and mice that were treated with either 250mg/kg
of IDD, 150mg/kg of Neotrofin, 5mg/kg of CNTF or 5mg/kg of Tx14(A), 6 days
weekly for 4 weeks following 4 weeks of untreated diabetes.

Group Final Body Weight (g) Final Blood Glucose
(mmol/l)

Control
(N=8)

32.7±2.3 9.2
(7.7-12.8)

Untreated Diabetic
(N=10)

27.0±3.1** >33.3

IDD 676-Treated
Diabetic
(N=14)

25.3±3.2*** >33.3

Neotrofin-Treated
Diabetic

(N=5)

25.2±3.2*** >33.3

CNTF-Treated Diabetic
(N=9)

22.6±4.6***,# >33.3

Tx14(A)-Treated
Diabetic

(N=9)

27.7±3.4** >33.3

Data are presented as mean±SD (body weight) or median(range) (blood
glucose).  Body weight was analyzed by 1-way ANOVA, followed by SNK,
**p<0.01, ***p<0.001 vs. control, #p<0.001 vs untreated diabetic.

5.4 Discussion
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To explore the effects of aldose reductase inhibition, we examined the

ability of IDD 676 to prevent several indices of diabetic neuropathy.  The partial

amelioration of MNCV slowing indicates that this dose was somewhat

efficacious.  However, we were unable to prevent the development of thermal

hypoalgesia.  Given that MNCV reflects the function of large nerve fibers,

whereas thermal withdrawal latency is a measure of small fiber function, the

possibility exists that large, myelinated fibers are more susceptible to the effects

of increased polyol pathway flux and experience a greater benefit from aldose

reductase inhibition.  Indeed, aldose reductase has been localized to myelinating

Schwann cells (Ludvigson and Sorenson, 1980; Powell et al., 1991).  However,

in STZ-diabetic rats, treatment with IDD 676 prevented both thermal hyperalgesia

and thermal hypoalgesia (Calcutt et al., 2004).  More recently, aldose reductase

immunoreactivity has been reported in the sympathetic innervation of the dermal

vasculature and therefore, could influence thermal sensitivity through disruption

of blood flow (Jiang et al., 2006).  The incongruity between our results and those

observed in rats could be due to differences in the accumulation of polyol end

products between the species.  Indeed, diabetic mice neither accumulate sorbitol

and fructose, nor experience a depletion of myo-inositol (Calcutt et al., 1988).

These differences, along with other potentially unidentified species differences,

may result in aldose reductase inhibition being less effective in the prevention of

neuropathy in mouse models.  Another potential reason for the limited efficacy of

IDD 676 in our diabetic mice may be that the dose was insufficient.  It has

recently been reported that in order to achieve therapeutic efficacy, doses as
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much as 10 times higher than those identified based on their ability to prevent

polyol accumulation may be required (Oates, 2008).  Perhaps, by treating the

diabetic mice with a higher dose of IDD 676, we would have been able to

replicate the degree of efficacy observed in rats.  Future studies should involve

further measures of efficacy, such as prevention of oxidative stress, to ensure

that an adequate dose is administered.

Treatment with Neotrofin also resulted in a partial amelioration of MNCV.

However, the development of thermal hypoalgesia was not prevented.  In STZ-

diabetic rats, injections of Neotrofin prevented both sensory nerve conduction

velocity slowing and thermal hypoalgesia (Calcutt et al., 2006). The disconnect

between our observations in STZ-diabetic mice and the effects of Neotrofin

treatment in STZ-diabetic rats could be due to differences in drug metabolism

between the species.  Another possible explanation for Neotrofin’s inability to

prevent thermal hypoalgesia is that our dose of 150mg/kg, which was 5 times

higher than the efficacious dose given to rats, was too high.  Given that Neotrofin

enhances endogenous NGF levels (Glasky et al., 1997; Calcutt et al., 2006) and

that in cell culture excess NGF inhibits neurite outgrowth (Conti et al., 1997), the

high doses of Neotrofin administered to our mice may have increased

endogenous NGF to levels that were inhibitory.  In future studies, NGF levels

should be measured to determine efficacy and to ensure that they are within the

range of non-diabetic mice.

The prevention of thermal hypoalgesia that we observed in STZ-diabetic

mice receiving 1mg/kg treatments of either CNTF or TX14(A) is in agreement
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with prior studies in STZ-diabetic rat models (Calcutt et al., 1999; Calcutt et al.,

2000b; Calcutt et al., 2004).  These results indicate that loss of neurotrophic

support may play a role in the development of thermal hypoalgesia and suggest

a similarity in the response to supplemental neurotrophic factors between rats

and mice.  Because we observed no change in epidermal nerve fiber density in

the untreated diabetic mice, we were unable to assess the effects of CNTF and

TX14(A) on epidermal innervation.  However, these data further support the

disconnect between thermal hypoalgesia and epidermal fiber loss discussed in

chapter 4.

Although treatment with either IDD 676 or Neotrofin partially prevented

MNCV slowing and treatment with either CNTF or TX14(A) prevented the

development of thermal hypoalgesia, none of these treatments were successful

in reversing either of these functional or behavioral deficits.  These results are of

clinical relevance because, although the prevention of various indices of

neuropathy in animal models may increase our understanding of its

pathogenesis, in order to successfully treat humans with diabetic neuropathy,

potential therapeutics must be able to reverse established deficits.

Together, these data provide evidence of the involvement of polyol

pathway flux in the development of MNCV slowing and the involvement of loss of

neurotrophic support in the development of thermal hypoalgesia.  Furthermore,

these experiments highlight the importance of considering the differences

between rats and mice when determining proper doses to administer.  Given the

apparent involvement of loss of neurotrophic support in the development of small
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fiber neuropathy, our next set of studies focused on insulin as a neurotrophic

factor and the role that insulin plays, beyond its effects on glycemic levels, in the

development of diabetic neuropathy.
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6 – Insulin as a Neurotrophic Factor

6.1 Introduction

6.1.1 Insulin as an in vitro neurotrophic factor

Recent evidence suggests that insulin deficiency may contribute to

diabetic neuropathy, independent of its effects on glycemic levels.  Multiple

studies have confirmed that insulin is involved in the survival and maintenance of

sensory neurons.  In cultured human neuroblastoma cells, insulin increases both

neurofilament and tubulin mRNA levels (Mill et al., 1985; Wang et al., 1992).

Insulin also appears to be involved in tubulin stabilization and neurite outgrowth

in cultured neuroblastoma cells (Ishii et al., 1985; Fernyhough et al., 1989).  A

more recent study, using cultured DRG neurons, indicates that the addition of

insulin to the culture media can increase mitochondrial inner membrane potential

(Huang et al., 2003).  Given that mitochondrial dysfunction has been proposed as

a mechanism of peripheral nerve degeneration (Nicholls and Budd, 2000) and

that depolarization of the mitochondrial membrane has been observed in sensory

neurons isolated from streptozotocin(STZ)-diabetic rats (Srinivasan et al., 2000),

diabetes-induced insulin deficiency may lead to mitochondrial depolarization

which could contribute to the development of diabetic peripheral neuropathy.

6.1.2 Insulin as an in vivo neurotrophic factor

Recent studies have examined the effects of low doses of insulin on

peripheral neuropathy in rat models of diabetes.  STZ-diabetic rats that were
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given insulin at doses low enough to not affect glycated hemoglobin levels were

protected against mitochondrial membrane depolarization and the development

of nerve conduction velocity slowing (Huang et al., 2003).  Another study,

examining the effects of low doses of insulin delivered intrathecally, found that

insulin treatment both prevented and reversed nerve conduction velocity slowing

in STZ-diabetic rats, without influencing glycemic levels (Brussee et al., 2004).

The insulin-treated rats also showed less axonal atrophy in the sural nerve than

the untreated diabetic rats.  Recently published studies have also explored the

effects of low doses of insulin on epidermal innervation.  One study, examining

the effects of intrathecally delivered insulin in STZ-diabetic rats, found increases

in IENF densities and IENF lengths in the treated diabetic rats (Toth et al., 2006).

However, the IENF densities and lengths of the insulin-treated diabetic rats

remained lower than those of the non-diabetic control group.  Another study

using STZ-diabetic mice found evidence of epidermal reinnervation in individuals

that spontaneously regained islet cell function (Kennedy and Zochodne, 2005).

