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Abstract

Diabetic neuropathy (DN) is the mosdbmmonand debilitatingcomplication of type 1
and type 2 diabetewith gpproximately half of allpatientsdevelopng neuropathy during the
course of their live. Additionally, patients with prediabetes also develop neuropathy, often
presenting with painful symptoms, including burning and stinging sensations, as well as
hyperalgesia and allodyni&esearch suggests that altereglirotropnism may account for the
development and maintenance of PDN, resulting in a dying back of peripheral neurons, leading
to pain. Furthermore, patients suffering from painful diabetic neuropathy (PDN) have few
therapeutic options, asharmaceuticalsre rarely effective andare only m@lliative in nature.
However, recent research suggests that exercise may be beneficial in rédNinthe purpose
of this workwas totestthe effects of obesity and a hifgt diet on the development BiN, to
investigate howdiabetes alters neurotropisiand to determine if voluntary exercise is capable of

reducingPDN.

Initial studies used a model of obese, type 2 diabetes and investigated if voluntary
exercise could reverdeDN. Diabetes resulted in mechanical allodynia, yet because these mice
did na exercise, no benefit was gained; however, there was a significant correlation between
physical activityand mechanical withdrawal thresholds. Additionally, we found that glial cell
line-derived neurotrophic factor (GDNF) was decreased in the diabetie. Mlese results
suggest that diabetes does alter neurotrophin levels, wiagHead tdPDN. Next, using a high
fat diet to induce prediabetase found increased levels of nerve growth factor (N@Bjein a
neurotrophin known to medw pain signalingin the periphery, while exercise normalized these
levels. Furthermore, prediabetes resulted in a switching of axonal phenotypes in the skin,

increasing peptidergic nerve fibers, which was reversed with exercise. These results suggest that



increased NGF plys a critical role in mediating pain sensation in prediabetes and that exercise is
capable of reversing this increase. Particularly, this study suggests that the ratio of peptidergic to
nonpeptidergicaxons m& mediate the occurrence of PDahd may be mar clinically
significant than overall fiber density measures. Finally, we demonstrated thatabidiet

induced PDN was reversed with a blocking antibody to N@®Faddition to decreases in
mechanical withdrawal thresholds, aNGF treatment also normaéd NGF levels within the

DRG as well as normalizing epidermal innervation. Taken together, these studies demonstrate
that exercise is capable of attenuating PDN, possibly through mediating NGF levels. It therefore
appears that exercise and aNGF treament are effective therapeuticategies to prevent and

reversePDN.
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Chapter 1

INTRODUCTION



Diabetes Mellitus

Diabetesmellitus is a chronic, multsystem metabolic disorder caused by both genetic
and environmental factors and is characteribgdhyperglycemia.Diabetesmellitus causs
elevated blood glucose levetkie to disrupted normal insulin signaling due tdesitloss of
insulin production by the pancreas or loss of peripheral utilization of insulin. While disrupted
insulin signaling is the cause of both types of diabetes mellitus, the etiology and clinical
manifestations are specific to each type. TYpkabdes isan autoimmune disorder in which the
insulin producing beta cells in the pancreas are destroyed and typicedgnfs in young
childhood Type 1diabetes mellitus accounts for approximately 5% of all diabetes diagripses
Type 2 diabetes is caused by insulin resistance in peripheral tissues and ralt imgeilin
deficiency. Type 2diabetes mellitus accounts for-96% of all diagnose cases of diabetes and
typically presents during middler @ld age. Additionally, type Biabetes mellitus is associated

with poor nutrition, lack of exercise, and obesity.

The World Health Organization (WHO) estimates that 347 million people worldwide
have diabetes and it is predicted to become the seventh leading cause of death in the world by
2030. In the United States alone, the Centers for Disease Control and Prevention estimates 25.8
million adults and children are affected by diabebedact, theprevalence of diabetes continues
to increase with approximately 1.9 million new cases of diabetes diagnosegia peyears or
older per yeafl]. Diabetes is not only a health concern, but also a social and economic concern,
as both type 1 and type 2 diabetes and the associated complications account for $116 billion in

medical costs and an additional $58 billion in indirect castaialy [1].



Prediabetes

I n comparison to type 1 and type 2 diabert
population, including 79 million Amerans, has prediabetes. Prediabetes is defined as blood
glucose concentrations higher than normal levels, but not meeting the clinical definition of
diabetes. Patients with prediabetes represent arisighpopulation for developing diabetes.
According tothe World Health Organization (WHO), individuals at risk for developing diabetes
have one or both prediabetic conditions: impaired fasting glucose (IFG) which is defined by
fasting plasma glucose concentration greater than or equal to 6.1 (110mg/di3satithte 7.0
mmol/L (126 mg/dl) and/or impaired glucose tolerance (IGdgfined by a fasting plasma
glucose concentration of <6.1 mmol/L and a 2 hour -fmest plasma glucose concentration
betweerO7 .8 (140 mg/dl) and <11.1 mmol /L (199 mg/
test[2]. The American Diabetes Association (ADA) uses the same thresholds for IGT, but the
IFG is loweed to 5.66.9 mmol/L (100125 mg/dl)[2-4]. In individuals with prediabetes; %

develop diabetes annually with up to 70% eventually developing overt digbedes

Diabetic Neuropathy

Even with differing pathophysiologies, secondary complications, including heart disease,
stroke, hypertension, nephropathy, retinopathy, and neuropathy occur in both type 1 and type 2
diabetesEven though patients with prediabetes may not have the overt hyperglycemia like type
1 and type 2 diabetes, these patients are still at risk of dewvglgpmplications.Of these
complications, diabeatineuropathy is the most command debilitating complicatigrsome 66
70% of diabetic patients will develop some form of neuropgthyDiabetic neuropathy can be

classified as either a diffuse or focal neuropathy. Diffuse neuropathies are the most common and



are usually chronic and progressive in nature. Focal neuropathies are much less eoocharen
generally acutén onset and arselflimiting, usually inabout 68 weeks[7, 8]. Included in the
diffuse neuropathies are distal symmetric sensorimotor polyneuropathy and diabetic autonomic
neuropathy. Distal symmetric sensorimotor polyneuropathy is thecopshon andecognized

form of diabetic neuropathy and from tipseint forward will be what is refeed to asdiabetic
neuropathy (DN). @&betic neuropathy is characterized by both sensory and motor defitits

sensory dysfunctiopredominate

Clinical Presentation

Although patients are susceptible to lesions in any nerve typeisballyresults indistal
axonal degeneration in a dyibgck, length dependent mannenanifesing at the distal
extremities, beginning in the fingers and toes and eventually progressing proximally towards the
trunk. This is termed a A bhowstbakitisthe loegastaxand i v e 0
the body that are affected fif€, 10]. Sural nerve biopsies from DN patiestsow loss of small,
unmeylinated & | ber s, as wel |l a Bberssiimtad Beginning ystades ofat e d
neuropathybut then progress tlarge A bfiber dysfunction in latestages with motor deficits
occurring in severe, late stage diabetic neutopit0-13]. DN may present witltombination of
positive and negative symptontfositive symptoms include chronic pain, increased sensitivity
to either mechanical othermal stimuli, or parasthesiasd is associated with small fiber
degeneratioffi7]. Negative symptoms include loss of sensitivity to mechanical or thermal stimuli,
chronic numbness, and altered or reduced propriocegtidiis more often associated with large
fiber neuropathy7]. In fact, negative symptoms are responsible for an increased risk of ulcers,
foot infections, Charcot joints and amputati¢h4], accounting for 55% of all nortraumatic

amputationg8]. As stated, patients may present with positive or negative symptoms. Perhaps
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even more interesting, is that patients may present to the clinic with both symptoms: numbness in
their feet and toes, yet very pronounced pain and sensitivity at the same time. While the majority
of patients experience negative symptoms, or an insensate neuropathy, a portion of the diabetic
population experiences disabling chronic pain. Prevalence ratesndtilpdiabetic neuropathy

vary, but most estimate that approximately2D8% of the diabetic population experiences pain
[15-17]. Additionally, as diabetic neapathy progresses, motor function can also be affected,
leading to limited mobility and causing impairments in walking, running, and even climbing
stairs. Although motor modalities may be affected, this is only seen in advanced cases of diabetic

neuropathyfor a review, se¢lg)).

Damage to neuronslue to diabetic neuropathy are correlated to peripheral nerve
pathology and clinicaki gns and sympt oms. I niti al di agnos
recognition of a combination of symptoms, followed by confirmatory teskaljowing clinical
evaluation, Brve injury can bdurther assessed through quantitative sensory testegve
conduction velocity (NCV) studiesand skin biopsies. Clinical evalien is comprised of a
variety of tests such as pinprick, vibration perception using a tuning fork, a 10g monofilament
pressure test, and ankle reflexesassess sensory modality dysfundticé. Nerve conduction
velocity (NCV) studies are considered theg o | d s foradiraghasmgl DN and include
sensory (SNCV) and motor (MNCV) electrophysioloferve conduction velocity is measured
using a compound action potential (CAP), which is the algebraic summation of all the action
potentials produced by alh¢ fibers that were fired by the stimulus. Nerve conduction velocity
can be measurdaly the amplitude of the wavihe speed of the CARr a combination of both
Amplitude can be lowered due to loss of fibers within the nerve, or a loss of fibers réathiag

stimulus. The latency to the beginning of the CAP can also be altered and reflects changes in the



average firing speedAlterations in NCV include a slowing of conduction velocity due to
demyelination and loss of large myelinated fibers, as welldecrease in nerve action potentials
due to a loss of axon40, 20, 21]. NCV studies are the most objective and noninvasive measures
of nerve functionyet cannot be taken at face value for diagnosis aldide NCV studies are
useful for examining larger fiber dysfunctiaskin biopsies and subsequémtaepicermal nerve

fiber density(IENFD) measures are more appropriate for examining cutaneous small fiber loss.

