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CHAPTER 1

INTRODUCTION

1.DIABETIC POLINEUROPATHY

Diabetes is a serious systemic disease that cattesrisk of
multiorgan impairment triggered by sustained hyjyegmia. The
rate of complications and their relationship withe tmetabolic
control make it a challenging condition in clinigadactice with

significant impact on patients’ morbidity and mditta(Cusick, et

al., 2005; Stratton, et al., 2000). Type 2 is thestrcommon form
of diabetes and its prevalence is estimated toifgigntly rise

worldwide over the next 2 decades mainly in the ettgying

countries as a result of the increasing rate ositppelndeed, 60%
of all cases of type 2 diabetes can be directiybatied to weight
gain, and the relationship between familial behgvadbesity, and
diseases is so strong that social interventionatipe have been
advocated (Yach, et al., 2006).

Microvascular complications involving retina, kidne and

peripheral nerves affect the majority of diabetiatignts. In

particular, the peripheral nervous system is a g@mnyntarget of
hyperglycemia. Somatic and autonomic neuropathsesgmts one
of the most frequent and potentially invalidatirmplications of
diabetes. Its prevalence ranges between 13% andb88&6ding to

the definition of neuropathy, the methods used gsess it, the



duration of diabetes, and the presence of otherptoations,

particularly nephropathy (Dyck et al. 1993; Dyck adt 1997,

Melton et al. 1999; Partanen et al. 1995). The numshmon

presentation is that of a length-dependent dialpstigneuropathy
(DPN). Primary axonal impairment mainly affects tlmngest

nerves leading to chronic sensory disturbancesardet including
neuropathic pain. Autonomic dysfunctions such agaimed

sweating, impotence, and gastrointestinal dysfonstican occur
since in the early stage of DPN though most comgnpnbgress
causing life threatening cardiovascular instahilifyoout 20% of

patients with autonomic neuropathy experiencesicelity silent

complications including orthostatic hypotension, awcgrdial

infarction, gastroparesis, and increased bladdgraaty with

urinary retention.

DPN has a chronic course with late waste and wesskrod

muscles in the distal extremities. Foot ulcerslaie complications
mainly responsible for the four-fold increase oégg health care
costs of patients with diabetic neuropathy comgamith those

without (Le et al., 2006). Indeed, 2-3% of diabgtatients develop
a foot ulcer per year and nearly 15% of patientehat least one
chronic ulcer in the lifetime. Disease modifyingdtments would
certainly reduce the impact of neuropathy in diebet
Unfortunately, no drug have shown in randomizealgrio restore
DPN and only the intensive control of hyperglycemraved to

slow but not to halt its progression (Partanenl.etl95) (group,

1998; Ismail-Beigi, et al., 2010; Martin, et alQUB; Navarro, et



al., 1997; Ohkubo, et al., 1995). Moreover, the plax and still
partly obscure mechanisms triggered by hyperglieen@iduces
also the ability of axons to regenerate (Polyde#tisal., 2004).
The dying back of peripheral nerves causes the nahro
denervation of target organs (e.g. skin, muscled, laones) and,
most importantly, of Schwann cells which lose thefility to
support axon regeneration. This could hinder théecef of
potentially neuroprotective drugs in patients witdngstanding
DPN. Therefore, the effects of disease modifyingatiments
should be assessed in the very early stage of DR&hwerves

potentially retain the ability to restore their &filons.

1.1 Pathophysiological features

The pathology of diabetic neuropathy is characterizby
progressive nerve fiber loss. Sensory deficits seaceed motor
nerve dysfunction and appear first in the distattipns of the
extremities and progress proximally in a “stockgigve”

distribution with increasing duration or severityf diabetes
(Edward et al., 2008). The nerve fiber degenerat®orength-
dependent, and is progression gives rise to pesdid negative
signs and symptoms. Positive symptoms include hgrrand
paroxysmal pain, pins and needles, paresthesia, adedrant,
exaggerated sensitivity to normally painless or emately painful
stimuli (allodynia and hyperalgesia). Negative syonps consist

of loss of sensory perception in one or several ahites as



thermal hypoalgesia, loss of vibration, or pain ssgion and
numbness (Dobretsov et al., 2007). Motor symptames)ifest as
muscle weakness, occurs only in the most severes qasnik et
al., 2000) Small fibers are preferentially affected in eatiyges of
diabetic in patients followed by the involvement lafge fibers
related to reduced nerve conduction velocity (NCYagihashi et
al., 2007).

In diabetic nervous system beyond variable amountaxmn

degeneration there is evidence of segmental renatein and
demyelination. Fibre loss is primary and demyeioratwith

remyelination is secondary (Feldman et al., 200juman sural
nerve and skin biopsy samples it has been obseagsherating
axons, but over the course of the disease, regemefails (Said
et al., 2008). Reduced blood flow through lossuibaomic nerve
functions may contribute to the progression of dtabneuropathy
and alterations in microvessels, similar to the hpgénic
neovascularization described in diabetic retinopattand

nephropathy, also are observed in peripheral nefXest et al.,
2007).

1.2 Biochemical features

Although the pathogenesis of DPN is complex, hylyeamia
clearly plays a key role in its development andgpession. DPN
follows both type 1 and type 2 diabetes, and syistem
hyperglycemia is the most obvious symptom thatehgges of the
disease have in common (Vinik et al., 2004): badirect



glucose measures and levels of glycated hemogtabnelate with
the occurrence of this disease; insulin treatmetat control

hyperglycemia reverses some symptoms of DPN anaysldts

progression in general (Skyler et al., 2004, Sirmale 2000).

Furthermore data show that strict control of hypagmia in type
1 diabetes patients without clinical neuropathy reased
development of DPN in 60% of cases over 5 year®ltdw up

study (Lasker et al., DCCT 1993). The Diabetes dnand

Complications Trial (1995) established that hypgrgmia

underlie neuropathy. Therefore investigations itite molecular
and biochemical pathophysiology of diabetic neutiopahave

focused on glucose metabolic pathways.

Intracellular glucose is principally removed throutpe process of
glycolysis, which generates piruvate for mitochaaldcatabolism
to form ATP. Excess pyruvate from glycolysis isubt to injure
neurons. The overload of metabolites to the mitadhial electron
transfer chain leads to increased generation oftikea oxygen
species, which inhibit the activities of key mitodrial

components such as aconitate hydratase and corhplesulting

in mitochondrial dysfunction. Excess pyruvate isirdled to the
lactate pathway when oxygen is limiting, as thishpeay yields

NAD+, which is required for continued glycolysisoWever, the
lactate pathway is a temporary response to low enydactate
cannot be further metabolized and must be conveptek to

pyruvate when oxygen levels recover. If lactateuaudates and
NAD+ is depleted, glycolysis is inhibited and nenaibfunctions



are impaired (Vincent et al., 2011).

If glycolysis does not adequately dispose of irghatar glucose, a
number of alternative pathways are activated ary tban be
implicated in pathogenesis of diabetic complicagioglucose flux
through the polyol pathway; the hexosamine pathway;
inappropriate activation of protein kinase C (PKiSpforms;

accumulation of advanced glycation endproducts.
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Fig. 1 Metabolic pathways favoured by raised glucosel¢éeve

The normal end-point of glucose metabolism is taeegation of ATP from ADP. In the
presence of excess glucose ADP becomes rate-lgnaimd the pathway becomes
clogged. ROS then result at several points, incluéscape of electrons in the
mitochondrial transfer chain to generate supergxdd NADH oxidase is activated also
producing superoxide. When glycolysis slows, freetd-6-bisphosphate is shunted into
the hexosamine pathway that produces oxidativestiexcess glucose is diverted to the
polyol pathway as well as activating intracelludaud extracellular glycation reactions



1.2.1 Polyol pathway

Polyol pathway is a simple metabolic pathway thahsist in
reduction of glucose to sorbitol by the enzymeosédreductase
(AR), then oxidation of sorbitol to fructose by Iksibol
dehydrogenase (SDH). Both of these enzymes aredahtly
expressed in tissues inclined to diabetic compboat Under
normoglycemic condition, glucose is metabolized axidative
glycolytic pathway with phosphorylated oxidation rabgh
mitochondria, producing ATP energy by citric acigtle. Under
hyperglycemia, excessive glucose increased flugutiin the AR
pathway causes increased intracellular sorbitak, ¢n also result
in cellular osmotic stress that may alter the amtdant potential
of the cell and increase ROS, and compensatoryxefif other
osmolytes such as myo-inositol (MI, important ingrel
transduction) and taurine (an antioxidant) (Nakaaretral., 1999;
Vincent et al.,, 2004). Since NADPH is consumed kgose
reductase-mediated reduction of glucose to sorijetmendy et
al.,, 1991; Brownlee, 2005) and NADPH is requiredr fo
regeneration of reduced glutathione (GSH), thisdootributes to
oxidative stress. The second step in the polydhyway oxidizes
sorbitol to fructose via sorbitol dehydrogenaseldian et al.,
1997). Formation of fructose promotes glycation vasll as
depletes NADPH. Thus, early after the induction didbetes,
metabolic defects lead to loss of NADPH, which tsrthe nerve’s

ability to scavenge reactive oxygen species, promgoga
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vicious cycle of oxidative stress. NADPH in turncés impaired
synthesis of NO or reduced glutathione, resultingvascular
insufficiency and overproduction of free radicafsctivation of
aldose reductase may also increase formation ayidjgcerol,
which activates the deleterious PKC pathway (Yastaget al.,
2003; Uehara et al., 2004).

The aldose reductase pathway has been the targetultiple
experimental and clinical studies. Aldose reductak#itors have
been successful in experimental diabetes, howeey, have not
proven effective in clinical diabetes (Feldman ¢t 2001;
Obrosova et al., 2003).

Recent genetic studies showed that in humans, ssiprelevels of
AR in tissues are determined in part by gene pofpmsm, gene
promoter function or other epigenetic regulatiomslicating the
presence of complication-prone subjects relatedAR gene
(Demaine, 2003; Donaghue et al., 2005; Thamothatknet al.,
2006).

1.2.2 AGE pathway

Advanced glycation is a nonenzymatic chemical modalifon of

proteins, lipids and nucleic acids via attachmehiglocose or
other saccharides to exposed sites (Tattersall.,e1393). While
formation of a shift base and an Amadori produet @versible,
formation of AGEs is irreversible.