6.1.3 Comparisons of type 1 and type 2 rodent models

Given insulin’s neurotrophic properties, one might expect the epidermal

nerve fibers of humans and animals with type 2 diabetes to be protected from

developing neuropathy.  A recent study, using morphometric analysis to compare

sural nerves from type 1 and type 2 diabetic rats, found that the type 1 diabetic

rats showed signs of C-fiber degeneration sooner than the type 2 diabetic rats

(Kamiya et al., 2005). While several studies have reported a reduction in IENF

density in rat models of type 1 diabetes (Bianchi et al., 2004; Lauria et al., 2005;
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Leonelli et al., 2007; Roglio et al., 2007), the effects of hyperglycemia on

epidermal innervation in rat models of type 2 diabetes remain unexplored.

Epidermal fiber loss has been reported in mouse models of type 2 diabetes

(Gibran et al., 2002; Drel et al., 2006; Vareniuk et al., 2007).  However, type 2

diabetic mouse models can show insulinopenia in later stages of the disease,

and insulin levels were not reported by the authors of these studies.  In the first

study presented in this chapter, we compared changes in epidermal innervation

in type 1 and type 2 diabetic mouse models of the same background strain.  Our

next studies examined the effects of various doses of insulin on certain measures

of diabetic neuropathy in a type 1 diabetic mouse model.  Lastly, we examined

the effects of the systemic insulin release that occurs immediately following STZ-

injection, as well as the effects of insulin injected directly into the paw, on heat

sensitivity and epidermal innervation.

6.2 Methods

6.2.1 A comparison of type 1 and type 2 models

The type 1 diabetic group consisted of male C57Bl/6 mice that were given

a single 180 mg/kg injection of STZ.  Hyperglycemia was confirmed 3 days later,

and only mice with blood glucose levels exceeding 15 mmol/l were included in

the diabetic group.  After 4 weeks of diabetes, thermal withdrawal latency was

measured using the methods described in section 2.2.1.  Mice were then

sacrificed and plantar foot skin was taken.  Skin samples were later

immunostained and analyzed using the methods described in sections 2.4.1 and

2.4.2.
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The type 2 diabetic group consisted of male db/db mice, which possess a

leptin receptor mutation that results in the development of type 2 diabetes.

These mice were generated by Jackson Labs (Bar Harbor, ME) using C57Bl/6

mice as the background strain (stock  #000697).  Blood glucose levels were

monitored throughout the study.  After the mice had been hyperglycemic for

approximately 41 days, thermal withdrawal latency and motor nerve conduction

velocity (MNCV) were measured using the methods described in sections 2.2.1

and 2.3.1, respectively.  Mice were then sacrificed and plantar foot skin was

removed from both the db/db mice and non-diabetic age-matched control mice.

The skin samples were fixed, dehydrated, sectioned, immunostained and

analyzed, as described in sections 2.4.1 and 2.4.2.

6.2.2 The effects of varied doses of insulin in type 1 diabetic mice

To examine the effects of varied doses of insulin, type 1 diabetes was

induced in male Swiss Webster mice using the methods described in section

6.2.1.  One group of diabetic mice was given a single Linbit Insulin Pellet

(LinShin Inc., Canada).  These implants release approximately 0.1 unit of insulin

per day for at least 30 days.  Another group of diabetic mice was given 3 Linbit

Insulin Pellets.

After the mice had been diabetic for 4 weeks, thermal withdrawal latency

and MNCV were measured using the methods described in sections 2.2.1 and

2.3.1, respectively.  Plantar foot skin samples were removed at the time of

sacrifice, and immunoreactive IENF profile density and epidermal thickness were

then assessed in PGP9.5-immunostained skin sections, using the methods that
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have been described in sections 2.4.1 and 2.4.2.  Blood samples were also taken

from the mice at the time of sacrifice and shipped to Biosafe Laboratories Inc.

(Chicago, IL), where HbA1C levels were measured.  A subsequent study was

performed examining the effects of either 1 or 5 (3 initially, followed by 2 more

after 4 weeks) insulin pellets on the same indices of neuropathy described above

after 8 weeks of diabetes.

6.2.3 The acute effects of STZ-injection

To examine the effects of the systemic insulin release that occurs

following STZ-injection and subsequent destruction of pancreatic beta cells, male

Swiss Webster mice were given a 180 mg/kg intraperitoneal injection of STZ,

using the same methods described previously.  Blood glucose levels were

monitored every 4 hours for the following 54 hours.  After 54 hours, the STZ-

injected mice and age-matched control mice, underwent thermal withdrawal

latency testing and were sacrificed immediately thereafter.  Footpad skin was

then removed, immunostained and analyzed, using the methods described

previously.

6.2.4 Effects of direct insulin injections

To examine the local effects of insulin, male Swiss Webster mice first

underwent testing of baseline thermal withdrawal latency and were then injected

with 0.1 unit of HumulinR insulin (Eli Lilly, Indianapolis) diluted in 20 microliters of

saline into the plantar surface of the left hind paw.  Age-matched control mice

were given a 20 microliter injection of saline.  After 54 hours, thermal withdrawal

latency was again assessed.  In order to draw comparisons between our
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baseline withdrawal latency measurements and the measurements taken 54

hours later, we constructed a calibration curve, by plotting the rate of temperature

increase.  The calibration curve was used to convert latency measurements to

the temperature at which the mouse reacted to the heat stimulus.  Conversion

from latency to temperature is necessary when comparing measurements taken

on separate days, as the rate of heating is not always consistent.  Immediately

following thermal withdrawal latency assessment, the mice were sacrificed, and

foot skin from both hind paws was removed.  The skin samples were then

immunostained and analyzed, using methods described previously.  In addition

to PGP9.5 immunohistochemistry, skin sections from these mice were also

immunostained with an antibody against GAP-43 (Abcam, UK), a marker for

regenerating nerve fibers.  GAP-43-immunoreactive nerve profiles were

quantified using the methods described previously.

6.3 Results

6.3.1 A comparison of type 1 and type 2 models of diabetes

The type 2 diabetic db/db mice developed a significant (p<0.001) increase

in body weight (see Table 3.1).  The blood glucose levels of the db/db mice

fluctuated throughout the study, so levels were measured frequently.  Figure 6.1

shows the blood glucose levels at various time points throughout the study.  By

71 days of age, the majority of the db/db mice had blood glucose levels

exceeding 15 mmol/l, so this time point was considered to be the first day of

hyperglycemia.  Although glycemic levels continued to fluctuate throughout the

study, the mice that were included in the diabetic group all possessed average
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glycemic levels exceeding 15 mmol/l.  At the time of sacrifice, the insulin levels of

the db/db mice greatly exceeded (p<0.01) those of the control mice (Figure 6.2).

A significant (p<0.001) decrease in MNCV (Figure 6.3) and a significant (p<0.01)

increase in thermal withdrawal latency (Figure 6.4A) developed in the db/db mice

after 41 days of hyperglycemia.  As was reported in chapter 3, a significant

(p<0.01) reduction in linear immunoreactive IENF profile density was observed

(Figure 3.5C).  A significant (p<0.001) reduction in IENF density was also

observed when profile counts were normalized to epidermal area (Figure 6.5A).

Figure 6.1.  Blood glucose levels from the non-diabetic control mice at day 62
and from the type 2 diabetic db/db mice throughout the study.  At day 71, the
majority of the db/db mice had blood glucose levels exceeding 15 mmol/l, so
this was considered day 1 of hyperglycemia.
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Figure 6.2.  At the conclusion of the study, the insulin levels of the type 2
diabetic db/db mice were significantly higher than those of the non-diabetic
control mice. Data are presented as mean+SEM and were analyzed by an
unpaired 2-tailed t-test, **p<0.01.

Figure 6.3. After 41 days of hyperglycemia, the MNCVs of the db/db mice
were significantly slower than those of the control mice. Data are presented as
mean+SEM and were analyzed by an unpaired 2-tailed t-test, ***p<0.001.