Patients with prediabetes are susceptible to neuronal damage and diabetic neuropathy,
much like patients with overt diabetes. While previously dehates now generally accepted
that patients with prediabetes do develdy. Clinically, 1018% of patientsn the clinicpresent
with abnormal nerve conduction velocitigZ2, 23], dgnifying that the lengtldependent nerve
injury may predate the diagnosis of overt diabetgygestingneuropathy associated with
prediabetesRecent studies have established batients cardevelop DN before the clinical

diagnosis of prediabet§24-26].

Neuropathy in individuals with prediabetes generally appears less severeabanvitin
frank diabetes mellitusPrediabetic neuropathy has been reported to halghtly less distinct
impairment in amplitude and conduction velocity in the sural ng2@eas well a significantly
improved amplitude in the peroneal nerve in prediabetes compared to di@dgtédoreover,
prediabetes appears to goeninately affect sensory modalities, leaving motoodalities
relatively unchangefl4, 27]. In addition toNCV studies showingensory nerve involvement as
compared to motor nerve involvemeff4, 27], patients oftenexhibit sensory symptoms,
including increased vibration perception and reduced temperature perdgdioDue to the
appearance of sensory symptoms rather thator symptoms, it appears it is the small nerve

fibers that are affected earliest and to a greater deg§mdar toovert diabetic neuropathy, this
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is due to the absence of the protective myelin sheath covering the small fibers, yielding them
more susqgatible to glucose toxicity compared to larger, myelinated fij2g$. It should be

noted that because prediabeteuropathy affects small fibers far more than large fibers, NCV
studies are less accurate in prediabetes compared to diabetes. In fact, NCV studies may be
normal in approximately one out of 10 patients with small fiber dysfun¢fibn In the setting

of predabetes, it is often times more useful to obtain a skin biopsy to quantify IENFD in order to

confirm a dying back of cutaneous small fibg2§, 29].

Pathogenesis

The pathogenesis of the dyibgck phenomenon of peripheral nerves in diabetic
neuropathy is not completely clear; however, the small, unmyelinated neurons appear to be the
most susceptible to hyperglyceanassociated with both type 1 and type 2 diabetes, as well as
prediabetes. It is well established that the duration of diabetes and glycated hemoglobin levels
are associated with a high incidence of neuropg@By31]. Additionally, the Diabetes Control
and Complicatons Trials (DCCT) confirmed the beneficial effects of vigilant control of blood
glucose lgels on the incidence of chronic complications in 1441 type 1 diabetienp=tB2],
including successfully decreasing the incidence of neuropathy by [8@Polt is clear that
chronic high blood glucose levels lead to peripheral nerve injury, though through many different

metabolic pathways.

The anatomy and vascular supply of the peripheral nervous system both play a role in the
vulnerability of neurons. The vascular stypfo peripheral nerves is sparse and it is likely that
blood flow is compromisedollowing hyperglycemia 33, leaving the neurons vulnerable to
ischemia.Malik et al. showed that patientshe did not have overt neuropathy at the time of

nerve biopsy, but displag highgrade microangiopathichanges of endoneurial microvessels
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later, developed blatant neuropathy, while patients without microvessel changes did not develop
neuropathy{34]. Vascular endothelial growth factor A (VEGK) is a protein that stimulates
vasculogenesis and angiogenesis, especially in embryonic development, and fodipercige

and injury. Importantly, VEGH is commonly misregulated in diabetic patients. Patients with
proliferative retinopathy show increased vitreous and plasma levels of ME[3B-37], while
patients with diabetic neuropathy have shown decreased VEGF expression from skin biopsies
[38]. Additionally, VEGFA levels have been shown to be sensitive to ischemic agents,
including oxygen, iron and glucosg39-42], and hyperglycemia has been shown to reduce
VEGFA RNA and proteinlevels [43, 44]. Furthermore, type 2 diabetes is associated with
reduced VEGF signaling along with impaired angiogengd. This decreased VEGF
expression in the skin could account for poor vascularization of peripheral nerves, leading to
ischemia and poor neuron health. In accordance with this theory, plasmid-N&MEGF-C
treatmen for 6 months improved neuropathy symptom scores and pain scores in patients with
diabetic neuropathf46]. Moreover, clinical trials aimed at increasing periatheirculation with
VEGF-A have shown success in increasing circulation and decreasing neurppatiag).
Additionally, the peripheral nervous system liegdsale of the bloodrain and blooeherve
barriers, leaving them more susceptible. Moreover, the neuronal cell body is relatively small in
comparison to the extremely long distance of the axonal neuritisegaently, distal axons are

too weak to support themselves and must rely on the small cell body to transport nutrients,
neurotrophic factors, as well as other signals. Damage to the neugetinbbdy or the axons
prevents proper cellular transport and sthihe periphery cannot obtainetmeededproteins

necessary for support and ima&nancg49].



It is believed thatchronic hyperglycemia lead$o peripheral nerve injury, though the
mechanism remains elusivincreased glucose flux through the polyol pathway has been the
most extensively studied cause into the development of neuropathy. Early studies proposed the
osmotic theory where increased polyol flux caused intracellular hypelasnty by an
accumulation of sorbitol into the cell cytoplasoausing cell lysi§50, 51], yet no evidene of
nerve edema or swollen cells have been doumdiabetic nerve tissud§2]. However, more
recently, using transgenic animals, the polyol pathway is a little clearer. Transgenic mice that
overexpress human aldose reductase (AR), the enzyme responsible for reducing glucose to
sorbitol, developé severe neuropathy when fed galactegeich is another AR substrafg3],
evidence that even without hyperglycemia, increased polyol flux could cause paripbere
dysfunction much like diabetic animal modelg/hen this study was then applied to
streptozotocin(STZ)yinduced diabetic animals, the STizated animals developed much more
severe NCV delays compared to Aoansgenic STAreated controls, evehaugh blood gicose
levels were comparablgb4]. While increased polyol flux is a part of the story, studies have
shown that severe hyperglycemia can causeopathic changeseven in ARdeficient mice
[59], and therefore, a pathway independent of the polyol pathway is critical. Addiieenues
of study into the pathogenesis of diabetic neuropathy include advanced glycation end product
(AGE) formation[56-58], oxidative stres§s9, 60], protein kinase C (PKC) activatig6l, 62],
inflammation [63-65], and diminished cellular and trophic suppdi®6-69]. Each of these
mechanisms is currently being evaluated to determine the role and amount of significance each
plays in the development of diabetic neuropatDgspiteyears of extensive study into each

proposed mechanism, there is still panacedor diabetic neuropathy, and it will most likely



require a combination of treatments, targeting multiple pathways to begin to develop an effective

treatment of this disease.

Rodent Models

There have been multiple rodent models developed to study diabetic neuropathy and the
associated neuronal changes, as well as investigate the mechanisms underlying the disease, and
to test possible therapies for the disease. Much of tleands is investigating type 1 diabetes,
and the most common model is using a drug knowstraptozotocin (STZ). STZ is a naturally
occurring chemical t h adlls, lIocatedsnetHe éslets of Lamderpang i x i ¢
the pancreas. STZ is transported by the GLUT
cells, where it alkyla&s the DNA in the cells, causing damage and cell dg&h After
injection, rodents display classic signs of diabetes, including polydipsia, polyuria, and

hyperglycemia, and go on to develop secondary complications, including niyrofi.

While STZ is used most regularty inducetype 1 diabetes, models for type 2 diabetes
are more diverse. Transgenic rodents are investigated most frequently, and include the leptin
receptor mutation mousellf/dg and the leptin deficient mousebfob), both on a C57BI/6
backgroundBoth mouse models resutt insatiety which leads to overeating and an obese, type
2 diabetic genetic model. Another model of type 2 diabetes, as well as prediabetes, is a high fat
diet. A high-fat diet contains 54% kcal of fat, mpared to a standard diet, which only contains
14% kcal from fatUsing a high fat model allows researchers to not alter the genetics of the
mouse and instead allows for a closer resenugldao the American population. One significant
point of investigatia is to why one rodent model will present with positive symptoms and

another model will present with negative symptoRedent models of diabetes vary in their
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presentation of diabetic neumthy, much like human patients. The different presentations of
diabetic neuropathy symptoms may offer understanding into the mechanisms and genetics

underlying the development of one course of symptoms over another.

Streptozocianduced diabetigats typicallydevelop mechanical, thermal, and chemical
hyperalgesia, comngrent with impaired nerveonduction velocitief14, 72]. However, STZ
induced diabetic mice exhibit a watly of symptoms, with certain strains, such as the A/J strain
developng mechanical hyperalgesitne C5BI/6 strain developing a mechanical hypoalgesia.
Independent of neuropathy symptoms, both the A/J and C57BI/6 strains develop sensory and

motor NCV dédicits and have decreased intraepidermal nerve fiber dgrgity2].