In diabetes, the oxidizing environment and incrdassbohydrate

accumulation accelerate the formation of advanced
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glycation end products (AGEs). Furthermore, cleeeaof AGEs
from plasma is reduced in diabetic patients withafempairment
(Balakumar et al., 2010). AGE formation in cellads to intra and
extracellular cross linking of proteins and proteggregation
(Duran-Jimenez et al., 2009). These reactions requansition
metal and ions as catalysts and depletion of thaesition metal
capacity in diabetes may lead to further AGE fororatAdvanced
glycation tends to decrease the biological functibproteins, thus
inhibiting neuronal activity. Extracellular lipidnd protein AGEs
bind to to a number of receptor proteins receptimduding the
receptor for advance glycation end products (RAQGHNcent et
al., 2011). RAGE has multiple definite downstreaignaling
targets and is the main receptor through which Aggfpaling is
mediated. RAGE-AGE interaction activates the trapson factor
nuclear factor kappa B(NKB) that regulates a number of
activities including inflammation and apoptosis fiesamy et al.,
2005). Activation of neuronal RAGE induces oxidatigtress
through NADPH oxidase activity (Vincent et al., Z00and also
increases nitrosative stress. Increased levels @E And RAGE
are found in human diabetic tissue (Tanji et alb0®. In
experimental diabetes in rats and mice, the exjores$ RAGE is
elevated in peripheral epidermal axons, sural ax8oswann cells
and dorsal root ganglia neurons. If AGE accumutatgblocked
and/or AGE RAGE interaction is prevented there tearease in
cellular oxidative stress and a restoration of aeconduction

deficits in the streptozotocin rat. It has alsorbeshowed that
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genetic deletion of RAGE significantly reduces dib
neuropathy in mice. This result suggest a new peartic target in

humans, although the physiological role of RAGEa$s known.

1.2.3 Hexosamine pathway

Excess glucose can also be shunted to the hexosapaithway, in

which the glycolytic intermediate fructo$ephosphate is
converted, via glucosamir@phosphate, to uridine

diphosphatéNacetylglucosamine (Brownlee et al., 2005). This

molecule modifies serine and threonine residuessipécific
transcription factors, such as Spl. These trartemmiggactors are

implicated in hyperglycemic inflammatory injury iendothelial
basement membranes and pancre@doells.37 Further evidence
suggests that Spl is activated in sural nervesatiemts with

diabetes.38 Modulation of the hexosamine pathway reglirect

glycolytic flow away from subsequent deleteriouthpays.

1.2.4 PKC Activation
It is generally held that the potential effectstivé PKC pathway

on the pathogenesis of diabetic neuropathy is tileely due to its
contribution to vascular blood flow (Nishikawa ek, a2000).
Activity of PKC is increased in the retina, kidnewynd
microvasculature of diabetic rats, but there is awidence for

altered activity of any of the PKC isoforms in theeripheral
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neurons (Craven et al.,, 1989, Vincent et al., 20@KC is
sensitive to a cell’'s redox status. Prooxidantsctreaith the
regulatory domain to stimulate PKC activity, butiaxidants react
with the catalytic domain of PKC and inhibit its tiaty
(Mullarkey et al.,, 1990). Once activated, PKC e&atds the
MAPKSs that phosphorylate transcription factors #mas alter the
balance of gene expression of multiple cellulaess related
genes such as c-Jun kinases and the heat shockinprot
(Pugazhenthi et al.,, 2003 hese in turn can damage the cell. In
streptozotocin diabetic rats, inhibition of PKC garmalize blood
flow and nerve conduction deficits. There is cutisean ongoing
trial of a PKC blocker in the treatment of a separaicrovascular
complication of diabetes, retinopathy (Conn et2001).

Each of these pathway may be injurious alone, cillely they
cause an imbalance in the mitochondrial redox sthtee cell and
lead to excess formation of reactive oxygen spe@€3S) (Kong
et al., 1999; Vinik et al., 2003). The AGE and mblpathways
directly alter the redox capacity of the cell erthlerough direct
formation of ROS or by depletion of necessary congmts of
glutathione recycling. The hexosamine and PKCatis exhibit
damage through expression of inflammation proteRGS, such
as superoxide and hydrogen peroxide, are producddrunormal
conditions through the mitochondrial electron traors chain and
are normally removed by cellular detoxification atgesuch as
superoxide dismutase, catalase, and glutathionmr{ioger et
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al., 2006). Hyperglycemia leads to increased Mivagt raising
ROS production in the MExcessive ROS formation eventually
overloads the natural antioxidant capacity of tbk (generation of
ROS may initiate a feed-forward cycle in which atide stress
itself impairs antioxidative defensemechanisms)sulteng in
injuries to lipids, proteins, DNA. This damage miétely

compromises cellular function and integrity.
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Fig. 2 Oxidative stress and mitochondrial dysfunction ifbénger et al., 2006).
Hyperglycemia increases production of reactive exygpecies (ROS) in mitochondria.
NADH and FADH2 produced from the tricarboxylic acidycle transfer to the
mitochondria, where they serve as electron donorthé mitochondrial membrane-
associated redox enzyme complexes. The electrord ée shuttled through
oxidoreductase complexes I, II, Ill and IV (cytochre c), until they are donated to
molecular oxygen, forming water. The electron tfangto complexes I, Ill and IV by
NADH (and FADH2 via complex Il to complex IlI) prodes a proton gradient at the
outer mitochondrial membrane, generating a potebgaveen the inner mitochondrial
membrane and outer mitochondrial membrane. Thierpiat drives ATP synthesis, and
is crucial for mitochondrial viability, function,na@ normal metabolism. As electrons are
passed from complex Il to complex Ill, however, R&8 produced as byproducts. The
levels of ROS produced during normal oxidative pthosplation are minimal, and they
are detoxified by cellular antioxidants such astaghione, catalase and superoxide

dismutase. The hyperglycemic cell, on the othedhahuttles more glucose through
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the glycolytic and tricarboxylic acid cycles, prdiig the cell with an over-abundance of
NADH and FADH2 electron donors. This produces dnhlpgpton gradient across the
inner mitochondrial membrane, which increases thaaver of the initial complexes,
and thereby produces increased levels of radiédalsumulation of these radicals, or
ROS, is severely detrimental to mitochondrial DNAtathondrial membranes and the
whole cell. Abbreviations: Cyto-c, cytochrome c; CQtoenzyme Q10; e-, electrons;
GSH

However mechanisms leading to diabetic neuropattey more
complex than increase oxidative stress. As a matferfact
antioxidants alone do not prevent this disorder eveh if there
are data from preclinical and clinical studies simgwthat in
diabetes, oxidative and nitrosative stress areeas®d in plasma
and tissues (Cheng et al., 2003; Lupachyk et &l11p others
studies suggest that hyperglycemia does not inereasdative

stress in the dorsal root ganglia (Vincent et2011).

1.1.4 Additional effects of hyperglycemia

Besides metabolic alteration, hyperglycemia is gimuo induce
neurotoxicity through others pathways. Hyperglycenead to
neuron injury also by depletion of myoinositol, @mportant
membrane constituent. Coupled with oxidative injirynembrane
lipids secondary to increased reactive oxygen sgethe decrease
in myoinositol could lead to membrane compositidmarges
altering the  function of membrane-bounds  proteins,

such as protein kinase C, or a disturbance in idmancel
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function.

Microvascular insufficiency is also thought to yla role in
diabetic neuropathy. This is based on histopathol@panges
noted in endoneurial and epineurial blood vessdiswas well as
functional changes, such as altered blood flewesmgability of
the microvasculature of the nerves in diabeticguas.

An immunologic pathogenesis for DPN has also beggests by
the occurrence of various autoantibody, includingpospolipid
antibodies, more commonly in diabetic patients wituropathy
than those without neuropathy (Gomes et al., 20088. presence
of endothelial inflammatory infiltrates, noted omofsy of the
intermediate femoral cutaneous nerve, may correlaiéh
inflammatory vasculopathy as a part o the neurglrynin that
syndrome.

Alterations in the synthesis and expression legelgrowth factors
in the peripheral nervous system may account fewthinerability
of neurons and Schwann cells to the diabetic statatributingin
the pathogenesis of diabetic neuropathginninger et al., 2004).
Growth factors are critical mediators that dirdwt interplay of
molecular signals operative in neuronal and gliélecentiation
and in re-establishing appropriate axon-glial iat#éions necessary
for neuronal regeneration. Neurotophins promotearel survival
by inducing morphological differentiation and stilating
neurotransmitter expressioifdfel et al., 1999).Many of the
changes seen in DN mimic those seen with depletén
endogenous growth factordt has actually been observed a
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decrease of availability of neurotrophins and léered production
of other growth factors such as insulin-like grovalstor 1 (IGF-
1), glial-derived neurotrophic factor (GDNF), andiliacy
neurotrophic factor in DPN. Studies in the lastadkx indicated
that Nerve growth factor (NGF) that is a well cleaesized
neurotrophin that plays an important role in thellegeripheral
nervous system, was significantly reduced in tgpberal nerves
of streptozotocin (STZ)-induced diabetic rats buat diabetic
patients results are somewhat contradictory: aghodermal NGF
protein levels are reduced in patients with diabesensory fiber
dysfunction, skin mMRNA NGF and NT-3 are increadetias also
been observed an increase of expression of TrkAFIEgeptor)
and trkC (NT-3 receptor) in the skin of patientsthwdiabetes
(Malik et al.,, 200}, whereas a phase Il clinical trial of
recombinant human nerve growth factor demonstrateche relief
of the sensory deficits of distal sensorimotor ogathy, a phase
[l trial failed to demonstrate a significant beibheh patients
receiving recombinant human NGF versus placebo €Aef al.,
2000). Some of the limited success in the clinicals of NGF
therapy for DPN is attributed to our poor underdiag of how
diabetes-induced changes in the neuronal or gtaepme may
alter the predicted response to growth factor athtnation
(Dobrowsky et al., 2000 Furthermore it must be considered that
number of neuronal growth factors share downstreagnaling
cascades that promote survival and outgrowth, butpgresumed

efficacy in treating DPN would depend on whether e th

18



involved neurons express relevant receptors. F@amele, in

diabetes it is unlikely that a single growth facsuch as NGF
protects all types of neurons against damage becgaost cases of
DPN involve both large- and small-fiber involveméAbchodne,