After 4 weeks of diabetes, the STZ-injected C57Bl/6 mice had a significant

(p<0.001) weight loss (see Table 3.1) compared to control mice.  The diabetic

C57BL/6 mice also developed a significant (p<0.01) increase in thermal

withdrawal latency (Figure 6.4).  As was reported in chapter 3, a significant

(p<0.01) reduction in linear immunoreactive IENF profile density was

observed(Figure 3.5A), and immunoreactive IENF profile density was also

reduced when counts were normalized to epidermal area (Figure 6.5B).
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A B

Figure 6.4. The thermal withdrawal latencies of db/db mice (A) and STZ-
diabetic C57Bl/6 mice (B) were significantly increased compared to the control
mice. Data are presented as mean+SEM and were analyzed by an unpaired
2-tailed t-test, **p<0.01.

A B

Figure 6.5.   Both db/db (A) and STZ-diabetic C57Bl/6 (B) mice developed a
significant decrease in immunoreactive IENF profile density when profile counts
were normalized to epidermal area. Data are presented as mean+SEM and
were analyzed by an unpaired 2-tailed t-test, *p<0.05, ***p<0.001.

6.3.2 The effects of varied doses of insulin

After 4 weeks, the untreated diabetic mice developed a significant

(p<0.001) weight loss compared to control mice, and the single insulin pellet did

not significantly affect body weight.  The diabetic mice that received 3 insulin

pellets were significantly (p<0.01) heavier than the untreated diabetic mice, yet

still significantly (p<0.001) lighter than the non-diabetic control mice (Table 6.1).
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The blood glucose levels of both the untreated diabetic mice and the diabetic

mice that received a single insulin pellet were at least 33.3 mmol/l.  However, our

method of detection was not sensitive enough to ascertain whether or not the low

dose of insulin had an effect on blood glucose levels.  The diabetic mice that

received 3 insulin pellets had a lower median blood glucose level of 28.1 mmol/l

(Table 6.1).

Table 6.1. Final body weight, blood glucose levels and HbA1C levels for mice
treated with insulin pellets for 4 weeks.

Group Final Body
Weight (g)

Final Blood
Glucose (mmol/l)

Final HbA1C (%)

Control
(N=10)

32.4±2.2 8.6 (5.6-18.1) 5.18±0.3

Untreated
Diabetic

(N=8)

25.6±3.0* >33.3*** 10.2±0.6*

Diabetic + 1
Insulin Pellet

(N=11)

26.9±1.4* >33.3*** 8.8±1.0*#

Diabetic + 3
Insulin Pellets

(N=9)

28.9±1.1*# 28.1 (24.4-33.3) 7.6±0.5*#

Data are mean ± SEM, except blood glucose levels, which are median (range).
Statistical analysis was performed by 1 way ANOVA followed by SNK for final
body weights and HbA1C levels and by Kruskal-Wallis followed by Dunn’s for
final blood glucose levels. *p<0.05, ***p<0.001 vs. control, #p<0.05 vs. untreated
diabetic.

The HbA1C levels of the untreated diabetic mice were also significantly

(p<0.001) increased, compared to those of the non-diabetic control mice.  Both

the mice receiving the single implant and the mice receiving 3 implants had

HbA1C levels that were significantly (p<0.01) lower than those of the untreated
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diabetic mice, but these levels were still significantly (p<0.01) higher than those

of the non-diabetic control mice (Table 6.1).

The untreated diabetic mice developed significant (p<0.01) MNCV slowing,

compared to the non-diabetic control mice (Figure 6.6).  Treatment with low

doses of insulin appeared to have a partial effect, with the nerve conduction

velocities of the mice that received a single insulin pellet not being significantly

different from either the untreated diabetic mice or the non-diabetic control mice.

The nerve conduction velocities of the diabetic mice that received 3 insulin

pellets were completely normalized (p<0.05 vs. untreated diabetic, p>0.05 vs.

control).

Figure 6.6.  Untreated diabetic mice developed a significant decrease in
MNCV after 4 weeks of STZ-induced diabetes.  MNCV slowing was partially
ameliorated by treatment with a single insulin pellet and completely prevented
by treatment with 3 insulin pellets. Data are presented as mean+SEM and
were analyzed by 1-way ANOVA, followed by SNK, **p<0.01 vs. control,
#p<0.05 vs. untreated diabetic.

Untreated diabetic mice also developed a significant (p<0.01) increase in

thermal withdrawal latency after 4 weeks of diabetes (Figure 6.7).  There was a

partial alleviation of thermal hypoalgesia in the mice that received a single insulin
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implant.  However, values were not significantly different from the untreated

diabetic mice and remained significantly (p<0.05) higher than control mice.

Treatment with 3 insulin pellets completely prevented the development of thermal

hypoalgesia (p<0.01 vs. untreated diabetic, p>0.05 vs. control).

Figure 6.7. Untreated diabetic mice developed a significant increase in thermal
withdrawal latency after 4 weeks of STZ-induced diabetes.  The increase in
thermal withdrawal latency was not significantly affected by treatment with a
single insulin pellet, but was completely prevented by treatment with 3 insulin
pellets. Data are presented as mean+SEM and were analyzed by 1-way
ANOVA, followed by SNK, *p<0.05,***p<0.001 vs. control.

In our analysis of epidermal innervation, there were no statistically

significant differences in immunoreactive IENF profile density between the

control mice, the untreated diabetic mice, the diabetic mice that received 1 insulin

pellet and the diabetic mice that received 3 insulin pellets (Figure 6.8), and this

observation was true for profile counts normalized to both epidermal area and

length. The untreated diabetic mice developed significant (p<0.05) epidermal

thinning (Figure 6.9).  The thinning was completely prevented in the mice that

received a single insulin pellet (p<0.01 vs. untreated diabetic, p>0.05 vs. control).

However, the thickness of the epidermis of the mice that received 3 insulin
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pellets was not significantly different from either the untreated diabetic mice or

the non-diabetic control mice.

A B

Figure 6.8.  There were no significant differences in linear immunoreactive
IENF profile density between non-diabetic control mice, mice with untreated
STZ-induced diabetes for 4 weeks and diabetic mice that had received either 1
or 3 insulin pellets (A).  No significant differences were observed when profile
counts were normalized to epidermal area (B). Data are presented as
mean+SEM and were analyzed by 1-way ANOVA, followed by SNK.

Figure 6.9. The untreated diabetic mice exhibited significant epidermal
thinning after 4 weeks.  Thinning was prevented by treatment with a single
insulin pellet, but the epidermal thickness of the group that had received 3
insulin pellets was not significantly different from either the non-diabetic control
group or the untreated diabetic group. Data are presented as mean+SEM and
were analyzed by 1-way ANOVA, followed by SNK, *p<0.05, **p<0.01 vs.
untreated diabetic.

In our study examining the effects of varied doses of insulin after 8 weeks

of diabetes, the final body weights of the untreated diabetic mice were

significantly (p<0.001) lower than those of the non-diabetic control mice.  The
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mice that were given a single insulin pellet were significantly (p<0.01) heavier

than the untreated diabetic mice, yet significantly (p<0.001) lighter than the non-

diabetic control mice.  The mice that were given 5 insulin pellets were also

significantly (p<0.001) heavier than the untreated diabetic mice, but significantly

(p<0.001) lighter than the non-diabetic control mice (Table 6.2).

The final blood glucose levels for both the untreated diabetic mice and the

mice that received a single insulin pellet were again above our limit of detection

(33.3 mmol/l).  The mice that received 5 insulin pellets had blood glucose levels

that were lower than those of the untreated diabetic mice, yet still significantly

(p<0.001) higher than those of the non-diabetic control mice (Table 6.2).

The final HbA1C levels of the untreated diabetic mice were significantly

(p<0.001) increased, compared to those of the non-diabetic control mice.  The

HbA1C levels of the mice that received a single insulin pellet were significantly

(p<0.05) lower than those of the untreated diabetic mice, yet still significantly

(p<0.001) higher than those of the non-diabetic control mice.  The diabetic mice

that received 5 insulin pellets had significantly (p<0.001) lower HbA1C levels

than the untreated diabetic mice and the mice that received a single insulin

pellet.  However, the HbA1C levels of the mice that received 5 insulin pellets

were still significantly (p<0.001) higher than those of the non-diabetic control

mice (Table 6.2).

After 8 weeks, the untreated diabetic mice had significantly (p<0.001)

slower nerve conduction velocities than those of the non-diabetic control mice

(Figure 6.10).  Treatment with either a single insulin pellet or 5 insulin pellets did
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not have an effect on the MNCV slowing.  The untreated diabetic mice also

developed a significant (p<0.05 vs. control) increase in thermal withdrawal

latency (Figure 6.11).  Treatment with a single insulin pellet had no effect on

thermal withdrawal latency (p<0.05 vs. control).  However, treatment with 5

insulin pellets was able to prevent the development of thermal hypoalgesia

(p>0.05 vs. control).