Type 2 diabetes models also varygresentation of DN. Leptin deficiemtb/ob mice
develop mechanical hyperalgesia, thermal hypesasg and deficits in NCV[73, 74].
Interestingly, leptin receptor null mutadb/db mice develop mechanical hypoalgesia, but no
changes d thermal sensitivity[75, 76], though they also have slowed nerve conduction
velocities.High-fat fed mice, a model more closely resembling prediabetes, exhibit mechanical
hyperalgesia and énmal hypoalgesif/7, 78]. In a recent study, it was shown that a Highdiet
could in fact reverse the neuropathy phenotype in a-iSdudced C57BI/6 mouserdm a
mechanical hypoalgesia to a mechanical hyperalg&sja highlighting the important role that
diet may play in the development of diabetic neuropathghdiuld be noted that while rodent
strains do develop diabetic neuropathy, and associated neural deficits, no model fully emulates
the human condition. Rodent models do not display the same fiber loss and neuronal
degeneration to the same extent as se#fmeimuman conditiofil4, 72, 79], which is most likely

the result of shorter axons compared to humans.

11



Exercise

As stated previously, there is no definitive cure for diabetic neurop&iryventional
treatments for peripheral neuropathy have primarily been palliative rather than curative, and
symptom orientedather than disease orientétlzen more, they have often been ineffectite.
current, the best a patient can do to prevent and ameliorate painful neuropathy is to keep
extremely tight control on their blood suga@irrent strategies for treatment of paindiabetic
neuropathy include anticonvulsants, antidepressants, and ofil&ddHowever, each of these
drugs has limitedwgcess in the treatment of pain, amdttiermore, eaclhas significant side
effect An alternative approach is to use exercise, either alone or in combination with
pharmacological interventiorit is widely accepted that moderate physical activity has general
health benefits, including the prevention of cardiovascular disease, type 2 diabitegorosis,
cancer, and depressi¢80-82]. Furthermore, it is also capable of providing analgesia, both in
rodent modelsindhuman patientsPreviousanimalstudies have shown that exercise is capable
of treating chronic myalgia in rats via treadmill runn[i®g], and swimming was able to reduce
thermal and mechanical hyperalgesia in rat modefsraialin-induced inflammatory paif84]
as well as partial peripheral nerve injury neuropd®4; 85]. Numerous human studies have
shown exercisenduced analgesia using a variety of noxious stimuli, including electrical,
temperature, and pressure tests and analgesia following exercise appears to be most consistent

with exercisepeformed at higher imnsities (>6% of maximal aerobic capacit}$6-89].

In the setting of painful diabetic neuropathy, exercise is also bengfsiah though
relatively few sudies have been reported. fact, physical activity has shown both protective
[90, 91] and therapeuti§92] effects on DN.Studies evaluating the role of exercise in animal

models of diabetic neuropathy show it can improve and maintain nerve funSaamming
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training was able to prevent motor dysfunction associated with-i8dudced diabete$91].
Moreover, treadmill trained SFihduced diabetic rats had a delay in the development of both
mechanical and hermal hyperalgesia compared to sedentary -tBflidced rats [93].
Additionally, voluntary running wheel exercise improved mechanical thresholds at 6 weeks post
STZ in a mouse model of painful diabetic neuropathy (Unpublished data, Farmer R20&®n
studies have shown similar benefits for exercise in diabetic neuropaingtudy by Balducat

al., type 1 and type 2 patients without signs of neuropathy had aadedréncidence of motor

and sensory neuropathy followirgy h/iweek brisktreadmill walking compared to sedentary
patients, as measured by nerve conduction velocity and vibration perception threshp@fjtests
Furthermore,the Diabetes Prevention Program (DPP) found that lifestyle intervention that
included a minimum of 150 minutes weekly of moderate intensity exercise of their choice, had a
significant improvemet in pain and epidermal nerve fiber density following one year of
treatment[27]. In one of the most recent studies, Kludetgal. report the results of a small
unblended trial of exercise for painful diabetic neuropathy. Using aerobic and strength training
exercises 3l days/week for 10 weeks, subjects had a 30% reduction in pain severity, a decrease
in neuropathic symptoms based on the Michigan Neuropathgi8ogeinstrument (MNSI), and
increased intraepidermal nerve fiber branching from a proximal skin bj@gkyThese studies
strongly suggest that exercise iseefive in preventing and reversing symptoms of diabetic

neuropathy, as well as painful symptoms,adent models anduman patients.

The exact mechanism of exerciseluced analgesia is not completely understood and
may involve multiple pathways to eligain relief. The most widespread research has focused
on the endogenous opioid system. It is well known that endogenous opioids, like endorphins and

enkephalins, are increased in both humans and rats following aerobic and@naezcisd 94-
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96]. In fact,evena single bout of exercise can increase the production of endogenous opioids,
leading to antinociceptiof97], while repeated exercise produces legfing antinociception
[98-100 and increases in plasma and cerebrospihadl fopioid concentrationg101, 102.
Furthermore, infusion of opioid antagonists naloxone and naltrexonieeleasshown to prevent

exerciseinduced analgesid03.

As stated previously, diabetic neuropathy is thought to be, in part, a problem due to
vascular insuffi@ncy and peripheral ischemia. Exercise may be improving diabetic neuropathy
by increasing peripheral blood flow via increased VEBRdurance training can induce marked
changes in skeletal muscles,liding an increase in capillagion, characterized gn increase
in capillary density ath capillary to fiber ratid104-10€. This increase in capillary density and
vascularization is thought to be triggered WiEGF. Previous studies have shown exercise
induced increases in VEGF mRNA in the skeletal mustlboth animals and humarj407,

109, and theséncreases in VEGF mRNA are associated witheases in VEGF protein content
[109-11]]. Interestingly, in one styd micefed a high fat diet and treadmill trained showed
significantly upregulated VEGF mRNA compared to normal chow and high fat sedentary
counterparts[117]. These dta suggest that exercise can act to upregulate VEGF mRNA,
increase skeletal muscle VEGF protein, thereby increasing capillarization and improving

peripheral blood flow. This may help prevent neural ischemia, and improve neuropathy.

Additionally, it is posible that neurotrophins play a major role in reducing pain behavior.
Numerous studies have reported exeraoskeiced increases in neurotrophins including brain
derived neurotrophic factor (BDNF), nerve growth factor (NGF), and neurotrophic factor-3 (NT
3) in both naive and injured animal$13-117. Injuries to both the central and peripheral

nervous system can cause alterations in the expression of nennwi{dd 8 119, yet exercise
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has been shown to restore neurotrophin leygls3 114 120 121]. Glial cell line-derived
neurotrophic factor (GDNF) has also been shown to be increased in an activity dependent
manner in muscle in a spinal cord injury animal model, leading to better furichoda
behavioral recovery122. Finally, exercise can also cause changes to the synthesis and release
of monoamine neurotransmitters, including norepinephrine, dopamine, and s¢d&@8nin

which are capable of inhibiting descending nociception from the brain to the spinal cord.

Neurotrophins

Neurotrophic factorare a family of closely related proteins that were initially identified
as survival factors for neurons, and are now known to control aspects of survival, development,
and function of neurons in both the central and peripmeraoussystems. Neurotrophic factors
are synthesized by peripheral tissues or neurons, often at a long distance from the neuronal cell
body. During developmenteurotrophic factorare retrogradely transported from the peripheral
target, up the axon to the cblbdy [124]. The retrograde flow of neurons is essential for the life
of the neuron in order to maintain its functional differentiated $fict§. Neurons that establish
the retrograde flow survive and mature, while those thatat establish the connection undergo

neuronal cell death.

The first neurotrophin to be discovered was nerve growth factor (NGF). It was initially
discovered from an observation that sensory ganglia became hypertrophied when mouse sarcoma
tissue was gffted onto a chick embrydl26. NGF was discovered to be part of a larger family
of related proteis that contain the following members: NGF, BDNF,-8TNT-4/5, and NF6
(which exists only in teleost fishilial cell line-derived neurotrophic factor (GDNF) is in a

different family of neurotrophins, the GDN&mily ligands (GFLs), which belongs to the
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transforming growth facteb s uper f ami | y. GDNF was originally
line supernatant as a trophic factor for dopamine neurons, and only later discovered to have

trophic effects on other neuronal subpopulations.

It shouldbeno® t hat traditionally, the word fAneur
of proteins, whil e Aneurotrophic factoro re:
neurotrophic factor (CNTF)n this manuscript, all growth factors, including NGF, BDNF, and

GDNF wi || be referred to as fineurotrophins. o

Neurotrophin Receptors and Signaling Cascades

Nerve growth factoand BDNF mediate their actions by binding to a corresponding
family of receptor tyrosine kinases referred to as tropomyosin related kifrasg (Members of
the trk gene family include trk A, which binds NGF with high affinity, trk B, which serves as a
receptor from BDNF and N/5, and trk C serves as the receptorNgr3 [127]. In addition to
the high affinity receptors, a low affinity receptor has been identifiddch binds all
neuwotrophins. p75 does not have a catalytic motif, yet it participates in binding each
neurotrophin to its corresponding trk receptActivation of trk by their ligands results in
dimerization of the receptor and phosphorylation of activation loop kina2@s Upon ligand
binding to trk and subsequemhosphorylation, different signaling cascades are activated,
including the rasaf-MAPK, PISK-Akt-GS K1 | | -DAGHKC,oand S6kinase pathways
(FIGURE 1). Interestingly, if the p75 receptor is expressed in the absence of trk, neurotrophins
can activate patvays downstream to p75 and actually promote apodtba#. Furthermore, trk
activation also leads to endocytosis of the ligand/receptor complex and subsequent retrograde

transport to different membrane compartments, leading to transcriptional control over the
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neuron. Howeer, while the signaling cascades account for quick, acute responses,
internalization of the receptoreurotrophin complex and signaling is delayed, and may take

hours or days.