2007)

To aid in predicting cellular responses to growdtttérs and
enhancing their potential clinical effectiveness PN, it is

important to determine whether diabetes alters nbreignal

transduction events in neurons and but also in §leurons are
often interdependent on Schwann cells (SCs), waisb undergo

substantial degenerative changes in DPN and respmndany

growth factors.
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Fig. 3 Theoretic framework for the pathogenesis and rmeat of diabetic
neuropathy (Vinik et al., 2004)
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2. SENSORY NEURONS

The peripheral nervous system (PNS) by definitioicludes
sensory, motor and autonomic nerves that lie oaitbichin and
spinal cord. Peripheral nerves are complex strastaonsisting of
motor and sensory neurons, their axons, and the theit support
them, like Schwann cells, vascular cells (endo#theind smooth
muscle cells) and endoneurial macrophages. Theeatfédranch,
sensory nerves that originate from DRG neurons, urapolar
neurons with a single axon stem bifurcating intgexipheral
branch that goes to the distal tissues, to pernphand a central
branch that goes to dorsal horn, differing from tigical axon-
dendrite structure of other neurons. The efferemtseof the PNS
include motor neurons and autonomic neurons thginate in the
spinal cord or autonomic ganglia and send brantthése skeletal
muscle and internal organs, respectively. All congias of the
PNS can be affected by diseases of the PNS, comyrikanivn as
peripheral neuropathies; but the sensory neurons haatomic
and structural characteristics that make themqaati vulnerable
to toxic conditions, being affected early and meegerely. This is
often evident in the constellation of symptoms ttie patients
experience; sensory symptoms such as pain, pasesthéoss of
perception and gait imbalance often dominate petien

20



complaints and occur either in isolation or befareakness and
autonomic symptoms (Melli et al., 2009).

Primary sensory neurons have large, roughly rowedl, bodies
(somas) bundled together (with satellite cells) darsal root
ganglia. These ganglia and their cell bodies liealp to, but
outside of the spinal cord. DRG exist outside thaqetion of the
blood nerve barrier, (Devor et al., 1998hd lack the added
protection afforded by the choroid plex@horoid plexugprotects
central neurons generating cerebral spinal fluithe Tcells of
plexus control the constituents of cerebrospinatifand maintain
the ionic and metabolic milieu necessary for neakaactivity
(Redburn et al., 1998) Even under diabetic condétiglucose
concentrations of cerebrospinal fluid are typicédiywer than those
in either serum or peripheral extracellular fluid.

In addition, sudden alterations in serum and é&ssed pH, though
reflected in cerebrospinal fluid, occur more gmtuthan in the
periphery. Only the proximal axon that enters thesdl horn lies
within the blood nerve barrier. Thus, somas andpperal axons
of DRG neurons are exposed to osmotic, pH, and athtealances
caused by diabetes including high glucose condaemisa that
diffuse freely across vascular and tissue beds.

DRG neuron structure imposes high metabolic demématsmay
be easily underappreciated. The axons of theseonguran be
over 1.5 m in length , they are mitochondria-riaid adirectly
access the nerve blood supply. Cell bodies rangeelea 25 and
50 um in diameter. DRG neurons with these dimerssidrave
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99.8% of their cytoplasm in the axon and all nuclganetic
information and much of its synthetic machinerythe remaining
0.2% of total cell volume (McHugh et al., 2004). GRheurons
must regularly replace and recycle worn membranento
structures and cytoplasmic proteins from throughtet cell. In

addition, information from peripheral tissues musinsit the
length of the axons to the nucleus in order to ensypropriate
gene transcription and protein manufacture for {terg

homeostasis. After signals are received in the euscland
necessary genes are transcribed, newly syntheproé€ins must
be transported over these extreme distances aradtadsinto
correct locations along axon membranes (McLeanl.et2807).

This morphology places extreme spatial demandsR6 Burvival

functions. Furthermore glucose uptake is less papehulated in
neurons than in endothelial cells, which may actdonthe high

susceptibility of neurons to glucose-mediated mj@vincent et

al., 2011).
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Fig. 4 Spinal cord cross-section .The soma of sensoryonsuare found in the dorsal
root ganglia. Sensory axons enter the spinal cbrdugh the dorsal root and often
synapse on interneurons in the gray matter. Mogaran cell bodies are located in the
gray matter and the axons leave the spinal comltir the ventral root. Spinal nerves

are formed when the dorsal and ventral roots jogether.

3. SCHWANN CELLS

Schwann cells (SCs) are the main glial cells of vleetebrate
peripheral nervous system. Along the entire leraftiperipheral
nerves, axons of motor, sensory, and autonomiconsuare in
close association with SCs, being covered in mbgheir surface
by them. Axons and these glial cells are in intenghysical
contact and in constant and dynamic communication.

Development, function and maintenance of the peril
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nerves are crucially dependent on controlled leational
signalling between axons and SCs. In the matureonersystem,
Schwann cells can be divided into four classes:limgting cells
(MSCs), nonmyelinatingcells (NMSCs), perisynaptich&ann
cells (PSCs) (also known as terminal Schwann ¢ell) satellite
cells of peripheral ganglia. These classes are dbase their
morphology, biochemical makeup and the neuronadyr area
of their axons) with which they associate. All béi derive from
immature SCs emanating from the neural crest veanmediate SC
precursors (Bhatheja et al., 2006). MSCs, the blkatacterized
SC, wrap around all large-diameter axons, includatigmotor
neurons and some sensory neurons. Each MSC assouidh a
single axon and creates the myelin sheath necefsasaltatory
nerve conduction. NMSCs associate with small-di@makons of
C-fibers emanating from many sensory and all posianic
sympathetic neurons. Each NMSC wraps around sesgeraory
axons to form a Remak bundle, keeping individualnexseparated
by thin extensions of the Schwann cell body . Ledatnore
peripherally, PSCs reside at the neuromusculartipme (NMJ),
where they cover, without completely wrapping aburthe
presynaptic terminal of motor axons. Satellite cal$sociate with
neuronal cell bodies in peripheral ganglia (Coréasal., 2004).
Myelinating SCs ensheath individual large-calibeorss (>1um)
and deposit a myelin envelope, while non-myelirgg®Cs embed
bundles of small-caliber axons. Peripheral nerbbeef (axon—-SC
units) are surrounded further by a coat made froliagen fibres
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and a cellular tube, the perineurium. Recent studéeealed the
existence of sensory and motor phenotype SCs, wdefine the
modality of specific axonal regeneration (Hoke &t 2006;
Moradzadeh et al., 2008). SCs can react prompilysérongly to
local environmental stimuli by secreting many difiet growth
promoting factors. These multifunctional cells @so synthesize,
secrete and express many neurotrophic, neurotraparite
promoting factors, major myelin glycoproteins, Icatihesive
molecules (CAMSs), basement membrane componentsetisa®/
many receptors at various stages of life (Heumeinal., 1987,
Houle, 1992; Shibuya et al., 1995). AbnormalitiésS&€s under
various conditions can cause nerve dysfunctionsh s reduced
nerve conduction velocity, axonal atrophy and imgzhiaxonal
regeneration (Dyck and Giannini,1996; Song et20Q3; Yasuda
et al.,, 2003). SC defects may be responsible fapbalities in
peripheral neuropathies.

Evidence of Schwann cell involvement in diabeticnopathy has
been observed in experimental diabetes with uitrestral
studies: decrease in axon caliber, segmental demayieh and
onion bulb formation (an index of excessive SC ifgmtion), as
well as by expression of aldose reductase in thellg, suggest a
role for SC in diabetic neuropathy.

In vitro studiesshowed apoptosis in Schwann cells after exposure
to very high concentration (150mM glucose) of geedDelaney
et al., 2001) but only some Schwann cells showed apoptotic

responses in vivo (Kalichman et al.,1998).
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Few studies have been reported on how hyperglyeaaffects
the supporting role of SC in regeneration of axangultured
sensory neurons and it is still not well understadudch cell type
is predominantly affected by hyperglycaemia anthd effect on
neuron and on Schwann cells is direct and cellsraumous.

4. VASCULAR ENDOTHELIAL GROWTH FACTOR

Since its initial discovery in 1983 (Senger et d984) and
subsequent cloning of the gene in 1989 from pityitlls (Leung
et al., 1989; Keck et al., 1989), vascular endahgrowth factor
(VEGF-A, VEGF or vascular permeability factor) hden
established to be an essential regulator of devetopal,
physiological and pathological (in a variety of aoon chronic
human diseases) angiogenesis (Ferrara et al., 2608)ulating
proliferation and migration of endothelial cellsdaenhancing
vascular permeability.