Table 6.2. Final body weight, blood glucose levels and HbA1C levels for mice
treated with insulin pellets for 8 weeks.

Group Final Body
Weight (g)

Final Blood
Glucose (mmol/l)

Final HbA1C
(%)

Control
(N=10)

34.5±2.6 10.6 (8.9-16.2) 4.5±0.2

Untreated
Diabetic

(N=8)

22.7±2.6* >33.3*** 11.3±0.3*

Diabetic + 1
Insulin Pellet

(N=11)

27.3±3.5*# >33.3*** 10.2±1.0*#

Diabetic + 5
Insulin Pellets

(N=11)

29.2±2.5*# 29.5 (4.1-33.3) 7.1±1.2*#

Data are mean ± SEM, except blood glucose levels, which are median (range).
Statistical analysis was performed by 1-way ANOVA followed by SNK for final
body weights and HbA1C levels and by Kruskal-Wallis followed by Dunn’s for
final blood glucose levels. *p<0.05, ***p<0.001 vs. control, #p<0.05 vs.
untreated diabetic..
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Figure 6.10. Untreated diabetic mice developed a significant reduction in motor
nerve conduction velocity after 8 weeks of STZ-induced diabetes.  Nerve
conduction velocity slowing was not prevented by treatment with either a single
insulin pellet or 5 insulin pellets. Data are presented as mean+SEM and were
analyzed by 1-way ANOVA, followed by SNK, **p<0.01,***p<0.001 vs. control.

Figure 6.11. Untreated diabetic mice developed a significant increase in
thermal withdrawal latency after 8 weeks of STZ-induced diabetes.  The
increase was not affected by treatment with a single insulin pellet, but was
completely prevented by treatment with 5 insulin pellets. Data are presented as
mean+SEM and were analyzed by 1-way ANOVA, followed by Dunnett’s
Multiple Comparison Test, *p<0.05 vs. control.

No significant differences in immunoreactive IENF profile density were

observed between the non-diabetic control mice, the untreated diabetic mice and

either treatment group (Figure 6.12), and this observation was true for profile

counts normalized to either epidermal area or length.  There were also no

significant differences in the thickness of the epidermis between the non-diabetic
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control mice, the untreated diabetic mice and either treatment group (Figure

6.13).

A B

Figure 6.12. There were no significant differences in linear immunoreactive
IENF profile density between non-diabetic control mice, mice with untreated
STZ-induced diabetes for 8 weeks and diabetic mice that had received either 1
or 5 insulin pellets (A).  Significant differences were also not observed when
profile counts were normalized to epidermal area (B).  Data are presented as
mean+SEM and were analyzed by 1 way ANOVA, followed by SNK.

Figure 6.13. There were no significant differences in epidermal thickness
between non-diabetic control mice, mice with STZ-induced diabetes for 8 weeks
and diabetic mice that had received either 1 or 5 insulin pellets. Data are
presented as mean+SEM and were analyzed by 1 way ANOVA, followed by
SNK.
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6.3.3 The short-term effects of STZ injection

The STZ-injected mice were hyperglycemic 4 hours post-injection (Figure

6.14).  The increase in blood glucose levels was followed by a significant

(p<0.001) drop 8 hours post-injection.  After 12 and 16 hours, blood glucose in

the injected mice was again approaching hyperglycemic levels, and after 20

hours blood glucose exceeded 15 mmol/l.  Hyperglycemia persisted in the

injected mice for the duration of the study.

Figure 6.14. The blood glucose levels of the un-injected mice remained
relatively consistent throughout the study.  STZ-injected mice experienced an
increase in blood glucose levels 4 hours post-injection that was followed by a
transient decrease 8 hours post-injection. The mice eventually progressed to
hyperglycemia. Data are presented as mean+SEM and were analyzed by an
unpaired 2-tailed t-test, *p<0.001 vs. un-injected mice.

After 54 hours, there were no significant changes in the thermal

withdrawal latencies of the STZ-injected mice (Figure 6.15).  There was a slight

but not significant increase in the linear immunoreactive IENF profile density of

the STZ-injected group (Figure 6.16A), and when profile counts were normalized

to epidermal area, there was a significant (p<0.05) increase in the density of the
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STZ-injected group (Figure 6.16B).  There was also an insignificant trend toward

a thinning of the epidermis in the STZ-injected group  (Figure 6.17).

Figure 6.15. There were no significant changes in thermal withdrawal latency
in the STZ-injected mice 54 hours post-injection. Data are presented as
mean+SEM and were analyzed by an unpaired 2-tailed t-test.

A B

Figure 6.16. Immunoreactive IENF profile density was not significantly
different in the STZ-injected mice when profile counts were normalized to
epidermal length.  However, the density was significantly increased in the
STZ-injected group when profile counts were normalized to epidermal area.
Data are presented as mean+SEM and were analyzed by an unpaired 2-
tailed t-test, p<0.05.
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Figure 6.17. There were no significant differences in epidermal thickness
between the un-injected mice and the STZ-injected mice, 54 hours post-
injection.
Data are presented as mean+SEM and were analyzed by an unpaired 2-tailed
t-test.

6.3.4 Effects of direct insulin injections

There were no significant post-injection changes of thermal sensitivity in

either the saline-treated or the insulin-treated mice, and this observation was true

for both the injected and un-injected paws (Figure 6.18).  There were also no

significant changes in epidermal innervation between the insulin-injected mice

and the saline-injected mice as measured using PGP9.5-immunoreactivity

(Figure 6.19).  Again, the lack of change was true for both the injected and un-

injected paws of each group.  Changes in epidermal thickness were also not

observed (Figure 6.20).  Although the GAP-43 antibody clearly identified

immunoreactive IENF profiles (Figure 6.21A), no significant changes in GAP-43

immunoreactive nerve profile density were observed (Figure 6.21B).
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Figure 6.18. There were no significant differences in thermal sensitivity
between any of the groups. Data are presented as mean+SEM and were
analyzed by 1-way ANOVA, followed by SNK.

A B

Figure 6.19. No significant differences in immunoreactive nerve profile density
were observed between the insulin-injected and saline-injected mice when
counts were normalized to either epidermal length (A) or epidermal area (B).
Data are presented as mean+SEM and were analyzed by 1-way ANOVA,
followed by SNK
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Figure 6.20. No significant differences in epidermal thickness were observed
between the insulin-injected and saline-injected mice. Data are presented as
mean+SEM and were analyzed by 1-way ANOVA, followed by SNK.

A B

Figure 6.21. An GAP-43-immunoreactive IENF profile is identified with an arrow
(A).  There were no significant differences in GAP-43 immunoreactive IENF
profile density between the insulin-injected and saline-injected mice. Data are
presented as mean+SEM and were analyzed by 1-way ANOVA, followed by
SNK.
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a decrease in the MNCVs of the db/db mice, and although we did not measure

the MNCVs of our STZ-diabetic C57Bl/6 mice, reductions in MNCV velocity have

previously been reported in STZ-diabetic mice of this strain (Obrosova et al.,

2005).  Together, these results indicate that neuropathy is present in both type 1

and type 2 mouse models of diabetes. Our observation of decreases in

epidermal innervation in insulin-resistant type 2 mice agrees with reports

published during my studies using leptin deficient db/db and ob/ob strains

(Gibran et al., 2002; Drel et al., 2006).  However, unlike these previous studies,

we have demonstrated that the type 2 diabetic db/db mice develop a reduction in

epidermal innervation, despite having insulin levels greatly exceeding those of

the non-diabetic control mice.  Our results, along with clinical studies reporting

decreases in epidermal innervation in type 2 diabetic patients (Pittenger et al.,

2004; Shun et al., 2004), appear to indicate that the presence of insulin per se

does not play a protective role in the development of neuropathy in type 2

diabetic patients and mouse models. However, the observation of neuropathy in

type 2 diabetic patients and mouse models does not necessarily negate a role for

insulin in the maintenance of sensory neurons.  Neurons may develop a

resistance to insulin through mechanisms similar to those that cause insulin

resistance in other cell types.  Indeed, the PI3K signaling pathway through which

insulin exerts its neurotrophic effects (Huang et al., 2005) is also involved in

GLUT4 receptor translocation (Cheatham et al., 1994).  A defect in the PI3K

signaling pathway could contribute to the development of both hyperglycemia
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and neuropathy.  Further examination of insulin signaling in nerves from type 2

diabetic rodent models may shed additional light on this issue.