Glial cell line-derived neurotrophic factatoes not signal through trk and%receptors
like the NGF family of neurotrophingnstead, GDNF signalfirough the RET receptor tyrosine
kinase and GDNfamily receptoftU r e ele p(t ®FRU1) compl ex. GFRU1
pl asma membrane by a gl ycosyloespnbtdhave detosolidy | i no
domain, yet is the binding site for GDNF. GDI
alone; they must be bound in a receptor complex. RET is a gagktransmembrane protein
with an intracellular tyrosine kinase domain. OnGeDNF bi nds to GFRU1,
GFRUlcomplex then binds to the extracellul ar
intracellular tyrosine kinase domain via autophosphorylation. Once phosphorylated, the tyrosine
residues can activate various intragkel signaling proteins, including the ree-MAPK, PI3K,
and PLCo FI6WREWZ3,ywhich (regulate survival, differentiation, migration,

chemotaxis, neurite outgrowth, and synaptasticity[129, 13Q.

Neurotrophin receptors are expressed in specific populations of neurons within the dorsal
root ganglion (DRG). Approximately 40% of DRG cells exprekd [131-135 and those cells
that do express trkA are principally small diameter. TrkA is expressed in the peptidergic subset
of smalldiameter cells, whilegw nonpeptidergiccmaltdiameter DRG cells express trHA32,
135. Additionally, approximately 20% of tger, mydinated DRG cells express trkA.
Furthermore, trk-immunoreactivity show axongerminating in laminae | and llo, very
characteristic of nociceptive neurons. The nonpeptidergic subpopulation ofdsamaditer
neurons, those which are GDNF responsaacount for approximately 34% of the cells in the
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Figure 1: Neurotrophin Signaling: Members of the neurotrophin family signal through Trk and
p75 receptors to activate downstream pathways. Neurotrophin binding leads to dimerization and
autophosphorylatin of the trk receptor. Downstream signaling cascades include thafras
MAPK (mitogenactivated protein kinase) pathway, where MAPK translocates to the nucleus
and acts to promote neuronal differentiation. Activation of the phosphatidylinosikiha®e

(PI3K) pathway leads to neuronal growth and survival, while activation of phospholipaske C

(PLC-2 1) r e somdtidnof synapticplasticityOriginal figure
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Figure 2: GDNF Signaling: GDNF si gnal s t FREDreoggior dorhpk. UgoR R U 1
GDNF binding, RET autophosphorylates at the tyrosine kinase domains and activates
downstream signaling cascades. Similar to trk and p75 receptor activation, downstream signaling
cascades include the re-MAPK (mitogenactivated protein kinase)pathway, the
phosphatidylinositol &Xinase (PI3K) pathway, and phospholipase @ (- B I1 §ascades.
Resultant activation leads to cell growth and differentiation, cell survival and cytoskeletal

reorganization.
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DRG [134], trkB is present in both small and large cell diameter within the DRG, with reports
varying from 5 to 27% of lumbar DRG cells egpsing trkB[131, 133 134]. However, there

does no seem to be a direct relationship between trkB expression in the DRG and functional
subpopulations of DRG neurons. Roughly 20% of neurons express trkC within the DRG;
however, in contrast to trkA, trkC appears to be almost solely located ordlargetemeurons,
which are responsible for proprioceptid81, 133 134]. Almost all DRG neurons that express a

trk receptor also express the p75 receptor, and p75 is not expradependently of a trk

receptof136q.

Neurotrophins and Pain

Neurotrophins have been implicated in pain in many different settings. Some
neurotrophins are pronociceptive, some are antinociceptive, and some are implicatadoire b
and antinociceptive roles. The most wiatiown and studied neurotrophin in the setting oh psi
NGF. In 1996, a study reportedgenetic basis for congenital insensitivity to pain. letal
discovered that a mutation in the trkA receptor disgdpthe normal signaling of NGF, and
because of a lack of NGF signaling, there was no sensitivity tof parh This study represents

only a small aspect of the role that neurotrophins play in sensing pain.

NerveGrowth Factor

Nerve growth factor (NGF)s known to be a potent mediator of paBuoth rodent and
human studies involving NGF administration demonstrate that NGF itself can cause
hypersensitivity. It has been demonstrated thetmal and mechanical hyperalgeisigproduced
following systemic NGF administration in rgts38, while injections of NGF produce a thermal
and mechanical hyperalgesia at the injection site in both rodents and h{ih3&n44Q.
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Additionally, in humans, an intravenous injection of low dose N&ults in myalgiaor deep
muscle painwhich can last for dayd41]. Furthermore, elevated NGF levels have bieemmd in
a variety of pain states in humans, including vasculitic neuropgd#s, chronic prostatitis

[143, interstitial cystiti144], fibromyalgid149, and endometriosid44§.

Many of these effects appear to be a result of direct action on NGF on trkA nociceptors,
since the effects can begin immediately. Direct action on nociceptors include increasing
substance P and calcitonin geneéated peptide (CGRP), upregulating eatheceptors including
TRPV1,P2X3 and ASICs[147], and upregulating N&.8 ion channeld148 149. However,
some of the effects are indirect and may involve NGF releasing algogens from a variety of
peripheral cell types. Mast cells contain inflammatory mediators (i.e. serotonin and histamine)
that are known to act on primary afferent nerve fij&s(. Many mag cells express trkA
receptorg151], and are thus activated by NGF binding. NGF can therefore result in mast cell
degranulation and increase the prolitema of mast cells presé in the tissue[15]].
Furthermore NGF can induce the expression of multiple cytokines in mast cells, including
interleukin3 (IL-3), IL-4, IL-10, TNFU , and granul oc y-stimulatmg tactaw p h a g e

[157.

Neuropathic pain is associated with multiple neuropathies, with diabeticpagioycthe
most common, but also may be associated with infections likeiftliced neuropathy, drug
treatments like cisplatinand taxolinduced neuropathy and traumatic injury to either the
peripheral nerves or spinal cord. In animal models of neuropadim¢ a large portion of sensory
neurons undergo Wallerian degeneration and therefore lost contact with their normal peripheral
targets. However, some axons within the same nerve remain intact and can traverse through the

abnormal environment of the degeating nerve. Because of this, there is a great interest in
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neurotrophic factorand their neuroprotective effecthe central hypothesis to replace or
substitute endogenous neurotrophic factors for neurons that have lost connections from their
normaltarget and to reestablish this connection. Many preclinical studies involving NGF have
shown neuroprotective effects on small, nociceptive fibers as well as NGF reversing hypoalgesia
[153-155. However, the pronociceptive effects of NGF treatment are too great to be ignored. In
phase Il clinical trials, recombinant human NGF (rhNGF) was effective at ameliorating
symptoms associated with diabetic neuropathgwever, there were painful side effects
including myalgias and injection site hyperalgesid thare dosdimiting [156. In a largescale

phase Il clinical trial, rhNGF failed to confirm the earlier indications of efficacy after 48 weeks
of treatment comparei placebd157. Following the phase lll trial, further investigan into

rhNGF was halted.

While many of these studies assessed the benefits of NGF trealmaeiotinjured nerves
and reduced targeterived neurotrophic support, thereinsreasing interest in reducing pain by
blocking the actions of NGFSeveral groups have tested the use ofld@i¥ treatment in rodent
models, with some success. Using a ratlel of sciatic nerve constriction, Ranetral showed
decreased mechanical and thermal hyperalges$g while Herzberget al showed a delayed
onset of hyperalgesifll9. In fact, Pfizerhas developed a drug for clinical use to block
endogenous NGF. Tanezumab is a monoclonal antibody directed against nerve growth factor for
the treatment of pain. Tanezumab is undergoing phase Il clinical trials for the treatnh@wv
back pain, osteoarthritis and interstitial cysti®9-161]. While there has been some success in
clinical trials for alleviating pain, many studiésive been terminated due to safety concerns,

including a study involvingliabetic neuropathjl162].
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Brain-DerivedNeurotrophicFactor

Genetically modified mice have shown the important nature of BDNF in promoting
survival during development of some sensory neurons, particulattiye itrigeminal and nodose
ganglia[163. In fact, BDNF is critical for the development of sensory neurons involved in
mechanoreception, like Meissner corpuscéad Pacinian corpusclg¢s64, 165. Beyond this

however, BDNF appears to be an important modulat pain.