VEGF-A is the founding member of a family of honrodric

glycoproteins that are structurally related to thlatelet-derived
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growth factors (PDGF) familythat is characterized by the
presence of eight conserved cysteine residues anystme knot
structure. Human VEGF gene is localized on chrames
6p2g1.3 and contains eight exons. VEGF is highlpseoved
across specieg§hrough alternative RNA splicing, several VEGF
isoforms are generated. All VEGF isoforms are dedreas
covalently linked homodimers but display differesmde the basic
amino rich domanins ecoded by exon6 and 7. All srapts
contain exons 1- 5, encoding the sighal sequenck came
VEGFR-binding or VEGF/PDGF homology domain, and rex3
with diversity generated through the alternativiicspy of exons 6
and 7. Exon 6 encodes a heparin-binding domaingwéxions 7
and 8 encode a domain that mediates binding toopéur-1
(NP1) and heparin. The VEGF121 isoform (121 anacals in
humans and 120 in mice; VEGF isoforms havesk amino acid
in mice) is freely diffusible, since it lacks theadic amino acid
residues responsible for heparin binding and, theze does not,

or only minimally, binds to the extracellular mat(ECM).
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Fig. 5 Transcriptional and posttranscriptional regulatidwvascular endothelial growth
factor (VEGF). Transcription of VEGF can start freither the P1 TATA less promoter
(at nucleotide position +1) or the internal promdse nucleotide position +633).
Hypoxia and nutrient deprivation enhances VEGFstaption through hypoxia-
inducible transcription factor (HIF)e{by binding to the HRE, which is indicated with an
orange box in the P1 TATA less promoter) or altémedy through PGC-d[by
coactivating the orphan nuclear estrogen-relateeptere(ERRx) on conserved binding
sites found within the promoter and the first int{oed boxes)]. VEGF mRNA stability

is also regulated through stress-induced factbed,lind to adenylate-uridylate-rich
elements (ARES) in its 3'-untranslated (UTR) regigreé¢n stripes). The 5'-UTR contains
two IRES @ andB) (blue) that ensure efficient initiation of tharslation under stress
condition, thus bypassing the 5'cap recognitiomiregl for the assembly of the
translation initiation complex. However, cap-depemtchypoxia-regulated translation
mechanisms also exist. Three in-frame CUGs traoslatiitiation codons can also
initiate the synthesis of a long VEGF (L-VEGF). Nally, translation starts however
from the canonical ATG. Maturation in the endoplasrmticulum generates the different
VEGF isoforms. Three coding exons are alternatigpliced and give rise to, at least,
six VEGF isoforms that possess different affindyheparin sulfate proteoglycans
(HSPG) depending on the absence or presence afran® HSPG binding sites. All
VEGF isoforms can be cleaved by plasmin to generdte0-amino acid-long VEGF.
Exons 7 and 8 (indicated in purple) code for thggaes described to bind NRP (Ruiz de
Almodovar et al., 2009).
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The other members of the VEGF family include plaakegrowth

factor (PIGF), VEGF-B, VEGF-C, and VEGF-D (and otheiral

forms). Each of these family members is charaadriby the
presence of eight conserved cysteine residues, hwfoom a

typical cysteine-knot structure (Robinson et alQP). All VEGF

family members are able to regulate angiogenesdjrmaaddition,

VEGFs C and D are implicated as biologically impatt
mediators of lymphangiogenesis; however, in cohta¥EGF-A,

the precise biological roles of other VEGFs are wet fully

understood.

The expression of VEGF is tightly regulated. Molecustudies
reveal that VEGF expression is regulated at thestnaptional and
post-transcriptional levels. Regulatory factors fOWEGF

expression can be divided into two main categoriegoxia

through hypoxia-inducibile factor (HIF)-1 and a gpoof many
cytokines, growth factors and transcription factottser than HIF-
1.

The biological functions of VEGF-A are mediated th& protein
tyrosine kinase receptors, VEGFR2 fetal liver kaaceptor
(KDR/FIk-1) and VEGFR1 fms-like tyrosine kinase eptor (Flt-

1) (Zachary et al., 2003; Ferrara et al., 2003)G¥R-2 appears to
mediate almost all of the known cellular responsesVEGF

(Cross et al., 2007). The function of VEGFR-1 ésd well-

defined, although it is thought to modulate VEGFR#gnaling.

Certain VEGF isoforms bind to neuropilins (NPs)n#grosine

kinase transmembrane receptors. Whereas bindingE@F to
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Nrps enhance VEGF’s action, binding to VEGFR1 rssuh a
diminution of VEGF availability. Therefore, it isopsible that the
tissue ratios of VEGFR1:VEGFR2 determine the tissue
angiogenic status. For instance, under hypoxic itiond, when
VEGF is upregulated, concomitant upregulation ofGAR1, may
act to modulate VEGF signalling (Maharaj et abl0?2).

After binding, soluble VEGF dimmers induce VEGF eptor
dimerization leading to homo-or heterodimers (Baatial., 2006).
The juxtapose cytoplasmic tyrosine kinase domairike@VEGFR
molecules, transphosphorylate several tyrosine duesi in
neighbour molecule. Activated receptors in turnvate proteins
of different signaling pathways by phosphorylatiphospholipase
¢ (PLC), phosphatidylinositol 3’-kinase/AKT, Ras Bdse
activating protein (GAP), Src family (Dufour et ,®IEGF

signaling)

4.1 VEGF in PNS

Neural and glial cells express one or more ofMB&F receptors

(e.g., VEGFR-1, -2 and neuropilin-1) and can thinsadly respond
to VEGF released by neighbouring neural cells. VE&&fs on
Schwann cells via high-affinity binding to both memne-
spanning tyrosine kinase receptors, flk-1 and f{tAdilliams et al.,
1992).

Schwann cells themselves may be the principal gooff EGF in

peripheral nerveNeuropilin-1is on the cell surfacef both
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neurons and endothelial cells, and is functionaihplicated in
both the guidance of neural growth cones and aegiess.

In the peripheral nervous system, some vesselsemsbry nerves
migrate along the same path and track alongside ether being
intimately associated. Coculture experiments ofoémelial cells
with dorsal root ganglia (DRG) neurons and Schwaretis
demonstrate that both cell types promote arterfédréntiation of
ECs through release of VEGF (Anderson et al., 2002has also
been observed that both nerve- and Schwann aeledeVEGF is
required to induce arterial differentiation of thesvessels
(Anderson et al., 2005) and vessels release guedeumes, such as
VEGF, artemin, neurotrophin- 3, or endothelin-3attract axons
to track alongside the vessels (Ginty et al., 2008gcent
observations indicate that VEGF in nervous systemdignificant
nonvascular functions, with a direct effects @unons and glial
cells stimulating their growth, survival, and axbrautgrowth
(Carmeliet et al 2002). It prolongs the survivaldastimulates
proliferation of Schwann cells in explants of sugercervical
ganglia (SCG) and DRG (Isner et al., 2000). Evenugjn
Schwann cells express VEGFR-1, VEGFR-2, and NR#&leffect
of VEGF on their migration appears to be mediategipminantly
by VEGFR-2. Nonetheless, the precise role of VEGperipheral
innervation remains incompletely understood.

A transient increase in the transcriptional regulahypoxia-
inducible factor-1 alphand a number of its target genes including
VEGF and erythropoietin has been demonstrated tigcen
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diabetic rats (Chavez et al., 2005). Similarlyhie STZdiabetic rat
intense VEGF staining has been shown in cell bodres nerve
fibers compared with no or very little VEGF in coois and
animals treated with insulin or NGF (Samii et 4B99). A recent
study showed that diabetic patients with DPN haw&gaificant
higher level of serum VEGF in comparison with gbavithout
DPN (Arimura et al., 2009).
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AIM OF THE THESIS

This project focuses on understanding how hypegeglya and
diabetes lead to cell body and axon injury in teagheral nervous
system and on discovering pathways potentially e in
counteracting the pathogenetic cascade. We usetwino model
to identify the principal targets of glucose-inddceeuronal or
axonal damage through different approaches, inctudihe
qguantification of apoptosis and axonal growth. Wésoa
investigated the effect of hyperglycemia on Schwegits with the
aim to clarify their role in the pathogenesis ofirmal and axonal

damage.

In the second part of the thesis we evaluated d¢k&u diabetic
fatty (ZDF) rat is a valuable model for study diabeeripheral
neuropathy, in order to validate our in vitro fings in an in vivo

model.
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CHAPTER 2

Schwann cells mediate the impairment of neuritevgiio
by increased VEGF secretion in DRG neurons exposed
to hyperglycaemia

Taiana M,! Bianchi R} Ciusani E2 Lombardi R2 Porretta C%,

Penza P! Lauria G

!Neuromuscular Diseases Unit arfilaboratory Unit, IRCCS
Foundation, “Carlo Besta” Neurological Institute, iNn, Italy

Abstract

Diabetic polyneuropathy (DPN) causes axonal inpmg Schwann
cells (SCs) might are crucial in this process. \Weestigated the
direct interaction between SCs and dorsal root lgamgDRG)
neurons under hyperglycaemic condition and thecesf of
Schwann cell-conditioned media on neurite outgroethDRG
neurons. We observed that high glucose impairedabgrowth in
neuron-Schwann cells co-culture and in neuron molhoe
exposed to the medium obtained from Schwann celtsired in
high glucose. We found that VEGF concentrations were
significantly higher in Schwann cells-media undée high
glucose condition than in those under control coowli The
reduced neurite outgrowth observed in hyperglydca@o-culture
was inhibited by VEGF neutralizing antibody. Our

results suggest that an increase of VEGF secréyo8Cs under
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the diabetic condition would cause a defect of akoegeneration,

resulting in the development of diabetic neuropathy

Introduction

Diabetic polyneuropathy (DPN) is a chronic comgima of both
type | and type Il diabetes mellitus. It increasesrbidity and
mortality and severely impairs the quality of lifginik et al.,

1995; Galer et al., 2000; Tesfaye et al.,, 2005).NDPan

compromise ability to perceive tactile sensationl @an induce
abnormal sensitivity to nociceptive (hyperalgesiahgpoalgesia)
and non-painful normal stimuli (allodynia). The Ipagenesis of
DPN likely involves different pathways including tabolic,

vascular, and growth factor deficiency, and exiiats matrix

remodelling. Hyperglycaemia (Dobrestov et al.,, 200i5

considered the trigger for DPN and its poor consdhe main risk
factor for DPN (Martin et al., 2006; Perkins et, &001; Trial,
1996). DPN is characterized by a distal axonopatitir dying

back degeneration (Greenbaum et al., 1964; Simal.etl983;
Zochodne et al., 2001; Kamiya et al., 2006) andiced ability of
nerve regeneration (Dyck et al., 1986; Ekstrom @odlinson,
1989; Kennedy and Zochodne, 2000, 2005; Sharmarandas,
1975; Sima et al, 1988). However, is still uncléahe
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physiopathologic process primarily affects the axanthe cell
body.