In our experiments examining the therapeutic effects of treatment with a

single insulin pellet in STZ-diabetic Swiss Webster mice, the initial intention was

to provide background levels of insulin, without altering hyperglycemia.

Unfortunately, based on our HbA1C measurements, the amount of insulin

released from a single pellet was enough to significantly lower glycated

hemoglobin levels.  By treating mice with either 3 or 5 insulin pellets, our

intention was to normalize glycemic levels.  Again, based on our HbA1C

measurements, we were not completely successful.  However, our experiments

still provide valuable data on the effects of varied doses of insulin on several

measures of diabetic neuropathy in Swiss Webster mice with STZ-diabetes for 4

or 8 weeks.  The slight increase in MNCV and decrease in thermal withdrawal

latency in the mice that were treated with a single pellet suggests that low doses

of insulin are mildly efficacious after 4 weeks of diabetes.  However, we were

unable to determine whether the improvements were due to insulin’s

neurotrophic properties or its effect on blood glucose levels.  The complete

prevention of MNCV slowing and thermal hypoalgesia in the mice that received

higher doses of insulin for 4 weeks, despite the persistence of hyperglycemia,

suggests that insulin-deficiency, rather than hyperglycemia, may be the cause of

these deficits.

When we examined the effects of 8 weeks of insulin treatment, both the

low- and high-dose treatments were unable to prevent MNCV slowing.  However,
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the higher dose of insulin was still able to prevent the development of thermal

hypoalgesia.  Our results may indicate that different mechanisms are involved in

the progression of these defects.  Perhaps, although treatment with high doses of

insulin prevents MNCV slowing during the early stages of diabetes, the effects of

hyperglycemia overcome the therapeutic effects of insulin in later stages.  Our

observation of the prevention of thermal hypoalgesia, despite hyperglycemia, in

the mice treated with higher doses of insulin for 8 weeks again indicates that

insulin-deficiency may be a more prominent cause of this deficit.

Because no significant changes in immunoreactive IENF profile density

were observed in the untreated diabetic mice, we were unable to assess the

effects of varied doses of insulin on epidermal innervation after 4 and 8 weeks.

These results further support the dissociation between thermal nociception and

epidermal fiber loss discussed in chapter 4.  Potential reasons for the variability

in the timing of epidermal nerve fiber loss in STZ-diabetic mice will be further

discussed in chapter 7.  Our analysis of epidermal thickness indicates that

insulin-deficiency may play a role in epidermal thinning after 4 weeks of diabetes.

The greater effect of a single insulin pellet, compared to 3 insulin pellets, may

indicate that there is an upper limit to the dose of insulin required to prevent

epidermal thinning.

The purpose of our experiment examining the short-term effects of STZ

injection was to assess the effects of systemic insulin release on thermal

withdrawal latency and epidermal innervation.  When STZ destroys the

pancreatic beta cells, there is a release of insulin, which was confirmed in our
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mice by the transient period of hypoglycemia that we observed 8 hours post-

injection.  We hypothesized that the burst of insulin released by the dying beta

cells may induce sprouting of the epidermal nerves and could potentially result in

transient thermal hyperalgesia prior to the onset of thermal hypoalgesia that we

routinely measured after 4 and 8 weeks of diabetes.  Our observation of an

increase in PGP9.5-immunoreactive IENF profile density when immunoreactive

nerve profile counts were normalized to epidermal area supports this hypothesis.

However, when the immunoreactive IENF profile counts were normalized to

epidermal length, the increase was not significant.  The insignificant trend toward

a decrease in epidermal thickness observed in the STZ-injected mice could

account for the increase in epidermal nerve fiber density when immunoreactive

nerve profile counts were normalized to epidermal area.  The results of this

experiment highlight the importance of normalizing immunoreactive IENF profile

counts to both epidermal length and area.  Although the release of insulin did not

appear to have any effect on thermal withdrawal latency, the possibility remains

that the excess insulin resulted in the sprouting of epidermal fibers that were not

yet functional.  Our data suggests the possibility that the STZ-induced systemic

release of insulin has slight neurotrophic effects.

To further explore this possibility, we examined the effects of insulin

injected directed into the paw.  Our results showing no effect on either thermal

withdrawal latency or epidermal innervation in mice injected with insulin again

suggests a lack of neurotrophic properties.  However, there are several other

possibilities for why insulin appeared to have no effect that have to be
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considered.  We selected a dose of 0.1 insulin units because studies of the

neurotrophic properties of insulin in diabetic rats that were published during my

dissertation research reported this dose to be efficacious in the amelioration of

nerve conduction velocity slowing and epidermal fiber loss when delivered to the

spinal cord (Brussee et al., 2004; Toth et al., 2006).  However, both of these

studies involved continuous treatment, rather than a single injection.  Another

possible reason for the lack of neurotrophic effects observed when insulin was

injected directly into the paw could be that the insulin may have to bind to

receptors in the central terminals or DRG, rather than the peripheral nerve

terminals, to be efficacious.  The studies that reported therapeutic effects of low

doses of insulin delivered the protein intrathecally (Brussee et al., 2004; Toth et

al., 2006) and demonstrated that the insulin was binding to receptors found in the

DRG (Brussee et al., 2004).  It is quite possible that either the dose of insulin

injected into the paw was too small, or that the binding of insulin to peripheral

receptors was less effective.

Together, the results of these experiments indicate that although insulin

may have neurotrophic properties, it does not appear to play a major role in the

protection or sprouting of epidermal nerve fibers.  Indeed, a study published

during my dissertation research reporting protective effects of intrathecal insulin

indicated that this approach was unable to completely restore epidermal

innervation in STZ-diabetic rats (Toth et al., 2006).  However, our results do

indicate that insulin depletion may be involved in the early stages of MNCV

slowing and in the development of thermal hypoalgesia.
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The results of our studies examining the effects of low or high doses of

insulin further highlight the dissociation between structural changes and

functional deficits that was described in chapter 4.  As in previous studies, an

increase in thermal withdrawal latency was observed after both 4 and 8 weeks of

diabetes.  However, epidermal nerve fiber density was unchanged at both time

points.  As was discussed in chapter 4, this disconnect between structure and

function could be due to early biochemical changes, including reduced receptor

and neuropeptide expression, at either the distal or proximal regions of the

sensory nerves.
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7 – Discussion

7.1 Summary of Results

In light of the numerous reports of PGP-immunoreactive epidermal nerve

fiber loss in skin biopsies from humans with diabetes (Kennedy et al, 1996;

Pittenger et al., 2004; Shun et al., 2004), the first aims of this dissertation were to

validate the use of antibodies against PGP9.5 in the quantification of epidermal

innervation and to establish whether or not rodent models exhibit a similar fiber

loss.  We indeed confirmed that antibodies against PGP9.5 demonstrate similar

immunoreactivity to antibodies against the structural protein HMW Tau, and

therefore, a reduction in PGP9.5 immunoreactivity likely reflects a loss of

epidermal innervation, rather than a downregulation of PGP9.5 content in

otherwise intact fibers.  We also demonstrated that streptozotocin(STZ)-diabetic

rat models of the Wistar and Sprague-Dawley strains, as well as STZ-diabetic

mouse models of the C57Bl/6 and Swiss Webster strains, also experience

reductions in epidermal innervation and confirmed a previous report describing

epidermal nerve fiber loss in type 2 diabetic db/db mice (Gibran et al., 2002).  In

addition to these results, we observed epidermal thinning the in STZ-diabetic rats

and mice and epidermal thickening in type 2 diabetic db/db mice.