Brain-derived neurotrophic factors constitutively expressed by a subset of DRG
neurons, which include small and medisinred sensory neurof&33 166. It is dramatically
upregulated in both smalland largediameter neurons in models of inflammatory and
neuropathic pain, respectivejl67-169. NGF is known to upregulate BDNF, and in the
inflammatory pain states, it appears that increases in NGF in the periphery resultsasemafe
BDNF as well In models of neuropathic pain, BDNF has been found to besglysited,;
however, the dysfunction is lesi@pecific. For example, ingptial nerve injury and sciatic
constriction modelssome smaltliameter neurons that are left intact following injury display
increases in BDNF expression, thought to be the resulhatased targeterived trophic
support[170. However, following axotomy, BDNF mRNA expression is decreased in small
diameter neurons, but increased in medito lage DRG neuron$168. BDNF is located in
large dense&ore vesicles in the primary afferent terminals located in the spina[t6td much
like the vesicles that contain substanceBBNF has been shown to be released following
neuronal activity from these vesicles. For example, BDNF has been shown to be reteased f

these vesicles following activation of nociceptiv4diliers with capsaicifl72.
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Studies sugge®8DNF mayserve both a praand antinociceptive role, depeling on the
setting.As a prenociceptive factor, as stated before, BDNF is known to be upregulated in the
DRG in conditions of peripherahflammation.Intraplantar injections of BDNF causes transient
thermal hyperalgesia for up to 5 hojis3. While sequesterin®DNF resulted in decreased
nociceptivethresholds in models of inflammatory pait74, it did not affect mechanical
hyperalgesia resultant from capsai€ivy. In rodent models of neuropathic pain, éBDNF
antibalies reduced pairelatel behaviors in DRG injured micgl76, 177 and rats[17§.
Furthermore, in the same rat study, delivery of BDNF directly to the DRG of normal rats resulted
in mechanical allodynigl78. Additionally, BDNFdeficient mice exhibited downregulation of
the ASIC2 sodium channels in mediuand largediameter neurons, neurons that are necessary
for normal mechanical signal transduct{d79. Importantly, visceral tissues exprdsgh levels
of BDNF andits receptor trkBmorethanin somatic tissues. BDNF is normally expressed at low
levels in the pancreas, yet imronic pancreatitis, it is highly expressed in the ducts and
perineurium of nerves and BDNF content is correlated to the pain intensity in pgti&@gtdn
contrast to the pronociceptive role BDNF has been shown to play, it also exhibits antinociceptive
properties as well when delivered in higher doses and in much wider areas of the CNS. For
example, when BDNF isntracerebroventricularly administered the brainof rats, as well
administration viBBDNF-expressing grafts on the spinal cord of chronic constricted injury rats,
painrelated behaviors decreas¢ti8l, 187. In the setting of diabetic neuropathy, BDNF
treatment was not able to improve sensory abnormalities associated with diabetes in a rodent
model[72]; howe\er, in a randomized, doubldind, placebecontrolled clinical trial, BDNFvas
able to improve cool detection threshgliB3, suggesting some neuroprotectiviéeets on a

subset of thermal neurons.

26



Glial Cell Line-Derived Neurotrophic Factor

It is well established that GDNF is amportant modulator in the nociceptipathway.
Much like BDNF, GDNF is contradictory in that it has both-pand antinociceptive poperties.
GDNF has been shown to induce acute thermal hyperalgesia following intraplantar injections
[184] and antiGDNF antibodies have the ability to attenumtammatory hyperalgesigl85
186. Additionally, sciatic nerve transection can result iicreased GDNF ands F R1
expression in both the sciatic nerve and DR@&7, 18§. However, much of the reporting has
been o the antinociceptive properties of GDNF. In one of the most skathwn and welcited
papers, Bouchestald e monstr ated GDNFG6s ability to not
abnormalities associated with neuropathic pain. In this study, ratsee@aegther a partial sciatic
ligation (PSL) or L5 spinal nerve ligation (SNL). Some rats received continuous concurrent
intrathecal infusion of GDNF, NGF, or N3, and only continuous GDNF infusion was capable
of preventing both mechanical and thermaldrgigesia in both PSL and SNL treated [a&9.
Furthermore, delaying the infusion of GDNF until after hyperalgesia was well established in the
rats, also restéd in the reversal of both mechanical and thermal hyperalffe4%h Another
study using GDNF pellets implanted on the sciatic nerve of spared tibial nerve iajg
resulted in reversal of mechanical hyperalggs&d]. And in the setting of diabetic neuropathy,
daily intrathecal injections of GDNF were able to improve mechanical withdrawal thresholds

(Farmer, K. Unpublished data, 2010).

Much like NGF, there are multiple working ideas on the mechanissrmved in the
association of GDN#nduced analgesia. These include modulation of sodium chaandls
neuropeptides, a sfibewsprouting anshxodakregenerat®reicto the spinal

cord. Tetrodotoxin (TTX)}sensitive sodium channels can be blocked from ectopic activity in
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damaged nerves, suggesting a role for these sodium channelsitrgremissiorf190]. L5
spinal nerve ligation can induce downregulation of two Tf&Xistant sodium channels, SNS and
NAN, and induce upregulation of alpiih sodium channels in the L5 DRG149 191].
Treatment with GDNF suppressed alghachannel mRNA expression and partially restored
SNS and NaN levels within the L5 DR[@49. It therefore appears that ectopic activity in
nociceptive fibers is TT>6ensitive, with TTXsensitive alphdll channels increasing with nerve

injury and GDNF treatmnt prevents this upregulation.

Many I1B4 kinding neurons, those GDMNéensitive, nonpeptidergic neurons, coexpress
somatostatinSomatostatin is released from the dorsal spinal cord in response to noxious stimuli
and can inhibit the pronociceptive neuropeptides substance P and [QGRPAdler et al
investigated if somatostatin might contribute to the -aldidynic mechanism of GDNF.
Following intrathecal infusion of GDNF in a spared nerve injury model, after mechanical
hyperalgesia was reversed, prosomatostatin vgasfisantly increased in ganglia compared to
control animals. This effect was not seen for other neuropeptides, including [A8®RRN vitro
work confirmed these results; dissociated DRG neurons which were exposed to exogenous

GDNF showedh threefold higher somatostatin content compared to-M&fed neurongl89.

Two final mechani sms in which GDNF may ex
sprouting and axonal regeneratioAs discussed earlier, there are two subtypes of nociceptive
C-fibers: peptidergic, which are NGF responsive, and nonpeptidergic, whichBnand are
GDNF responsiveFollowing sciatic nerve axotomy, the nonpeptidergic neuron population
decreased from approximately 40% to <20% and intrathecal GDNF application was able to
rescue the neuronal cell population within the DR@93. Myelinated Afibers

(mechanoreceptorsjsually terminate within lamina | of the spinal cord with some terminations
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in Ili lamina, but even fewer in lamina llo. Following d®my, terminations increased
throughout lamina Il and a more intense staining in lamina I. These changes were associated with

i ncr e afber sprodibg[193 194. However, GDNF administration resulted in prevention

of the ADb f[198eAnd fingly, @huohidc intgathecal administration of GDNF
following dorsal root injury can cause sensory axons to regrow back into the dorsal horn of the
spinal cord and form functional synapses. These synapses result in a functional rescue of
sensory nerve fibergl99. All these resultstaken togethershow that GDNF is a powerful
modulator of pain sensation, usually one in the process of antinocigepttboould be used as
therapeutic target for chronic neuropathic p&ilowever, to this point, the only clinical trials
testing GDNF have focused on Par ki mssmtnoas di s

painful neuropathies.

Inflammation

Obesity rates within the |a®i0 years have risen enormously. Within the United States,
approximately 30% of the adult population is considered ojd&s®. Increases in obesity rates
have been linked to increased energy intake and reduced physical activity, and the rise in obesity
is closely associated with prediabetes and type i@betles, cardiovascular disease,
neurodegeneration, biliary dese, and some canc¢i®7). Importantly, inflammation is linked
to not only obesit, but also insulin resistance and diabetes. Furthermore, this inflammatory
component of diabetes has also been identified as a key mediator in thesgimy of diabetic
complications, including nephropathy, retinopathy, and neuropa#@g. Diabetes is associated
with a sate of chronic, lowgrade inflammation which can be aggravated by hyperglycemia
[199. Moreover, chronic activation of intracellular proinflammatory pathways can lead to

obesityrelated insulin resistance and diabetes. Cytokines like interleukirl (i), -6, CCL2,
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and TNFU can be rel eased b[R00BOG M elevated evets pft e s a
these proinflammatory cytokines have been identified in patients with insulin resistance and

diabeteg203.

Adipose tissue is an important initiator in the inflammatory response to obesity.
Inflammation associated with obesity is caused by the consumpti@xcessnutrients and
adipocytes maintain the inflammation by actively secreting hormones, cyokamel
chemokines. Adipocytes secrete adipokines, such as leptin and adipd@8&202 which
promote insulin sensitivity. Additionally, adipose tissue from lmiiese humans and mice show
increased numbers of macrophad84, 205. In fact, some reports suggest thaeager than
40% of the total adipose tissue content from obese humans and rodents is macrophages, while
only 10% in lean patient206. Adipose macrophages asemajor source of proinflammatory
cytokines. Macrophage activation sets up a fieedard process where activation leads to
release of chemokines and cytokines, which leads to further activation of macrophages and
increased cytokine relegsgropagatinghe inflammatory state. The proinflammatory cytokines,
IL-6,IL-1 b, and TNFU el icitteaaniinwadt ikoinnasfe t(ReNKJ u
ki nase (I KK) b, and ot her serine kinases wh i
concomitantly[207], and these serine kinases can phosphorylate the insulin receptor substrate
and interfere with normal insulin action, thus creating a state of insulin resistamsguch as
inflammation contributes to diabetes, chronic hyperglycemia affects multiple pathways including
the aldose reduction, advanced glycation end product, reactive oxygen species and protein kinase
C pathways[208. Activation of each of these pathways may result in the activation of
proinflammatory cytokineshat can activate the immune system, leading to pancreas, adipose

and vasculature damage, resulting in diabetes complicd208s
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While inflammation is known to play a role in diabetes, little is known about its role in
diabetic neuropathy, especially in the setting r&duropathic pain. Many cytokines and
chemokines have been implicated in neuropathic pain, wildies finding inflammatory
mediatorsincreased in the tissues and serum of both human and rodent models of diabetes. Of
these cytokines and chemokines, inteklas IL-1 pIL-6 and I-:8, as we |, Havedeen T NF U
investigated in neuropathic conditiomsnimal studies usingTZ to induce DN in mice have
demonstrated increased-8 mRNA levels in the DRG and sciatic nerve compared to non
diabetic control$210 211]. In a clinical study investigating nondiabetic srfdler neuropathy,
researchers demonstratedv@fold increase in IE2 mRNA levels in peripheral blood compared
to control subjectand in skin samples showed increases in the proinflammatory cytoki@es IL
and IL-8 [217. Importantly, within neuropathic patients, investigators demonstrated that there
were increases in gene expression ofllb , -6, larld Il-8 mRNA in affected skin areas
compared to unaffected skin aregsl?. More importantly however, in a clinical study
investigating DN patients, sural nerve biopsies showed an increase6ipriitein expression

[21Q, demonstrating that findings in rodent models are mirrored in human patients.