Diabetes is a complex and multifactorial diseas# ianvitro cell
culture models are used to investigate the spebiicaviour of
neuronal cells and axons independently from systenfiuences.
Although this setting does not reproduce the phygioal
condition, it allows to examine specific pathwayetemtially
involved in the damage caused by hyperglycemia.s&loroot
ganglion (DRG) sensory neurons are the main celli@deget of
diabetic neurotoxicity. They are particularly vulakele to toxic
agents because lack the blood brain barrier ands@pplied by
fenestrated capillaries that allow free passageciofulating
substances. Furthermore they have long axonsmriphitochondria
and are particularly susceptible to any interfeeerué energy
metabolism, mitochondrial function, oxidative sgeand axonal
transport. Most of the studies that have investigahe effect in
vitro of hyperglycaemia have used embryonic DRG roest.
They need neurotrophins for the survival in cultarel an high
basal concentration of glucose (25 mM). EmbryonR@neurons
are particularly vulnerable to the lack of tropbigport since they
are harvested during the period of programmeddssth (Patel et
al., 2000; Snider and Silos-Santiago, 1996). Cmelgy adult
DRG neurons, mature and completely developed,ratependent
from neurotrophin and can survive in 5mM glucosedose they
develop mechanisms protective from apoptotic dé@é&mnn et al.,
2002; Vogelbaum et al.,, 1998). This can explain the
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controversial results obtained using in vitro encloig or adult
models rather. The advantage of the embryonic migdihat it
allows to obtain a significantly higher number @lls than using
adult DRG. Moreover they are relativelgsy to obtain and to keep
alive. The high amount of cells and their resistamecake this
model suitable for the study of neuronal death anabnal
degeneration and the screening of potential neategtive agents.
Most studies on in vitro diabetic neuropathy focusen DRG
neurons and little in known on the role of Schwaetls, which
are in close relationship axons in a reciprocarauttion necessary
for their normal functions, and possibly involvad endogenous
neuroprotective pathways (Hoke et al., 2006). Dyreggeneration,
Schwann cells receive signals from the axons agdla&e their
function through the secretion of various facto@&hén et al.,
2005; Hoke et al.,, 2006; Jessen and Mirsky, 19¢&ve and
Salzer, 2006; Triolo et al., 2006). Only few stwdidave
investigated if and how hyperglycaemia affectsgtpporting role
of Schwann cells in cultured DRG neurons. In vitnonoculture
of DRG neurons and Schwann cells could allow tatdsh the
role of each cell type and the relationship betwt#em in the
presence of hyperglycaemia, in order to better rstded the
contributionto the pathogenesis of diabetic neuropathy.

The present study aims to investigate if hypergiyaia primarily
affects DRG neurons or axons, and what is the ebl8chwann
cells. The identification of pathways specificaliyolved in the
development of the neuronal damage could contributée
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knowledge on the pathophysiology of diabetic neatbp and

reveal potential targets for its treatment in pate

Methods

All procedures involving animals were performedadmg to the
Principles of Laboratory Animal Care (European Camites
Council Directive 86/609/EEC).

Cdl culture. Primary DRG culture were freshly isolated from
embryonic age day-15 rats. Dissected embryonic DR€se
enzymatically dissociated with 0.25% trypsin inlk-medium.
Dissociated cells were plated in 24-well platescohagen-coated
glass coverslips, pretreated with poly-D-lysingg(®a-Aldrich, St.
Louis, MO). Culture prepared according to this pool contain
mainly sensory neurons and Schwann cells (Keswaati,e2003).
Mono-culture of DRG neurons were obtained afteroskpon to
ARA-C (10 pM). Embryonic culture were maintained in
Neurobasal medium (Gibco Invitrogen, Grand Island) (that
contains 25mM glucose), supplemented with 1xB2/hiqaén

(1 U/L), streptomycin (1 U/L), and nerve growth tiac(10 ng/ml).
Schwann cells monocultures were obtained from 2Z-aéy rat
sciatic nerves and purified using a modified Bratkmethod.
Purified Schwann cells were maintained in DMEM 10%
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FBS, neuregulin (20 ng/ml) and forskolini(®1). 24 hours before
the experiments, medium were changed to neuroreadium.

High glucose condition was obtained (where is pec#y) adding
20mM glucose to a final glucose concentration om¥b for

embryonic cultures. Co-cultures and monoculturesevexposed
to cisplatin or taxol (10 pg/ml and 250 ng/ml fod Dours,
respectively) as positive control. Paclitaxel andplatin were
purchased from Sigma-Aldrich (St.Louis, MO). Schwagell

conditioned media was collected after 24 hourstrmeat, than
added to neuron monoculture or analyzed by cytolanay.

Culture were exposed to rVEGF (50-100ng/ml) fohadirs (R&D

System, Minneapolis, MN), anti-VEGF antibody (0,28/ml) (R

& D Systems, Minneapolis, MN) and NGF (50-100ng/nm)

neuroprotection assays.

Assessment of axonal outgrowth. After 24 hours exposure to
treatments, cells were fixed in 4% paraformaldehgdd stained
with fluorescent antibody anti-Blll tubulin  (TuJ1Berkley

Antibody Company, Richmond, CA). Neurites elongatiwere

assessed by measuring the longest neurite on déathieast 100
randomly selected neurons per condition and usimgin@age

analysis system on fluorescence microscope. (InmgePlus,

Media Cybernetics, Silver Spring, MD) on fluorescen
microscope as previously described (Keswani eR@D3 ).

Each condition was assessed in duplicate for at thaee time.
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Assessment of neuronal apoptosis. Cells were fixed and stained
with In situ DNA nick labelling (DeadEnd™ Fluoromiet
TUNEL System, Promega, Madison,WI). Cells were t@ored
with DAPI and tujlfor neuron identification or withnti-glial
fibrillary acidic protein (GFAP, Dako, Glostrup, Dmark)
antibodies for Schwann cells identifications anaptic cells
were counted using a fluorescence microscope aptessed as
percentage of the total number of cells presentanh culture.
Apoptosis were also evaluated with Annexin V/PIl agss
(Immunostep, Salamanca, Spain), staining the e&t®rding to
manufacturer’s instructions and analyzed by flowooyetry. Early
apoptosis and late apoptosis were evaluated oreluence 2 (for
propidium iodide) versus fluorescence 1 (for anngxlots. The
percentage of cells stained with annexin V only waaluated as
early apoptosis; the percentage of cells stainél bath

annexin V and propidium iodide was evaluated asdgbptosis.

Rat cytokine array. The cytokine profile expression in Schwann
cells conditioned media were evaluated using tineipeantitative
RayBio™ Rat Cytokine Antibody Array 1 (RayBiotedorcross,
GA, USA), which detects 19 growth factors, cytoldneand
chemokines, following the manufacturer's recommgads. The
signals were visualized using an ECL system (Ansrsh
Pharmacia Biotech, Piscataway, NJ, USA). Spot tiessivere
compared using Image J software
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Quantification of secreted VEGF protein levels by ELISA.

Enzyme-linked immunosorbent assay (ELISA) were qrengd
with a commercial VEGF ELISA kit (R&D Systems, Migawpolis,
MN). Conditioned medium was collected from welldeaf24
hours treatment. Assays were performed in dugjcand values
were compared with standard curves obtained withmamu
recombinant VEGF165, provided by the Kkit.

Results

Hyperglycemia did not increase apoptosis of DRG neurons and
Schwann cells. Embryonic (E15) DRG co-cultures and neuron and
Schwann cell monocultures were exposed to incrgaglncose
concentrations (from 45 mM to 180 mM) in NB medium
presence of B27 without antioxidant. This mediunowal the
survival for some days of both neuron than Schweslis. Co-
cultures and monocultures exposed to cisplatiraxolt(10 pg/mi
and 250 ng/ml respectively) were used as positieatrol
(concentrations are in accordance with previouwiiro studies
(Ta et al., 2006 and Wang et al., 2004). Apoptasis investigated
after 24 hours by means of TUNEL. Hyperglycemia wid affect
either DRG neurons or Schwann cells at any of thecentration
tested, whereas neurons and Schwann cells showédraie of
apoptosis after exposure to cisplatin and taxasmomhstrating that

they are not intrinsically resistant to apoptosis.
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* =p<0,0005 vs contr _*** =p<0,000005 vs contr

Fig.l: Embryonic DRG co-cultures (a) exposed to indrapsglucose
concentrations were associated to a modest incfagoptosis at the highest
concentration. As positive controls, co-culturegpased to anti-neoplastic
compounds shows a high increase of apoptosis ttivatvied mainly Schwann
cell (c) than DRG neuron. (b). In DRG neuron morce (d), we did not
observe any significant apoptotic effect. Schwaallsanonoculture (e) showed

the same behaviour of that observed in co-cultures
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Theapoptotic effect of hyperglycemia after 24 hourseambryonic
DRG neuron and Schwann cell co-cultures were alsduated
using flow cytometric analysis in Annexin V/ Pl ags.
Cytofluorimetric studies confirmed the data obtdineith the
TUNEL assay. Indeed, there was not a significamtrease in
apoptotic death compared to control group and exgot anti-

neoplastic compounds.

Cocolture
60
*%

501
@ 40 * @ contr
g mois
§ 30 0g90
:: 09135
> 29 mgl80

10 T mtax

mcis

* = p<0,005 vs contr
** =p<0,00005 vs contr

Fig. 2 Cytofluorimetric assay did not show increased apsiptin co-culture of
DRG neurons and Schwann cells after exposure toogki compared with

control group and anti-neoplastic compounds.
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Fig. 3 Representative cytogram of flow cytometry analgsiswing apoptosis in
DRG neuron and Schwann cell co-culture contaplajnd after 24h of treatment
with glucose 45mM lf), paclitaxel €) and cisplatin ). In each cytogram:
Upper Left quadrant: necrosis; Upper Right quadréate apoptosis; Lower

Right quadrant: early apoptosis; Lower Left quatraiable cells.

Hyperglycemia did not cause the early loss of membrane
potential differential in mitochondria

Embryonic DRG co-culture were stained with JC1 Bdirk after
glucose or toxic compound exposure and membranengpai
differential was analyzed by flow citometry. Hegltmitochondria

with intact membrane potential differential showgthired-to-
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green fluorescence ratio, whereas in depolarizedamondria the
cationic dye remain in monomeric form and produzéswer red-
to-green ratio. Only cisplatin induced an increasegreen cell

population consistent with impaired mitochondriahdtion.
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Fig. 4 JC-1 fluorescence emission measurements showeduation of red-to-
green ratio in neurons exposed to cisplatin butaidhose exposed to glucose

45mM or paclitaxel.

Schwann cells mediate the impairment of neurite outgrowth in
hyperglycemia

In embryonic DRG co-culture, 24 hours exposure ricréasing
glucose concentrations impaired axonal outgrowthaindose
dependent fashion compared to controls. In DRG areur
monoculture, high glucose concentrations did néecafneurite
length, which was significantly reduced after expesto cisplatin.
This finding suggested that Schwann cells could iatedthe
toxicity induced by hyperglycemia.
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Fig. 5 Exposure to increasing glucose concentrations diug significant
reduction of axonal outgrowth in DRG neuron andv@&am cells co-cultureaj
but not in neuron monoculturd)( The same behavior was found after taxol
exposure, whereas cisplatin caused a reductioheofxonal length both in co-

colture and mono-colture.