Given that the majority of the nerve fibers terminating in the epidermis are

heat-sensitive C-fibers, the next series of experiments focused on examining the

relationship between changes in heat sensitivity and loss of epidermal
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innervation.  After 2 weeks of diabetes, we observed a significant increase in

thermal withdrawal latency.  However, epidermal nerve fiber density was

unchanged.  Thermal hypoalgesia persisted after 4 weeks when a significant

reduction in epidermal innervation was finally observed.  These results indicate

that early biochemical or physiological changes may contribute to the loss of

thermal sensation before the C-fibers begin to retract.  To further explore this

issue, we examined epidermal and sub-epidermal substance P (SP)-

immunoreactivity.  Although there was no change in sub-epidermal SP-

immunoreactivity, we observed a significant increase in epidermal SP-

immunoreactivity, a possible indication of sprouting nerves.  To further explore

this possibility, we examined GAP-43 immunoreactivity and indeed observed an

increase in GAP-43-immunoreactive epidermal nerve fibers.  These results

demonstrate that the thermal hypoalgesia observed after 2 weeks of diabetes is

not due to distal changes in SP expression.  To explore the possibility that

changes in SP expression occurring more proximally could be involved in the

loss of heat sensation, we measured SP content in the sciatic nerve.  The

decrease in sciatic nerve SP levels indicates that reductions in SP synthesis,

transport or spinal release may contribute to the development of thermal

hypoalgesia.  Our observation of reduced cutaneous blood flow in mice that had

been diabetic for 2 weeks identifies another factor that may contribute to the

development of thermal hypoalgesia.

The next set of experiments were aimed at identifying potential

mechanisms involved in the pathogenesis of diabetic neuropathy by examining
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the effects of various therapeutics.  Aldose reductase inhibition partially

ameliorated motor nerve conduction velocity (MNCV) slowing, yet was unable to

prevent thermal hypoalgesia.  Neotrofin also had a partial effect on MNCV, but

did not affect thermal withdrawal latency.  Both CNTF and TX(14)A prevented

increases in thermal withdrawal latency, indicating that loss of neurotrophic

support may be involved the development of thermal hypoalgesia.  However,

none of these compounds were able to reverse established deficits in MNCV or

increases in thermal withdrawal latency.

The final set of experiments were aimed at examining the neurotrophic

properties of insulin.  First we compared mouse models of insulin-deficient type1

diabetes and insulin-resistant type 2 diabetes.  In addition to a similar loss of

epidermal innervation, we observed an increase in thermal withdrawal latency in

both models.  Despite being hyperinsulinemic, the type 2 diabetic mice also

developed significant MNCV slowing.  These results indicate that insulin does not

provide protection against the development of neuropathy in type 2 diabetic mice.

Next we examined the effects of varied doses of insulin after both 4 and 8

weeks of type 1 diabetes.  High doses of insulin prevented both an increase in

thermal withdrawal latency and MNCV slowing after 4 weeks.  Lower doses of

insulin had no effect on withdrawal latency, but partially ameliorated MNCV

slowing.  Both low and high doses of insulin prevented epidermal thinning.  After

8 weeks, neither dose of insulin was able to prevent MNCV slowing, but the high

dose of insulin prevented the development of thermal hypoalgesia.
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Our next experiment assessed the impact of physiologic changes that

occur immediately following injection of STZ, which include a release of insulin

that results in a brief period of hypoglycemia before the progression to

hyperglycemia.  Three days after the injection of STZ, thermal withdrawal latency

and linear immunoreactive IENF profile density were unaffected in STZ-injected

mice.  However, we did observe a significant increase in PGP9.5-

immunoreactive IENF profile density when profile counts were normalized to

epidermal area.

Lastly, we examined the effects of insulin injected directly into the paw.

No changes in thermal withdrawal latency, immunoreactive IENF profile density

or epidermal thickness were observed.  To explore the possibility of nerve

sprouting, we quantified GAP-43-immunoreactive nerve profiles and also

observed no change.

7.2 Clinical and Experimental Relevance of Epidermal Nerve Fiber

Assessment

When I began my dissertation research, the quantification of epidermal

innervation in skin biopsies was being developed as a means of diagnosing and

staging diabetic neuropathy, and as an outcome measure for clinical trials.

Previous methods relied primarily on behavioral assessments, which can be

highly subjective, or on electrophysiological studies, which only reflect the

function of large nerve fibers.  Sural nerve biopsy was the primary means of

assessing structural changes.  However, not only is this method highly invasive,

it also does not allow for differentiation of autonomic and sensory nerve fibers.
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The publication of several studies reporting a reduction in PGP9.5-

immunoreactive IENFs identified the assessment of epidermal innervation in skin

biopsies as practical means of evaluating peripheral small-fiber neuropathy (see

table 7.1 for a summary).  During the course of my research, more clinical

studies were published, many examining the correlation between reductions in

IENF density and other measures of diabetic neuropathy (Pittenger et al., 2004;

Shun et al., 2004; Sorensen et al., 2006).  However, questions still remain as to

whether or not the evaluation of skin biopsies is the best way of diagnosing

neuropathy in the clinical setting.  Furthermore, whether or not rodents are the

most appropriate choice for modeling diabetes-induced epidermal nerve fiber

loss requires further consideration.

7.3 The Dissociation of Thermal Nociception and Epidermal Innervation:

Clinical Implications

The assessment of epidermal innervation in skin biopsies initially showed

promise as a diagnostic tool because IENF density was thought to be one of the

earliest indicators of neuropathy (Lauria and Devigili, 2007) and was assumed to

correlate with changes in heat pain sensitivity (Pittenger et al., 2004; Shun et al.,

2004).  However, based on our observations in mouse models, it appears that

the retraction of epidermal nerve fibers is preceded by the loss of thermal

sensitivity.  If these results extend to humans, quantitative sensory testing, or

more specifically the assessment of thermal sensitivity, may be able to identify

diabetic neuropathy at an earlier stage.  Given that therapeutics with the ability to

reverse epidermal nerve fiber loss have not yet been identified, the ability to
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diagnose small fiber neuropathy before reductions in IENF density are detectable

could have implications for the successful treatment of diabetic neuropathy.  It

has recently been reported that when mice are fed a high fat diet for 16 weeks,

their epidermal innervation remains intact.  However, they develop thermal

Table 7.1. A comparison of cutaneous nerve fiber density assessment in
various clinical and animal models of diabetes.

       Species Type Duration IENF
Loss

SNP
Loss

Source

Human 1 10-27 years Yes NA Properzi et al., 1993;
Kennedy et al., 1996;
Boucek et al., 2005

Human 2 5-14 Years Yes NA Lauria et al., 1998;
Hirai et al., 2000;
Shun et al., 2004;
Pittenger et al., 2005

Human Both 5-18 years Yes NA Levy et al., 1989; Levy
et al., 1992; Gibran et
al., 2002; Pittenger et
al., 2004; Koskinen et

al., 2005; Polydefkis et
al., 2004; Sorensen et
al., 2006

Rhesus Monkey 2 8+ Years Yes NA Pare et al., 2007

Rat (Sprague

Dawley)

1 11-12 Weeks Yes NA Bianchi et al., 2004;

Leonelli et al., 2007;
Roglio et al., 2007

Rat (Sprague-
Dawley)

1 8 Weeks Yes No Figure 3.3

Rat (Wistar) 1 8 Weeks Yes No Figure 3.3

Mouse (ob/ob) 2 11 Weeks of Age
(Duration of

hyperglycemia not

specified)

Yes NA Drel et al., 2006;
Vareniuk et al., 2007

Mouse (db/db) 2 Not Specified Yes NA Underwood et al.,
2001; Gibran et al.,
2002

Mouse (db/db) 2 41 days Yes No Figure 3.5

Mouse
(C57Bl6/J)

1 6 weeks Yes NA Drel et al., 2007

Mouse
(C57Bl/6)

1 4 weeks Yes No Figure 3.5

Mouse (Swiss
Webster)

1 4 weeks Yes No Figure 3.5
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hypoalgesia that can be reversed if mice are returned to a normal diet (Obrosova

et al., 2007).  Again, if these results can be extended to humans, pre-diabetic

patients may show early changes in heat sensation that precede reductions in

IENF density, and these sensory deficits may be reversible through lifestyle

intervention.  In a clinical study, lifestyle intervention was associated with a slight

increase IENF density in pre-diabetic patients, but once fiber loss had extended

to the sub-epidermal nerve plexus, epidermal reinnervation was unlikely (Smith

et al., 2006).  These results further highlight the importance of detecting nerve

fiber degeneration at the earliest stages.  In the very early detection of small fiber

loss, corneal confocal microscopy, which involves the non-invasive monitoring of

corneal nerve fibers, may prove to be a more suitable alternative.  Indeed, in a

recent study comparing corneal nerve fiber quantification to IENF quantification,

corneal confocal microscopy was able to detect nerve damage at earlier stages

(Quattrini et al., 2007).