Tumor necrosis factor alpha (TNFis also a proinflammatory cytokine, much like the
interleukins. TN has long been implicated in inflammatory and neuropathic pain conditions.
Administration of T N Fitd rodents can induce both thermal and mechanical hypera[@dsa
as well as ectopic sensory neuron firifigl4. While T NF I3 known to contribute to
neuropathic pain, it has only recently been investigated in the role of diabetic neuropathy.
Patients with diabetes show an increasd iN F plasma protein content and an increase in
mRNA levels compared to healthy contrdl815-217. Interestingly, increases i NF U

macrophage expression were correlated to pain intef2it§. Animal studies have also
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demonstrated an increase in circulatiidN F [Bvels in type 1 diabetes modq218-221]. It
appears that N Fplays a vital role in the development of diabetic neuropathy due in part to a
study where auiinistration of T N Fibto the sciatic nerve induced a reduction in motor nerve
conduction velocity64] and thafT N Frull diabetic mice fail to develop behavioralsfiynction

and MNCV and SNCV slowing that is characteristic of 1. Furthermore, using an anti

T N F néutralizing antibody in ST#hjected diabetic rodentserumT N F IBvels and mRNA
expression were returned to control levels, along with recovematdér and sensory nerve

conduction velocitiesbehavioral measures, as well as preventing epidermal nerve fiber loss

[211].

As stated previously, NGF is known to play a significant role in mediating pain,
especially inflammatory pain. The level of NGF has been shown to be elevated during
inflammation[222, 223 and NGF administration produces hyperalgg¢dia8 139 with ant:

NGF attenuating inflammatory hyperalge$23225. Interestngly, increases in NGF levels

can be induced to a substantial extent byllLand TNFU [226, 227. When IL-1b is injected

into the skin, it causes an increase in site specific NBHe systemic administration of an-ll-
receptor antagonist is capable of reducing inflammatory hyperalgesia as well as the elevated
levels of NGF[228]. TNF-U is an initiator of other cytokine cascades, including bot6 hnd

IL-1b [229 when injected into the skin, resultsanotaneous sensitivity and results icr@ased

levels of IL.-1b and NGH23(Q.

Finally, it has been suggested that cytokine levels may glafe in the development of
painful versus insensate neuropathy.animal studies, diabetic rodents exhibiting hypoalgesic
behavior were found to have decreases in INBRG levels[231], while diabetic rodents

displaying hyperalgesic behavior had increases in DRG-UMNfvels[211]. In support of these
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findings, a clinical study involving patients with multiple neuropathy conditions, researchers
determined that patients with painful neuropathy had greater levels of proinflammatkiney
TNF-U and IL-2 compared to both control patients and those patients with painless neuropathy
[217]. Notably, patients with painless neuropathy showed increaseds lefethe anti
inflammatory cytokine IE10 compared to control patierit817]. Takenall togetherthese data

imply that obesity and diabetes can result in @it low grade inflammation, leading to TNFF

and IL-1b proinflammatory cytokine release and downstream NGF release, resulting in

peripherabpain.
Study Significance

Obesity, prediabetes and diabetes are major smmoomic issues in America today.
Obesity, prediabetes and type 2 diabetes noeloaffect only adults, but within the last decade,
children are increasingly develog these metabolic disorderdDiabetic neuropathy, a
complicaton from prediabetes and diabetissa physical and emotional burden, especially with
many patients unable bbtain relief from their symptoms. Current treatment options for diabetic
neuropathy, and more specifically painful neuropathy, are rarely fully effective and come with a
multitude of side effects. Because the curreaaitmentoptions are not fully efigive, there
remains a great need to improve upon and find new treatments to provide patients with not only

symptomatic relief, but also reversal of the neuronal dying back phenotype.

Exercise has recently been shown to be effective in reducing pairiinggngia both
animal models and human patients with neuropathic pain. There are many avenues of
investigation into the mechanism of exereisduced analgesia, including opioid activation and

modulation of neurotrophins. Diabetes is known to alter citicigdevels of neurotrophins, as
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well as cause a state of chronic lgnade inflammation. Meanwhile, exercise is known to alter
dysfunctional neurotrophin levels, as well as reduce inflammation. It is therefore plausible to
suggest that painful diabetic urepathy might bethe result of altered neurotrophin levels
following inflammation and exercise is capable of restoring the neurotrophins. Yet most research
in the field of diabetic neuropathy involves only type 1 and type 2 diabetes, with little research
into prediabetes, though this field is increasing. The overall goal of this body of work is to
investigate if voluntaryrunning wheelexerciseis capable of reversing behavioral aspects of
diabetic neuropathy in an effort to improve clinical treatment iabetic neuropathy in
conjunction with current pharmacological treatment options. In particular, these studies were
aimed at uncovering the mechanism of exeruisleiced analgesia on diabetic and prediabetic
neuropathy in hopes of providing new therapetdrgets, which include not only exercise, but

the pathways which exercise activate to alleviate painful neuropathy.

The goal of the first studyiQb/Ob Mice, A Model of Type 2 Diabetes, and the Effects of
Voluntary Exercis@) was to investigate howoluntary wheel runningexercise affects the
development of painful diabetic neuropathy in an obese, type 2 diabletaty mouse model
compared to sedentary diabetic contrdlge discovered thabb/ob diabetic mice develop
mechanical allodynia and will not woitarily run, even when exposed early in Iiiée were able
to show that because of t he | ack ofgareaxnyer ci se
significant reversain mechanical hypersensitivity.Additionally, we learned that sedentary
diabetic mice displayed decreased GDNF protein levels in the hind paw skin compared to
nondi abetic controls and this was not altered

physical activity displayed by the fAexercised
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| n t he S e c Bxerdse-Mediatedd ymprogeinents In Painful Neuropathy
Associated With Pr®iabetes In Mice ) we | nv e-fttdietgreodeleodl prediabétds g h
and the effect of exercise on metabolic parameters, behavioral sensitivities, and neurotrophin
levels. In this stug we discovered that a hight diet alonecan induce metabolic parameters of
prediabetes as well as mechanical and visceral hypersensitivity. Exéetaged but did not
preventthe onset of many metabolic parameters and reversed the mechanical a@mndl visc
hypersensitivities. We also discovered that NGF levels, in conjunction with TrkA nerve fibers,
were increased in higfat sedentary animals, leading to allodynia, but exercise normalized both

the NGF and TrkA nerve fiber counts in correlation withéhebral measures.

The goal of tAdrmenistfatiom af IAntilSetver Grgwth (Factor Antibody
Attenuates Mechanical Allodynia in Higfat Diet Induced PrBiabete®) was t oa i nves
mechanism in which exercise could be exhibiting analgesictsfia this final study, we used
an antiNGF antibody systemically to determine if preventing NGF signaling was analgesic. We
discovered that animals fed a hifgt diet were again prediabetic and displayed mechanical
hyperalgesia through 5 weeks of faegli Additionally, treatment with anNIGF resulted in a
reversal of mechanical allodynia, as well as a normalization in TrkA nerve fiber density, which
was increased in the hight fed control IgG injected group. This study gave a mechanism in
which exertse could be analgesic; prediabetes causes an excess of NGF and TrkA fiber
densities, resulting in diabetic neuropathy, and exercise alt&éo NGF levels and normalize

nerve fiber densities.