In order to confirm this hypothesis, we exposed DR&uiron
monocultures to conditioned medium obtained frormv&mnn cell
monocultures maintained in high glucose for 24 koufter 24

hours, the neurite growth significantly decreased
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similarly to what observed in co-cultures.
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Fig. 6 Exposure of DRG neuron monoculture to the mediurainbd from
Schwann cells cultured in high glucose caused mif&ignt reduction of neurite
outgrowth compared to controls.

The medium of Schwann cells cultured in high glucose medium
showed decreased CNTF and increased VEGF levels.

We analyzed the medium from Schwann cells exposeligh
glucose concentrations to evaluate it induced anlgange in
cytokine secretion. Cytokine profile array showedcrgased
ciliary neurotrophic factor (CNTF) that is a Schweacell-derived
neurotrophic factor and increased vascular endathgrowth

factor (VEGF) levels compared to control.

.- "2
09@.
.

. e



cytokine

0,9 1
0,8 1
0,7 1
0,6
0,5
0,4 1
0,3 1
0,2
0,1 1

Ocontr
Hglu

int dens

vegf cntf

Fig. 7 Cytokine array analysis of medium from control selg) and
hyperglycemia (45mM) conditioned medium from Schwaells after 24hH).
Data are expressed as relative levels of selegtexkines €). Hyperglycemia
conditioned medium showed increased VEGF wheredsd@ereased CNTF

levels

Increased VEGF secretion in DRG co-culture and Schwann cells

monoculture exposed to hyperglycemia.

To determine if hyperglycemia resulted in the inchre of VEGF

secretion, medium was collected for measurementVBGF

concentration by a commercially available ELISA.

VEGF concentration in control co-culture medium 64s9.12.6

pag/ml. After 24 hours of exposure to hyperglicenidd mM),

VEGF concentration significantly increased in DRG-aulture
and Schwann cells monoculture (average increa8®%uf in both
conditions). Neuron monoculture showed an averagesase of
15% in VEGF secretion, but the basal concentratbnVEGF
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was 15.93.2 pg/ml, 4-fold lower than in Schwann cells (583
pg/ml) and in co-culture medium.
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Fig.8 Exposure to 45 mM of glucose for 24 hours induaedncrease of VEGF

secretion from Schwann cells. Data are expressaseantration in a) and as
percentage differential in b).

VEGF impaired axonal outgrowth in DRG co-culture
To evaluate the effect of VEGF increase on DRGaoes DRG
co-culture were exposed for 24 hours to VEGF (frbopg/ml



to 100ng/ml) and compared to NGF (100 ng/ml) expmsas
positive control. We observed a significant and eddspendent
reduction of neurite outgrowth in VEGF exposed otitoes.

Glucose effecwas not worsened by a further exposure of VEGF.

a)
120
100 = * * & * O contr
80 * B VEGF10pg/ml
£ O VEGF100pg/ml
_‘cEn 60 O VEGF1000pg/ml
5 20 B VEGF10ng/ml
B VEGF50ng/ml
20 B VEGF100ng/ml
0 * p<0,05 vs contr
b
) 160 I
140 T 7
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= & : & B contr
Z\g 80 T N glu
60
40
20
0
* p<0,005 vs contr +VEGF50ng/ml +VEGF100ng/ml +NFG100ng/ml
** p<0.05 vs contr

Fig. 9 VEGF induced a significant dose-dependent reductionaxonal
outgrowth in neuron/Schwann cells coculture (a).afldition of VEGF did not
further increased glucose effect. NGF increaseaaxlongation in control and

in hyperglycemic condition (b).
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To confirm that toxicity induced by hyperglycemian meurite
outgrowth was mediated by VEGF increase, we expbge@ co-
culture to anti rat anti-VEGF antibody that neumalrrVEGF164,
rmVEGF120, rmVEGF164, rhVEGF121, or rhVEGF165, wéh
less than 2% cross-reaction with VEGF B, C (0.2%nhy/
Reduction of VEGF concentration in culture treateh anti-
VEGF antibody was examined by ELISA assay. Anti-\FEG
antibody did not affect control cells. In co-cults exposed to
hyperglycemia, anti-VEGF antibody normalized thelitgb of

neurite outgrowth.

120
*% *%
100 A
*
80 O contr
- B contr+anti-VEGF 0,25mg/ml
'-\§ 60 Oglu
° 10 ] O glu+anti-VEGF 0,1mg/ml
B glu+anti-VEGF 0,25mg/ml
20 A
0 * p<0,0005 vs contr
** p<0,05 vs glu

Fig. 10 Anti-VEGF antibody did not significantly impaireakonal growth, but

prevented the reduction of axonal outgrowth irhhi¢ucose DRG co-culture.
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Discussion

Diabetes is a chronic disease that causes sevemgblications,
among which neuropathy is one of the most frequend
disabling. The pathogenesis of diabetic neuropaghynclear
though longstanding hyperglycemia is considered thest
important factor. In vitro cell culture models dannot reproduce
the systemic changes occurring in patients, butetacidate some
mechanisms by which hyperglycaemia affects the obiohl
functions of DRG neurons and axons in a tightly toated
system. In this work, we used embryonic DRG neussmd
Schwann cells mono- and co-culture, in order tduata the main
target of glucose toxicity (e.g. cell body or axoahd the
interaction between Schwann cells and neurons.

Data regarding experimental diabetic neuropathycargroversial.
Most of the studies focused on neuronal survivagugh the
hypothesis that hyperglycemia primarily induces DR&uron
apoptosis is not supported by clear evidence. Saumdors
reported a higher susceptibility to apoptosis of @Reurons
exposed to hyperglycemia (Green et al,1999; Vine¢rt., 2002;
Zochodne et al.,, 2001; Kishi et al., 2002; Russe¢llal., 1999
Srinivasan et al., 2000%everal other studies described that the
majority of DRG neurons underwent oxidative damagdesreas
only a small percentage of them showed apoptosisq&l et al.,
1999; Srinivasan et al., 2000; Kishi et al., 208&ssell et al.,
2002; Cheng and Zochodne, 2003; Schmeichel et 28i03;
Vincent et al., 2004; Sayers et al., 2003; Zheskbya et al.,
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2009). In vitro studies from adult rats and micesgdciated and
explant) failed to demonstrate neuronal death dve® days of
exposure to hyperglycemic environment (Gumy et2008) and
suggested that DRG neurons may be particularlysteedi to
apoptosis (Cheng et al., 2003; Zochodne et al.128ima et al.,
2005; Kamiya et al., 2005; Saito et al., 1999; $aepal., 2002).
Nevertheless, morphological changes of mitochondfeag.
swelling, loss of cristae) and apoptotic markersisfase 3
activation) have been described. One further issu¢hat all
rodents develop the same degree of neuropathyeaaime degree
of neuronal injury. Moreover, different condition$ cell culture
can affect the results. For example, it has beggestedthat in
order to achieve damaging effects from hyperglycaeamserum-
free medium should be used, because the serum @atairc
protective elements (Delaney et al., 2001) sudhsasdin and IGF-
1. Moreover, not all the experimental designed utex same
glucose concentration.

We optimized our serum-free culture conditions teargntee
surviving of DRG neurons and Schwann cells as clasgossible
to in vivo condition. Embryonic sensory neurons énghenotypic
differences from adult sensory neurons. Indeed; #ne dependent
on neurotrophic factors (Lynsday et al., 1988) arddan higher
basal concentration of glucose (25 mM) thadtult neurons for
survival. In our experiments, we consideigh glucose condition
concentration starting from 45mM. . This was eqlamato a 1.8-

fold above control, that is similar to thel.4-fold increase in
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blood glucose concentration that is measured iukgest with
diabetes (Mayfield et al., 1998).

Our primary aim was to investigate whether hypergigia caused
a primary damage to the cell body or to the axor. dldserved
that high glucose concentrations did not affect DR&iron or
Schwann cell survival either in co-culture or in mooulture.
Conversely, we found that DRG neurons showed aroate of
neurite outgrowth when exposed to hyperglycemiarét hours
as assessed by a decreased mean axonal lengtle flindiags
were in favour of a primary axonal impairment argproduced
what has been observed in animal modelsdiabetic neuropathy
patients(Kennedy et al., 2005; Zochodne et al., 2007; Kangt
al., 2006; Gumy et al., 2007). Intriguingly, thevier rate of neurite
outgrowth was found in DRG co-culture but not inurce
monoculture, suggesting that Schwann cells couldy pan
important role for axonal impairment. Little is kmo on the effect
of hyperglycemia on Schwann cells, though a resardy showed
that it can inhibit their proliferation and migrati (Gumy et al.,
2007), which are crucial events for axonal regeraraIn our
model, Schwann cells both in co-culture and mortaceldid not
show an increased rate of apoptosis even at vegh hi
concentrations. Previous works reported similadifigs after
exposure to 60 mM glucose (Gumy et al;, 2007), eaer
Schwann cells apoptosis was observed after expdsut&0mM
glucose (Delaney et al., 2001), although in viww fechwann cells
showed  apoptotic  markers (Kalichman et al.,1998).
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Interestingly, we observed that neurite outgrowtaswmpaired
when DRG neurons in monoculture were exposed tov&ach
cells conditioned medium obtained after exposurkigh glucose
concentrations. The lower rate of neurite outgrow#s similar to
that observed in DRG neuron and Schwann cells ttareu This
finding strengthened the hypothesis that substasea®ted by the
Schwann cell exposed to hyperglycemia could medreeaxonal
damage. Previous works showed thgpdrglycemia can impair
the secretion of cytokines and growth factors freamwann cells
and therefore affect the axonal growth. For exampienortalized
Schwann cells (IMS32) under high glucose conditshowed a
reduced the secretion of NGF (Tosaki et al., 20089.found that
the conditioned medium from Schwann cells exposed t
hyperglycemia had a lower level of CNTF comparectcdatrol.
CNTF is a cytokine mainly secreted by the Schwaelts dhat
enhances neurite regeneration in vitro (Shuto .et2801). It has
also been found that mRNA level of CNTF in DRG was
downregulated in the streptozotocin model of digbeturopathy
(Nakamura et al., 2009) and that that the admatisin of CNTF
prevented in a dose dependent fashion the slowingeove
conduction velocity in galactose-fed diabetic rd#szisin et al.,
2004).