It may be possible to improve the sensitivity of skin biopsy assessment by

making a distinction between peptidergic and non-peptidergic fibers.  A recent

study suggests that peptidergic innervation may be preferentially affected by

diabetes (Johnson et al., 2007b).  As was mentioned in chapter 4, it is possible

that early reductions in the peptidergic population are subsumed by the total

innervation.  Although we did not detect a reduction in SP-immunoreactive IENF

density after 2 weeks of STZ-induced diabetes, but rather observed signs of

sprouting, the sprouting may have been an early response to fiber damage that is
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soon followed by degeneration.  Hence, peptidergic fibers would be the first to

degenerate, and focusing on quantifying these fibers could potentially detect

diabetic neuropathy sooner.

Our observed disconnect between structure and function also has

implications for the use of epidermal nerve fiber assessment as a measure of

efficacy for clinical trials.  The ability of a potential therapeutic to prevent

reductions in PGP9.5-immunoreactive IENF density does not necessarily mean

that the therapeutic can preserve sensory function.  If early biochemical changes,

such as the reduction in sciatic nerve SP levels observed in our STZ-diabetic

mice, are not targeted, patients may be left with structurally intact, yet non-

functional, epidermal C-fibers.  Although their IENF densities would be within

normal range, they could still experience sensory loss and be susceptible to

trauma and infection.  However, there are several areas in which the assessment

of skin biopsies is still advantageous over quantitative sensory testing.

Quantitative sensory testing relies on the subjective response of the

patient, and can thus be complicated by patients who are either consciously or

unconsciously biased toward demonstrating abnormality (Dyck et al., 1998).  The

size of the probe used can also affect results (Khalili et al., 2001), making it

difficult to compare data collected at multiple sites.  The evaluation of skin

biopsies, on the other hand, is relatively unbiased, and with the publication of

standardized guidelines for processing and quantification (Lauria et al., 2005b),

comparisons can be drawn between skin biopsies obtained at various sites.  An
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ideally designed clinical trial would include both behavioral and structural

assessments.

7.4 The Utility of Mouse Models in the Study of Epidermal Nerve

Fiber Loss

Although one of the initial aims of this dissertation was to examine the

pathogenesis of epidermal nerve fiber loss in rodent models of diabetes, in

several of our later studies, we observed no change in epidermal nerve fiber

density.  From these studies, we were able to identify a dissociation between

structural and functional changes, as was discussed in chapter 4.  However,

without a loss of epidermal innervation in our diabetic mice, we were unable to

examine the mechanisms of fiber loss and assess the efficacy of various

therapeutic agents.  In order for STZ-diabetic Swiss Webster mice to be a

suitable model for the evaluation of therapeutics, the ability to accurately predict

the timing of epidermal nerve fiber degeneration is necessary.  Without an

accurate time frame, suitable endpoints for studies are difficult to identify.

Therefore, we retrospectively examined several of our studies in hopes of

identifying factors that would predict epidermal fiber loss.

Body weight can be considered an indicator of the severity of diabetes,

and therefore, seemed to be a likely indicator of IENF loss.  However, although

the mean body weight of the diabetic mice from some of the studies where we

did not observe fiber loss was higher than that of the diabetic mice from the

studies where we did observe fiber loss, this was not true in every case.  When

we compared final body weight of the diabetic mice expressed as a percentage
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of the mean body weight of the control mice, again a clear pattern did not

emerge.  A comparison of the total amount of weight lost by the diabetic mice

from each study also failed to predict which mice developed fiber loss (see Table

7.2).  It appears as though change in body weight alone is not enough to predict

the onset of epidermal C-fiber retraction.

Table 7.2. A comparison of final body weight and total change in body weight of
untreated diabetic Swiss Webster mice from the experiments described in this
thesis.

N Duration of
Diabetes
(weeks)

IENF Loss Final Body
Weight (g)

(% of Control
Body Weight)

Change in
Body

Weight (g)

8 4 Yes 23.2
(73.3%)

4.0

11 4 No 30.6
(84.6%)

4.2

11 4
No

22.9
(72.2%)

2.0

8 4 No 25.6
(78.8%)

6.8

10 8 No 27.0
(82.7%)

0.4

We hypothesized that the variability in severity of diabetes in our mice

could be due to variation in the extent to which the STZ injection was able to

eliminate insulin-producing beta cells.  We considered the possibility that, due to

incomplete destruction of beta cells, some injected mice may have continued to

produce low levels of residual insulin.  These levels may have been too low to

affect blood glucose levels, yet may still have been high enough to provide a

measure of protection against epidermal nerve fiber loss.  Indeed, the epidermal
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nerve fibers of STZ-diabetic rats are protected by insulin, delivered intrathecally,

at doses too low to affect blood glucose levels (Toth et al., 2006).

To address this issue, we attempted to measure insulin levels in our mice

using an ultrasensitive insulin ELISA kit (Mercodia, Winston Salem, NC) with a

lower detection limit of 0.025 µg/l.  The diabetic mice from a study where we

observed significant fiber loss all had insulin levels below the limit of detection.

However, 61% of the diabetic mice from a study in which we did not observe

epidermal fiber loss had detectable levels of insulin, although the levels were still

quite low and did not correlate with epidermal nerve fiber density (Figure 7.1).

These results are far from conclusive, yet they do hint at the involvement of

insulin in the preservation of epidermal innervation.

Figure 7.1. A plot of insulin levels against immunoreactive IENF profile density.
Data was analyzed by linear regression, r2=0.00.

Although measuring insulin levels in STZ-diabetic mice could provide an

explanation as to why certain mice are protected against fiber loss, the amount of

blood required for the assay makes it impossible to complete without sacrificing

the animal.  Until more sensitive assays are developed, residual insulin levels

cannot be routinely determined in live STZ-diabetic mice and therefore, this is not
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a suitable means of determining whether or not mice will have developed fiber

loss prior to the conclusion of a study.  Given the difficulty of accurately

predicting when fiber loss will develop in STZ-diabetic Swiss Webster mice,

perhaps alternative models would be more appropriate for examining epidermal

nerve fiber degeneration.  An ideal model would allow for continuous assessment

of IENF density, rather than a single endpoint measurement.

Because the removal of skin is relatively non-invasive, small biopsies

could be taken from mice at multiple timepoints.  However, due to the small

surface are of the mouse footpad, removal of skin from this area would

complicate behavioral testing.   Instead, biopsies would have to be taken from

the hairy skin on the back.  This alternative is not ideal given the evidence

presented in chapter 3 that epidermal nerves retract in a length dependent

manner.  Hence, biopsies from the most distal regions, such as the footpad,

would be the first to show IENF loss.  Also, footpad skin is necessary for an

accurate correlation of changes in epidermal nerve fiber density and changes in

paw thermal withdrawal latency.

Thy1-YFP mice, which express a fluorescent protein in their neurons that

allows for noninvasive monitoring of cutaneous innervation, would appear to be a

logical choice for continuous monitoring of diabetes-induced IENF loss (Chen et

al., 2005).  However, only the innervation of hairy skin can be quantified in these

mice because the thickness of footpad skin blurs the fibers, making them difficult

to count.  Again, hairy skin on more proximal regions of the body would be slower
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to develop reductions in epidermal innervation and the correlation of footpad

IENF densities with paw withdrawal latencies would not be possible.

The use of a larger species could allow for repeated removal of skin

biopsies.  Although diabetic rats develop fiber loss and have a larger footpad,

there is still insufficient surface area for repeated sampling.  However, this issue

may be overcome through the use of feline models.  Indeed, recent evidence

suggests that cats model many of the structural changes observed in humans

with diabetic neuropathy (Mizisin et al., 2007).  Although changes in epidermal

innervation have not yet been reported in cats with diabetes, both thermal

hypoalgesia and reductions in IENF density have been reported in feline models

of HIV neuropathy (Kennedy et al., 2004).  However, the onset of diabetes is

difficult to control in spontaneously diabetic cats, and large treatment groups may

be difficult to assemble.  Although STZ-diabetic mice may not ideal for the study

of epidermal nerve fiber loss, alternative models have drawbacks as well.  Future

studies should focus on identifying factors that may be predictive of epidermal

fiber loss in mice, so that the timing of C-fiber degeneration can be better

understood.