Overall this body of work significantly contributes to thigerature regardingthe
treatment of painful diabetic neuropathy. Additionally, it is possible that these findings could
change the way the clinic diagnoses painful versus insensate neuropathy by staining skin
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biopsies for TrkA in addition to PGP9.5. Berse treatment options for diabetic neuropathy are
not fully effective and come with a wide range of side effects, our results confirm that
prescribing exercise to those patients suffering from painful neuropathy could be highly
beneficial in treating theipain. Additionally, our results could offer insight into a new treatment

plan for patients, one that includes exercise and a drug for diminishing NGF signaling.
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CHAPTER 2

Ob/Ob Mice, A Model of Type 2 Diabetes, and the Effects of Voluntary

Exercise
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Abstract

With a lack of effective therapies for the treatment of painful diabetic neuropathy, recent
research suggests that exercise may be beneficial in not only remediating metabolic
abnormalities associated with type 2 diabetes, including increased \gaigrand blood glucose
levels, but may also be effective in providing attenuation of painful neuropathy symptoms.
Additionally, research suggests diabetic neuropathy may be the result of decreased neurotrophin
signaling and alterations in the distributiof neurotrophins, both centrally and peripherally. We
hypothesized that type 2 diabetes results in a downregulation of neurotrophins, specifically glial
cell line-derived neurotrophic factor (GDNF), during periods of mechanical allodynia and that
exerci® is beneficial by increasing GDNF production. Heave, investigated if obese, diabetic
ob/obmice receive benefits from voluntary running wheel exercxob mice were placed in
cages with running wheels &tweeks of age, a time wheab/ob mice are jus beginning to
display signs of obesity. Additionab/obmice were placed in cages with no running wheels and
serve as sedentary controftrain-matched nosdiabetic mice were included toontain both
exercised and sedentary groufoth sedentary and excisedob/ob mice develop diabetic
neuropathy with symptoms similar to those of human type 2 diabetic patients, including
increased weight gain, hyperglycemia, hyperinsulinemia and tactile mechanical alldynia
results suggest that obese, diabeti®b mice do exercise, but at levels significantly below the
nonobese control mice. Furthermore, our results show that diabetes results in a decrease in
GDNF protein expression in the hind paw skin, but not in the dorsalgeoajlion (DRG) or
spinal cordHowever, due to the lack of significant running distances, exeroisi mice did
not display any improvement in metabolic parameters, or mechanical withdrawal thresholds.
There was also no significant increases in GDNF protein expression in the hirsttipaWhese

results suggest that diabetes does cause a reduction in neurotrophin production, which may be
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responsible for the develogmt of mechanical allodynia and without reaching some minimum
amount of exercise, there is not enough beneficial efteceverse metabolic and behavioral
outcomes; it therefore appears that there may be an exercise threshold that must be met to obtain

beneficial results.
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Introduction

Type 2 diabetes is a growing concern for our society, with 95% of all diagnosetkdiabe
cases being type [2]. Type 2 diabetes is associated with obesity, lack of physical exercise and
impaired glucose uptake and utilizatidPatients with type 2 diabetes are faced with the same
complications associated with type 1 diabetes, which includes increased risk of heart disease and
stroke, retinopathy, nephropathy, and neuropa®aients who have had diabetes for extended
periodsof time, as well as those patients who lack tight glucose control, are at increased risk of
developing complicationsThe most commormrtomplicationof diabetes is diabetic neuropathy
(DN), specifically diabetic polyneuropathwhich results in symmetricédss of nerve function
beginning in the toes and progressing proximally, eventually affectinpathés and armfs/].
All sensory modalities can be affected, but recent studies show that the small, unmyeknated C
fibers andthinly myelinated fibers are the first nerve fibers injured. Injury of these fitamns
lead to constant pain, tingling, and burning, as well as chronic numbness, oftentimes leading to
foot ulcers and eventuaimputation.One of the most distressing sympi® that patients suffer
from is neuropathic pain and paresthegia87, and these symptoms can last for years,
drastically affeting quality of life [233. Approximately 15% to 30% of patients suffer from
painful DN, wtereas the remaining patients expecemoss of sensatiof234]. Despite many
patients suffering from painful neuropathy, the pain management for DN remains unsatisfactory.
There is a clinical need for more effective strategies and therapeutic targets to meet the high
demand of patients sufiag from painful DN.

Painful DN is clinically hard to treat, with many patients not responding to traditional
pharamacological approachEz35. Interestindy, exercise has been recognized as an integral

part of therapy for type 2 diabetic patientdten with the goal of improving metabolic risk
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factors for the devefament of complicationf236. Additionally, exercise is prescribed to reduce
hyperglycemia and body fat in type 2 patients as abdominal obesity is associated with insulin
resistance, hyperinsulinemia, hyperglycemia, dyslipidenand hypertensiorf237]. While
exercise is prescribed to improve metabolic aspects of diabetes, exercise has proven to be
effective in reducing behaviorakensitivities associated witheuropathyin rodent model$84].
Furthermore, exercise has demonstrated the ability to prevent the onset of painful DN in patients
without sigrs and symptoms of DQ] and shown to improve seléported pain scorg92].

One of the more prominent mechanisms believed to underlie diabetic neuropathy is
growth factor deficiency(23§. It has recently beereported that diabetes can alter GDNF
expression in various tissu¢g39 240, and GDNF is known tglay an integral role in
nociceptive processing in neuropathic pain st@f-243. Moreover, aerobic exercise can
increase GDNF in the skeletal muscle of bo#ialthy and spinal costhjured animals. Likewise,

GDNF treatment has established a role in analgesia, where both intrathecal and local
administration of GDNF resulted in attenuation rafcifensive behavior§l149, 189. In this

study, we investigated whether exercise can attenuate painful diabetic neuropathy in a model of
type 2 diabetes, theb/obmouse. We alsexamined the role of GDNF, which might play a role

in attenuating behavioral measures.

Materials and Methods

Animals: 4 weekold Ob/Ob (B6.V-Lep®”/J) mice were obtained from The Jackson
Laboratory (Bar Harbor, ME)C57BI/6.J mice were used as nondiabetintrol mice.The early

age chosen was to try to establish a running paradigm before the severe obesity phenotype
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manifested.All mice were maintained on a 12:12h light/dark cycle in the research support
facility at the University of Kansas Medical Centbfice were giverad libitumaccess to food
and water. All animal use was in accordance with NIH guidelines and conformed to the
principles specified by the University of Kansas Medical Center Animal Care and Use Protocol.
Metabolic ParametersBody weightand blood glucose (glucose diagnostic reagents;
Sigma, St. Louis, MO) levels were taken weekly for 9 weeks. Serum insulin (mouse insulin
ELISA; Alpco, Salem, NH) was evaluated at the end of the stlidg. homeostatic model
assessment of insulin resistafE®OMA-IR) was calculated with the following equation: (blood
glucose (mg/dl) X (serum insulin (ng/mL))/405.
Voluntary ExerciseBeginning at 5 weeks of age, and following baseline testioggrol
and ob/ob mice wereseparated into either sedentary colstror exercise groups. Sedentary
animals were housed two per cagb/bh n=6 SedD; control, n=6 SedC). Exercise animals
(ob/oh n=5, Ex-D; control, n=6 Ex-C) were housed individually in cages designed to hold
stainlesssteel running wheelsMini Mitter; Bend, OR and given free access to run 24/7.
VitalView (Mini Mitter) software measured total wheel revolutions for each mouse during the
course of the study. Using wheel revolutions, running distance (in kilometers) was calculated

using the equation

Distance(km)= Total Wheel Revolutions x 0.00036

Distance from each mouse was used to calculate the mean distance per animal per week,

and mean distances were combined to calculate group means.

Mechanical Behavior TestingBehavior was assessed weekly distinguish signs of

diabetic neuropathy. To test mechanical sensitivity, mice were allowed to acclimated to the
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testing equipment in two individual sessions prior to the initial testing day. On the day of testing,
mice were allowed to acclimate to thehbgior testing room for 30 minutes, followed by a 30
minute acclimation to the testing equipment. Mice were placed in individual clear plastic cages
(11x5x3.5cm) on a wire mesh table 55 cm above the table. von Frey monofilaments (find
filaments used) werapplied perpendicularly to the plantar surface of the hindpati the
filament bent. Testing began with the 0.6 gréimment. If the animal withdrew its paw, the
response was counted as &ipee response, and the nexwiest gram filament was applied
the hindpaw. If the animal did not withdraw their paw after a 5 second application, the next
larger gram filament was applied. Filaments were applied until there was an initial change in
response, followed by four additional filament applications. To# Svithdrawal threshold was
calculated using the formugaeviously reportefi244:

50% g threshold=(10p¢ o] ) / 10, 000

WhereX;= value (in log ung) of the final von Frey fiber used =tabular value for the
pattern of positive/negative responsesit = mean di f ference (i.n 1 og un

Western Blotting Immediately following sacrificeL.4-L6 spinal cord andlorsal root
ganglionfrom both sideswere dissected out, snap frozen in liquid nitrogen, and stor&@ at.
Frozen tissue samples wesenicatedseparatelyn Cell Extraction Buffer (Invitrogen; Carlsbad,

CA) containing 55.55 ul/ml protease inhibitor cocktail, 200mMs;\N2y, and D0mM NaF.
Following sonication, protein was extracted on ice for 30 minutes and vortexed every 10
minutes. Samples were then centrifuged at 12,000xg for 12 minutes. Following centrifugation,
supernatant was measured with a Bradford assayRBth HerculesCA). Samples were then
boiled with Lane Marker Reducing Sample Buffer (Thermo Scientific, Waltham, MA) for 3

minutes. Equal amounts of protein were loaded per lane and the samples were separated on a 4
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20% gradient trigglycine gel (Invitrogen) and themmansferred to a nitrocellulose membrane.
Membranes were then probed with the following primary antibo@&s\F (1:2000, Santa Cruz
Biotechnology; Santa Cruz, CA) n dTuldulin (1:2000, Abcam; Cambridge, MABands were
visualized with antrabbit or animouse HRP conjugate secondary antibodies (Santa Cruz) and
ECL (Thermo Scientific Pierce; Waltham, MA). Densitometry with ImageJ (NIH) was then used

to analyze edctlane.