The novel finding of our work is the evidence ofreased levels
of VEGF in the medium of Schwann cells exposed to
hyperglycemia. ELISA assay on co-culture mediunficored this
finding. The synthesis of VEGF is stimulated by b¥ia,
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hyperglycaemia, advanced glycation end productd, aadative
stress (Riddle et al., 1995; Kim et al., 1998). \FEGas been
recognized as a key cytokine related to the devedop of
microvascular diabetic complications such as rgiatioy,
(Stockert et al., 2001), nephropathy (Baik et @004) and
microangiopathy (Sakai et al., 2005). The relatigmsbetween
VEGF and diabetic neuropathy has been poorly tysed. A
recent study found significant higher levels ofuserVEGF in in
diabetic patients with neuropathy compared to thesthout
neuropathy (Arimura et al., 2009hcreased expression of VEGF
has been also reported in DRG neurons and axotiseaciatic
nerve in a rat model of type | diabetes (Samiilgt1®99). High
glucose concentration seems to directly stimulagesecretion of
VEGF in retinal Mdller cells in vitro (Schrufer TR010). To
elucidate the role of VEGF in DRG axonal growth, we
investigated the effect of recombinant VEGF andi-¥BGF
neutralizing antibody. The exposure of DRG co-aatuto
increasing concentrations of VEGF (from 10pM to W)
induced a dose dependent impairment of the neattgrowth.
Anti-VEGF neutralizing antibody added to hyperglyge co-
culture prevented the axonal growth impairment,ficoring the
involvement of VEGF in the pathogenesis of axonamedge
induced by hyperglycemia.

In conclusion, our study suggests that axonal impent is likely
the main factor involved in the pathogenesis of beia
neuropathy. This event seems mediated by an altered
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regulation of Schwann cells exposed to hyperglyeerthat
induced a decreased secretion of CNTF and an setesecretion
of VEGF. This latter seems directly involved as gegjed by the
effect of the neutralizing antibody that preventdw axonal
impairment. In human beings, impaired microcirdolatand local
hypoxia are important pathogenetic factors fordbeelopment of
diabetic neuropathy (Sugimoto et al., 2000; Camertoal., 2001)

and VEGF could play a critical role.
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CHAPTER 3

In vivo and ex vivo studies on peripheral neuropaih

Zucker rats: a type 2 rat model. Preliminary results

I ntroduction

Neuropathy is one the major cause of morbidity agndiabetic
patients. Identification of underlying mechanisnssof greatest
importance to better understand the failures witkisteng
treatments and develop new approaches for diagaosigsherapy
of neuropathies.

Diabetic rodents exhibit many disorders seen inieptd with
neuropathy including allodynia, nerve conductioowshg and
progressive sensory loss (Hounsom, L. et al 19%hré&tsov, M.
et al. 2007). Murine models allow to investigate thvolvement
of insulin, glucose as well as polyol pathway anxorel
neurofilaments on neuropattievelopment. Genetic models are
also available. Zucker diabetic fatty (ZDF) ratas inbred rat
model of type 2 diabetes with a genetic mutatiobegity gene)
and manageable with didta mutation results in shortened leptin
receptor which does not effectively interact witptin. This
mutation is phenotypically expressed as obesith Wwigh levels of
leptin in the blood. Islets from ZDF rats are remis to the
lipopenic action of leptin.

When fed with a diet of Purina 5008, fa/fa malesnflbbzygote
recessive) develop  obesity, hyperlipidemia, fasting
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hyperglycemia, and type 2 diabetes. Fa/+ males tgamotypes
remain normoglycemic. ZDF rats become hyperglycaehy 8
weeks of age and glucose remains elevated thrdwagh lifespan
(Peterson et al., 1990). Initially they are hypsulmemic, then by
22-42 weeks of age serum insulin levels declindoatow the
levels of insulin in age-matched lean control r@seterson et al.,
1990). A similar characteristic is seen in humaret? diabetes.
The ZDF rat is an accurate model for Type 2 diabéecause it
shows impaired glucose tolerance leading to inge@lanstance and
the loss of response to glucose is associatedtigtdisappearance
of GLUTZ2 transporters on the beta cells in thetssédter the onset
of diabetes. Beta-cell mass in ZDF rats is sigaiiity lower than
in lean control rats. Diabetic neuropathy is a canm
complication in type 2 diabetes and Zucker rat ddagd a model to
investigate the pathophysiological mechanisms. Bed limited
studies have been previously performed on thisctopim of this
work was to characterize development and courseefopathy in
this model also in order to understand its possibge in

neuroprotective experimental trials.

Material and methods

Obese Zucker diabetic fatty male (ZDF/crl-lepr/&)d control
male lean fa/+ rats were purchased from CharleerRat six
weeks of age. The onset of hyperglycemia was as3dns
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weekly urine testing (Keto-diabur test, Roche) &labd glucose
was measured using a glucose strip tester (One hTdiltra,
Lifescan, Johnson and Johnson). The rats weredraisé€urina rat
chow 5008.

For the study, 8 rats per group were treated ageastarting when
the rats reach 16 weeks of age, when they becadmbetdt, with
stable hyperglycemia, and low plasma insulin ardiced nerve
conduction velocity (NCV).

Nerve conduction velocity (NCV) was the mark of theease, so,
diabetic groups were randomize on these base asuketi at the
end of treatment. In each experimental paradigmemeand food
intake were measured. Body weight was measured lweek
Mechanical nociceptive thresholds was measured/etber week
during the first months and weekly for the remagnperiod. Skin
biopsies for IENF density determination were takerl6 weeks
and at the end of the experimental period (32 weeks sacrifice
other tissue specimens (including sciatic nenssue containing
the epineurial arterioles, dorsal root ganglianapicord...) were
also collected for further biochemical, immunoistemical,

morphological and morphometrical analysis.

Cell culture. Spinal dorsal root ganglia (DRG) were dissected
from rats at the end of experiments and enzymaticiésociated
with 0.25% trypsin and collagenase 1% in L-15 meditleurons
were maintained in DMEM low glucose medium, thahtamns
5mM glucose, supplemented with penicillin (1 U/L),
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streptomycin (1 U/L) and 1xB27. Part of the cultiveere exposed

to a 20mM glucose overload.

Assessment of neurite elongation. After 24 hours neurons were
stained with fluorescent antibody anti-Blll tubulmd the longest
axons of at least 100 neurons in each condition maasured

using an image analysis system on fluorescenceostope.

Assessment of neuronal apoptosis. To determine apoptotic cell
death, the cells were fixed and stained with b $NA nick
labelling ( DeadEnd Fluorometric TUNEL System).ll€avere
double-stained with DAPI and apoptotic cells weoairded and
expressed as percentage of the total number af medsent in each

culture.

Measurement of reactive oxygen species. Intracellular ROS was
evaluated with the dichlorofluorescein (DCF) assalhe

nonfluorescent fluorescin derivatives (dichlorofiescin, DCFH),
after being oxidized by various oxidants, becomeFDdDd emit
fluorescence. By quantifying the fluorescence, werewvable to
qguantify the ROS.

Tail NCV. NCV in the tail was measured by using a Myto
EBNeuro electromiograph (EBNeuro, Firenze, Italgr feach
animal by a method already used in experiments on
neuroprotection (Cavaletti et al., 1994; Pisanal e2003).
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Nociceptive thresholds. The nociceptive thresholds was quantified
using Randall-Selitto paw withdrawal test for meaacical
sensitivity, as previously described (Bianchi et 2004).

I mmunohistochemistry of skin biopsies and |ENF density. At the
end of treatment, hind paws were collected, plagkabrous skin
including epidermis and dermis were separated tlemmetatarsal
bones, and 3-mm round samples were taken, immédfated by
immersion in 2% paraformaldehyde-lysine-periodate 24h at
4°C, then cryoprotected overnight. Twenty-microrckhsections
perpendicular to the epidermis were cut seriallhva cryostat,
sequentially labeled and stored at -20° C. Thre®ises from a
single footpad were randomly chosen, treated wiB8@Triton X-
100 in 0.5 M Tris buffer at pH 7.6 for 1h and imnoassayed with
rabbit polyclonal anti-protein gene product 9.5ikzodies (PGP
9.5; AbD Serotec, Oxford, UK), using a modified éfttoating
protocol (McCarthy et al., 1995). Sections wereckém with 4%
normal goat serum in 0.5% non-fat dry milk/Tris fbh, then
incubated overnight with ant-PGP 9.5 antibodied{@0). After
rinsing in Tris, sections were incubated with mgtated goat anti-
rabbit 1gG for 1h (1:100), quenched in 30% methdmnyalrogen
peroxide with 1% HO, for 30 min and placed in avidin-biotin
complex for 1h. The reaction product was visible aslue
chromogen/peroxidase substrate. The total PGP dkbhe
IENFs were counted in each section under a light
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microscope (40X); the length of the epidermis waasured using
a computerized system and the linear density of HEN
(IENFs/length of the epidermis) was obtained (Lawti al., 2005).

Statistical analysis. Differences in body weight, withdrawal
latencies, NCV were compared by analysis of vaga#dNOVA)
and the Tukey-Kramer Multiple Comparison as post-ténpaired

Student’s t-test was applied to couples of indepanhdariables

Preliminary results

Mechanical Nociceptive Thresholds

Mechanical hyperalgesia was measured during alhéhnied of the
experiment. It reached a statistical significanp&0(05) at 1
month of diabetes and progressively increased u@Ofb at the
end of the study, consistent with the developmémenrropathic

pain.
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MECHANICAL SENSITIVITY
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Fig. 1 The hind-paw force-withdrawal (mechanical) thrddhia ZDF diabetic

rat was decrease compared to control.

Nerve conduction velocity

ZDF rats showed a progressive and significant sigwof NCV
compared to controls that reached 40% decreasemaingns but
already present at 4months after only 10 weeksypéitglycemia
onset.
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Fig. 2 Tail NCV evaluated at 16 weeks and 31 weeks (30).