7.5 Implications of epidermal thinning

Our observation of a thinning of the 3 bottommost layers of the epidermis

in rodent models of diabetes is novel, and the role that skin thinning may play in

sensory loss requires consideration.  As noted in chapter 4, keratinocytes may

play a role in heat sensation. Indeed, the skin has recently been described as the

largest sensory organ in the body (Zhao et al., 2008).  In addition to expressing
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multiple heat-sensitive receptors (Denda et al., 2001; Peier et al., 2002; Chung et

al., 2003), epidermal keratinocytes also release several substance involved

modulating sensation, including pro-nociceptive endothelin-1 (Gokin et al., 2001),

anti-nociceptive !-endorphin (Khodorova et al., 2003) and ATP (Koizumi et al.,

2004).  Furthermore, keratinocytes express voltage-gated sodium channels

(Zhao et al., 2008), which are thought to be involved in the pathogenesis of pain

(Waxman et al.,1999).  Given the ample evidence of the contribution of

keratinocytes to pain sensation, a reduction in keratinocyte number and the

consequent thinning of the epidermis may contribute to the development of

thermal hypoalgesia.  This hypothesis could seemingly be negated by our

observation of thermal hypoalgesia, despite epidermal thickening, in the db/db

mice.  However, because the C-fibers of the db/db mice had already begun to

retract, the connections between the nerve endings and the keratinocytes may

have already been disrupted, rendering the fibers less sensitive to heat.  To

address this issue, future studies should focus on the contribution of

keratinocytes to heat sensation.  CD44 knockout mice show significant epidermal

thinning (Bourguignon et al., 2006), and given that the CD44 protein is

associated with rapidly dividing cells (Underhill, 1992), one would not expect the

knockout to greatly affect nerve fibers.  After first confirming that IENF density is

unaffected, an analysis of thermal withdrawal latency in these knockout mice

may help to clarify the role that epidermal thinning plays in the loss of heat

sensitivity.
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Another potential way that the apparent epidermal thinning observed in

our mice could contribute to the loss of heat sensation involves changes in the

stratum corneum.  Because this outermost layer tends to separate during tissue

processing, we were not able to examine the effects of diabetes on this layer.  It

is possible that the epidermal thinning we observed may not have actually been a

thinning of the entire epidermis.  Disruption of keratinocyte turnover could have

resulted in both the thinning of the lower layers, which we were able to quantify,

and a consequent thickening of the stratum corneum.  Given that even the most

distal nerve endings terminate in the stratum granulosum (Navarro et al., 1995),

a thickening of the stratum corneum could create a barrier between the heat

stimulus and the C-fiber terminal, resulting in a loss of heat sensitivity.  Total

epidermal thickness, including the stratum corneum, can be assessed in vivo

using either confocal microscopy or ultrasound (Nouveau-Richard et al., 2004).

Future studies should be focused on determining whether or not the thickness of

the stratum corneum is altered by diabetes.

7.6 Mechanisms of Thermal Hypoalgesia and Epidermal Nerve Fiber Loss

While multiple pathogenic pathways have been implicated in the

development of diabetic neuropathy, the specific mechanisms of loss of thermal

sensation and epidermal innervation remain unclear.  In this dissertation, we

sought to increase our understanding of the mechanisms involved in these

deficits by examining the effects of various therapeutics designed to target

proposed pathogenic pathways.  The inability of an aldose reductase inhibitor

and an NGF-enhancing substance to prevent the development of thermal
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hypoalgesia could be interpreted as evidence that increased flux through the

polyol pathway and loss of neurotrophic support do not contribute to this deficit.

However, as was

Figure 7.2. A schematic depicting the major findings of this dissertation.  Dotted
lines represent proposed hypotheses.
A- See experiments described in chapter 5
B- See experiments described in chapter 4
C,D-See experiments described in chapter 3
1Drel et al., 2006
2Toth et al., 2008
3Drel et al., 2007; Vareniuk et al., 2007

discussed in chapter 5, dosing issues may be responsible for the lack of efficacy.

Aldose reductase inhibitors and both Neotrofin and NGF have shown efficacy in
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other rodent models of diabetes (Apfel et al., 1994; Diemel et al. 1994; Calcutt et

al., 2004; Calcutt et al., 2006; Drel et al., 2006).  Our observation of the

prevention of thermal hypoalgesia by treatment with CNTF and TX14(A)

suggests that loss of neurotrophic support may indeed play a role in the loss of

thermal sensation.  This conclusion is further supported by the ability of insulin to

prevent thermal hypoalgesia without normalizing blood glucose levels.  Given the

relationship between neurotrophic factors and neuropeptide levels (Diemel et al.,

1994; Fernyhough et al., 1994) and the involvement of SP in pain transmission

(Mantyh et al., 1997; Cao et al., 1998; Laneuville et al., 1998; Nichols et al.,

1999; Vierck et al., 2003), loss of neurotrophic support may be contributing to the

development of thermal hypoalgesia through downregulation of SP.

As was discussed previously, given that the untreated diabetic mice in

many of our studies examining therapeutics did not develop epidermal nerve

fiber loss, we were unable to draw conclusions about the potential pathogenic

mechanisms.  However, during the course of my research, studies have been

published implicating polyol pathway flux (Drel et al., 2006), oxidative/nitrosative

stress (Vareniuk et al., 2007; Drel et al., 2007) and non-enzymatic glycosylation

(Toth et al., 2008) in the development of both thermal hypoalgesia and epidermal

nerve fiber loss.  Most likely, a combination of mechanisms contributes to these

deficits and ideal treatments may need to target several pathways.

Our observation of a reduction in cutaneous blood flow in mice that had

been diabetic for 2 weeks identifies another diabetes-induced physiological

deficit that may contribute to loss of thermal sensation and C-fiber degeneration.
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Although the epidermis may be able to meet some of its oxygen needs through

diffusion from the atmosphere (Stucker et al., 2002), epidermal cells are still

dependent on their dermal blood supply for removal of waste.  Therefore, a

shunting of blood away from the dermal capillaries may contribute to the

degeneration of epidermal C-fibers.  The observation of aldose reductase within

the axons of the perivascular sympathetic nerves points to a potential

mechanism of reduced cutaneous blood flow (Jiang et al., 2006).  The

accumulation of polyols could disrupt the function of these sympathetic nerves,

resulting in reduced constriction of the arteriovenous shunt and subsequent

diversion of blood from the dermal capillaries.  Future studies should examine the

effects of aldose reductase inhibition on dermal blood flow and explore how the

potential correction of blood flow deficits may relate to thermal withdrawal latency

and epidermal nerve fiber density.

The results of our studies examining the effects of various therapeutics

also highlight the differences between small and large fiber neuropathy.  In many

of our studies, nerve conduction velocity, which is a reflection of large fiber

function, was assessed as a measure of efficacy.  The aldose reductase inhibitor

IDD 676 partially ameliorated nerve conduction velocity slowing without affecting

thermal withdrawal latency, suggesting that large fibers may be more vulnerable

to the effects of polyol pathway flux.  Furthermore, the results of our study

examining the effects of varied doses of insulin found that high doses lessened

nerve conduction velocity slowing after 4 weeks of diabetes.  However, this

therapeutic effect was lost after 8 weeks.  These results suggest that at early
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stages, insulin is able to counteract the effects of hyperglycemia on large fibers.

However, eventually other hyperglycemia-related defects, such as the buildup of

polyols or free radicals, may overcome the neurotrophic effects of insulin,

resulting in nerve conduction velocity slowing.  Given that thermal hypoalgesia

was still prevented by insulin after 8 weeks of diabetes, our results indicate the

small and large fibers may have different levels of vulnerability to various

pathogenic mechanisms.  Indeed, others have demonstrated that treatment with

a peroxynitrite decomposition catalyst completely prevents motor nerve

conduction velocity slowing, while only partially ameliorating thermal hypoalgesia

(Drel et al., 2007).

7.7 Final Conclusions

The experiments described in this dissertation have characterized rats and

mice as a model of diabetes-induced epidermal nerve fiber loss and identified the

novel structural change of epidermal thinning.  We have also identified a

separation between loss of thermal nociception and reductions in epidermal

nerve fiber density.  These results confirm the importance of epidermal nerve

fiber assessment in the study of diabetic neuropathy, but also caution against

assuming that behavioral deficits are always accompanied by structural changes.
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