GDNF Protein Quantificationimmediately following sacrifice, hindpaw foot pads were
removed, snap frozen in liquid nitrogen, and stored8at C. Frozen tissue samples were

homogenized separately in lysis buffer (20mM JHIGL (pH 8.0), 137mM NCI, 1% NRO,

1mM PMSF, 10% glycerol, 10 e€eg/ mL aprotinin,

and 4% Triton X100), with homogenates centrifuged at 12,000xg for 15 minutes and
supernatants collected. Total protein content was assayed using the Bradford ifi&tfodd;
Hercules, CA) and equal amounts of protein were loaded for each s&mé: protein was
guantified using a commercially available ELISA kit (GDNF Emax ImmunoAssay System;
Promega, Madison, WI). Briefly, a 9@ell plate was coated with ARGDNF monoclonal

antibody and incubated overnight at@. Following a 1 hour blocking incubation, samples of

mouse hindpaw homogenates were added at 30ug/well and incubated for 6 hours. The plate was

then incubated with an aftuman GDNF polyclonal antibody ernight at 4 C, followed by
incubation with antichicken IgY, HRP conjugate, and a color change was elicited with a TMB
One solution followed by 1N hydrochloric acid to stop the reactidre plate was read at

450nm.

Statistical AnalysisAll data arepresented as mean + SEM. Data wanalyzed using a

two-factor ANOVA or repeated measures ANOVA. Post
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of Least Square Difference when appropridk.statistics were run using SPSS Statistics 20.

Statistical signifiance was defined @0 . 0 5 .
Results

Ob/Ob Mice Do Not Voluntarily Exercisé&imilar to Control Mice Control andob/ob
mice were placed in voluntary running wheel cageswaeéks old. Initially, both groups of mice
began to run, yet even within the firseek,ob/obmice ran statistically less than their control
counterpartsAverage daily distances can be seen in Figure 2.1. Over the course of the study,
control mice ran significantly greater distances tlodob mice. Interestingly, both exercise
groupsdecreased their physical activity over the course ofotineek study, with EXC mice

exhibiting a 48% decline and EXx mice exhibiting an 89% decline in average running distance.

Ob/Ob Mice Develop Type 2 Diabeté&nth SedD and ExD mice weigh signittantly
more than either of tlrecontrol groups, beginningt baseline and continuing throughout the
course of the Qveek study (Figure 2.2A). S&d mice gained an average of 44.7% body weight
and ExC mice gained 30.1% body weight, while S&dnice gainedan average of 105% body
weight and ExD mice gaining 76.1% of their body weightthile Ex-D mice did not exercise
equidistant to EXC mice, ExD mice did not gain as much weight over the course of the study,

with significant differences beginning at 6 weend continuing for the length of the study.

SedD and ExD mice both had elevated blood glucose levalsomparison to their
controls, yet Sed mice were only significantly different from S&€t mice at week IFigure
2.2B). Beginning at week 1 and mtnuing for the next 9 weeks, EX mice had significantly
elevated blood glucose levadempared to BXC mice and interestingly, Sdal mice. Over the

course of 9 weeks, Sddl average glucose level was 148A-mg/dL, ExC average glucose
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was 139.5+£7.9 nidL, SedD average glucose was 189.9+18.6 mg/dL anéDExverage blood
glucose was 256.6+47.4 mg/dL. Additionally, at the end of 9 weeks, botb &ed ExD mice
showed significantly elevated serum insulin levels a common diagnostic measure for type 2
diabetes, in comparison to S€and ExC groups, respectively (Figure 2.2C). Sedserum
insulin levels measured 1.14+0.18 ng/mL,-Exinsulin was 0.82+.13 ng/mL, S&l serum
insulin was 37.21+8.87 ng/mL and X insulin levels were at 24.02+8.93 ng/mL. Wil
exercise appeared to decrease serum insulin levels inbilod mice, the decrease was not
statistically significant. Finally, the HOMAR, a measure of insulin resistance, was calculated
from week 9 fasting glucose and fasting serum insulin levels:DSedd ExD mice had
significantly higher HOMAIR as compared to Sed and ExC mice (SeeC, 0.277+.0037 vs

SedD, 16.206+4.125; BXC, 0.354+0.069 vs EB, 10.792+1.308).

Ob/Ob Mice Develop Mechanical Allodynig€utaneous mechanical sensitivity was
measued to determine ifob/ob mice developnociceptive diabetic neuropathy. Baseline
measurements showed no significant differences in withdrawal thresholds between any of the
groups. By 6 weeks, Sdd displayed a significantly lower withdrawal threshold coregato the
SedC group (Figure 2.3A). This decreased withdrawal threshold continued through the rest of
the study. EXD mice also developed mechanical allodynia, indicated by a lowered withdrawal
threshold, but did not reach statistical significance unahd@ 9 weeks (Figure 2.3A). However,
because ED mice did not exercise to any great extent, if the mechanical withdrawal of the
control mice and theb/obdiabetic mice are combined, we again see a statistically significant

lowered threshold, indicatingreeuropathy associated with allodyiiiagure 2.3B).
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Figure 2.1: Average Weekly Running Distancelhe average weekly distance rby both

control and diabetic animals are presented in tabled graphB) form. The datunpresented

in the table illustates that diabetiob/ob mice did not voluntarily exercise, sometimes not
reaching one kil ometer r un @mreprggentediat nacanveeSENM.0 s t |

** P<0.01, **P<0.001,**** P<0.0001.

a7



Average Weekly Distance Ran (km)

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9
Control 6.66+0.50 | 7.23+£0.56 | 4.88+0.87 | 4.00+0.92 | 4.16+1.00 | 4.52+0.59 | 3.47+0.61 | 3.34+0.61 | 3.49+0.32
ob/0b 1.11+0.56 | 0.53+0.32 | 0.33+0.21 | 0.25+0.15 | 0.20+0.12 | 0.19+0.11 | 0.15+£0.09 | 0.10+0.06 | 0.12+0.09

Kilometers

HERE

FRER

48

1 Control
Hl Diabetic




Figure 2.2: Ob/Ob Mice Develop Classical TypdRabetes SymptomgA) The ob/obgenotype

causes increased weight gain in both the-Bdd=6) and ExD (n=5) groups in comparison to

their controls (Sed, n=6; ExC, n=6). (B) Glucose levels are elevated in both-Bexthd ExD

mice, yet ExD display sigificantly increased glucose levels even in comparison teCsetce.

(C) Serum insulin levels are dramatically increased in both the sedentary and exercise diabetic
mouse groups at the end of 9 weeks. (D) HONRA a measure of insulin resistance, in
significantly increased in both Sédl and ExD groups compared to S&land ExC groups,
respectively. Alldata are presentad presented as mean + SEM. *Se@d/s SeeD; #Ex-C vs

Ex-D; +SedD vs ExD. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 2.3: Ob/Ob, Type 2 Diabetic MicBevelop Mechanical AllodyniaBoth sedentary and
exercise diabetic animals develop mechanical allodynia when assessed using von Frey
monofilament testing. (A) SeD develop mechanical allodynia beginning at 6 weeks and
continuing on through the end of the study.-Bxnice display mechanical allodynia at week 7

and week 9. (B) When behavior is grouped into controladbgroups, there is a significant
development of mechanical allodynia beginning at 6 weeks running todhef éhe study. Mice

were grouped together due to no change in behavior of control mice and bev@bseice did

not run to a great exteriData are presentet mean + SEM. *Se@ vs SeeD; #Ex-C vs ExD,;

+SedD vs ExD. *P<0.05, **P<0.01, ***P<0.001,**** P<0.0001.
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Mechanical Sensitivity is Correlated with Physical Activity in Diabetic Mitiaile ob/obmice

as a group did not voluntarily exercise to any great extent, individual mice didifferent
distances. In BD mice, there is a significarcorrelation between individual running distances
and individual withdrawal thresholds %0.798,P=0.041), where greater running distances is
correlated with increased mechanical withdrawal thresholds (Figure 2.4A)-Chriixe, there

is not a statistilly significant correlation between running distance and mechanical withdrawal

threshold (Figure 2.4B).

GDNF Protein Levels Are Altered in the Periphery by DiabeWs next wanted to
investigate if diabetes can alter GDNF protein expression in nexdal@ineuronal tissues and
if exercise had any role in regulating GDNF protein expression. Our western blot data
demonstrates that diabetes did not alter GDNftgim expression in either the dorsal root ganglia
(Figure2.5A) or the spinal cor@Figure 25B). We then investigated GDNF protein levels via an
ELISA in the footpad skin. Our results demonstrate that GDNF protein is decreasedln Sed
hindpaw skin compared to S€dskin(Figure 2.6) with concentrations of 47.5+19.7 pg/mL and
107.1+£15.5 pg/mL, espectively P=0.024). However, there were no significant differences
between EXC and ExD mouse groups (81.9+20.8 vs 65.7+9.3 pg/mREQ.533) or between

SedD and ExD groups (47.5+19.7 vs 65.7+£9.3 pg/nii=0.484).
Discussim

Using do/obmice as a modef type 2 diabetes associated with obesity, we demonstrate
that these mice develop cutaneous mechanical allodynia and decreased GDNHgwalein
the hindpaw skin. Bwever,our results also reveal thidie small amount of exercise in tble/ob

diabdic mice was not capable of reversing either the mechanical albodynthe GDNF protein
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Figure 2.4: Running Distance Positively Correlates with Mechanical Withdrawal Threshold:

(A) Ex-D mouse mechanical withdrawal thresholds are positively correlatidtwe distance

ran. Some BED mice ran more than the average mouse, and those animals display higher
withdrawal thresholds (n=5). (B) There is no correlation in theCEgroup with distance ran

versus withdrawal thresholds (n=6).
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