Footpad I ntraepidermal Nerve Fiber Density.

Skin biopsy was taken from live animals at 16 wae# at the end
of the period experiments at 31 weeks. In diabetis, the IENF
density is unchanged at 16 weeks of diabetes. Adkw&l we
measured a little, but significantly reduced dgnsitdiabetic rats.

Decrease in cutaneous innervation density is matrigt establish.
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Fig. 3 Representative microphotograph of PGP 9.5 immuaidsg of IENF in

the footpad of control and diabetic rat.
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Fig. 4 Quantification of IENF density. At 4 months IENFrsity was still
unaffected in ZDF rats and significantly reducedOfo; p<0.01) only at 8

months compared to controls.

Neurite outgrowth evaluation

Culture obtained after dissociation of DRG weréovaed to
growth for 5 days. After this time they were fixeand
immunostained and axonal growth was evaluated.

An overload glucose exposure (+20mM) for 24 houids it

affect axonal regeneration both in DRG neuron @n@nd in
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diabetic DRG neurons (data not show).
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Fig. 5 DRG neurons from ZDF rats did not show a significaimpairment
axonal outgrowth compared to control. Mean leng#s walculated considering

at least 100 neurons for each animal colture.

Apoptosis evaluation

After 5 days in culture, apoptosis was assessetlHyEL assay.
Both sensitive neurons and Schwann cells obtaireed ZDF rats
showed an increased apoptosis rate compared sofiath control.

Schwann cell are greatly more affects than neuron
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Fig. 7 Cells culture from ZDF rats showed an higher mafteapoptosis than

control. Schwann cells seem to be more affected tiearons

Oxidative stress evaluation

To estimate the cellular oxidative stress in DR@uca, levels of

endogenous ROS were measured by DCF
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shown in fig. 9, compared with the control groupthbneurons

than Schwann cells from ZDF rat had a significardrease in

DCF fluorescence

Fig. 8 Rapresentative immunofluorescence imagine at 4@gnification of

DRG culture
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Fig. 9 Both neuron and Schwann cells from diabetic ratsagd an increased

DCF intensity, that mean an increased of oxidagtvess compared to control.

Studies of several others parameters that couldirconour
preliminary findings (Na+,K+-ATPase activity in atic nerve,
level of expression of myelin proteins, magnetisoreance, G-

ratio) are still in progress.

Discussion

Diabetic peripheral neuropathy (DPN) associatedh witpe 2
diabetes experimental models is less frequentljistuthan type 1
models. In this study we investigated the male Zuatiabetic
fatty (ZDF) rat model which homozygous missense

mutation causes a nonfunctional leptin recedfd). ZDF rats
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were compared with heterozygous lean males in ao®4m
longitudinal study. We monitored the development of
hyperglycemia and growth, and investigated the tohpé type 2
diabetes on different neurological features, incigd nerve
conduction velocity (NCV), quantification of intaieermal nerve
fibers (IENF) by repeated foot pad skin biopsy, @nchemical
and morphometric analysis of sciatic nerve at faeri

As expected growth rate at diabetes onset wasr fas&DF rats
with respect to lean group, however after abou2Q6wreeks of
diabetes ZDF slower their growth rate and the lgaup growth
faster than ZDF rats. Confirming literature dat@ @bserved that
ZDF rats developed significant and progressive rglgeemia
from baseline that reached a plateau at 6 monthsgliaijetes
duration then stabilized up to the 8th month (aetiashown).

We demonstrate that NCV progressively decreasesZDi-
diabetic rats. Preliminary data on Na+K+-ATPaseivdgt in
sciatic nerves from ZDF rats suggest the involveneériibres of
large diameter in the development of peripheral rogathy.
Additionally, preliminary analysis of sciatic nessedisclosed
axonal atrophy with signs of demyelination as desti@ted by the
significant increase of the g-ratio.

Conversely, IENF density showed a much slower @sgjon.
Indeed, at 4 months IENF density was still unad#dan ZDF rats
and significantly reduced (-20%; p<0.01) only at nBonths
compared to controls.
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From these observations we can conclude that ZBFdevelop a
mild peripheral neuropathy with a slow progressiouaeed, NCV
and Na+K+-ATPase activity are mainly linked to kangyelinated
fibers, and are affected earlier in this geneticddetaf diabetes,
whereas intraepidermal fibre are small calibre efbrand their
decrease progress slowly than those of large fibres

Ex vivo, in DRG cells co-culture from ZDF rats wendonstrated
a significantly higher rate of apoptosis in bothumomal (78%) and,
in particular, in non-neuronal (mostly Schwann)Igld40%)
compared to control. Similar findings were observetien
oxidative stress was measured by fluorescent profmes
intracellular presence of reactive oxygen spe@eswversely, ZDF
DRG neurons did not show impairment of neuritisngktion

compared to control.

In conclusion, ZDF type 2 diabetic rats showed Eleniand more
gradual impairment of NCV and IENF density reflagtilarge-

and small-calibre fibre function than STZ-inducggde 1 diabetes
model. The important role of Schwann cells is uhderalso by
the great increased in apoptosis and in ROS irtuaelevel that

we observed in culture from ZDF diabetic rats coragato

control.

The characterization of ZDF model can be useful tbe

development of experimental neuroprotective tnaith different

anti-diabetic agents.
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CHAPTER 4

SUMMARY, FUTURE PRESPECTIVE AND
CONCLUSION

Diabetic polineuropathy (DPN) is the most commorrooit
complication of diabetes mellitus. It affects abo6®% of
individuals with type 1 or type 2 diabetes, but durcal
impairment of somatic and autonomic nerves mayailty occur
in all patients. It is responsible for substantrerbidity, increased
mortality and impaired quality of life. Currentlyoneffective
treatment is available for DPN beyond tight glycemwntrol. The
physiopathology of DPN remains unclear and it isex@n known
whether the process starts affecting the axonkeoneuronal cell
bodies, and to what extent Schwann cells are imebhn vitro
studies offer the advantage to investigate apaptasd axonal
damage after the exposure to different glucose exgnations in
culture medium. Most of the previous studies shgwimcreased
apoptosis were performed in neuron monocultures anbryonic
dorsal root ganglia (DRG). Limited data on the adesof axonal
growth in high glucose assays are available. Maeothe
contribution of Schwann cells to the neuronal daenhgs been
scantly investigated.

This project aimed to investigate 1) if glucosenparily affected
DRG cell body or axon; and 2) the pathways poadigtinvolved

in counteracting the events leading to axonal dsger.
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We used an in vitro model to identify the princigatgets of
glucose-induced neuronal or axonal damage througfiereht

approaches, including the quantification of apoigt@nd axonal
growth. We also investigated the effect of hypergiyia on

Schwann cells with the aim to clarify their roletive pathogenesis
of neuronal and axonal damage.

In embryonic DRG co-cultures, exposure to high ghtec was
associated to a modest and non-significant incretapoptosis as
examined by TUNEL assay, compared to control groUjese

results were confirmed by cytofluorimetry assay.n@sely,

exposure to high glucose significantly impaired raadogrowth

compared to control group. After exposure of embiryaeuron

and Schwann cell monocultures to high glucose we mbt

observe either increased apoptosis or changes anakgrowth

compared to control groups. However, when neuronauooltures

were exposed to the medium obtained from Schwanh ce
monocultures maintained in high glucose for 24 bhpuwve

observed a significant decrease of axonal lengtmpeoed to
control group, similarly to what found in DRG coHtues.

Analysis of conditioned medium showed an increase/lEEGF

levels, both in hyperglycemic Schwann cells cultanel in DRG
co-culture. Therefore, we exposed DRG neurons toweu to

increasing concentration of VEGF and found a sigaift decrease
of the axonal growth. Treatment with anti-VEGF maliing

antibody prevented the impairment of neurite ouighoinduced

by high glucose concentration in DRG co-culturgpsrting the
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hypothesis that VEGF is involved in the pathogenesf
hyperglycemia induced axonal damage.

Further studies are warranted to clarify the attemegulation of
Schwann cell VEGF secretion induced by hyperglyeemi in
vitro DRG co-colture. The expression of VEGF is ulaged at
multiple levels: transcriptional, posttranscripébn and
translational. VEGF release is mediated by a compleay of
signaling pathways which integration results in glemeration of a
net signaling input (Xiaofeng Ye). We will useestern blot and
RT-PCR on Schwann cell culture to measure proteth raRNA
level, in order to evaluate at which level reguatiof VEGF is
altered by hyperglycemia. Since any potential meait for DPN
would depend on whether involved neurons expressvast
receptors, we will investigate the level of expre@ssand the
distribution of VEGF receptor (rVEGF) on DRG neuronhigh
glucose condition.

Diabetic neuropathy is a complex and systemic disel@ading to
neuropathy likely through several different pathuge
mechanisms. Therefore, our findings need to beiroadl in an
animal model. Streptozotocin (STZ) widely used to create
rodent models of type 1 diabetes (Rees, D.A etO8l52 This
antibiotic direct affects the pancreatic beta cealsd insulin
secretion. The development of STZ induced dialbregicropathy is
mainly dependent on the level and duration of hgiyeemia. In
the early course of diabetes in STZ rats, endoakbtood flow

and micro- and macrovascular reactivity  were  ingmhir

91



(Hounsom, L et al. 1997; Dobretsov, M. et al 20&hwing of
sensory nerve conduction velocity (SNCV) and motarve
conduction velocity (MNCV), degeneration of intragrmal
nerve fiber (IENF), hyperalgesia and allodynia wstewn to
develop within the first month from the onset ophyglycemia in
STZ rats (Bianchi R et al. 2004). After 8-12 weeggns of
axonopathy, demyelination, nerve degeneration apmbdigesia
can also bealetected $igaudo-Roussela D. et | 2007). All these
characteristics make this model suitable to ouppse.

Diabetic will be inducted in rat hipjection of STZ For preventive
studies rats will be treated with anti-VEGF neunialy antibody
just after STZ administration, while in the therape protocol,
treatment with anti-VEGF neutralizing antibody watiart 6 weeks
after diabetes induction, when neuropathy will bkeaxy
establish. Neuropathy will be monitored measurig\ thermal
and mechanical nociceptive thresholds will be eat@d using
respectively hot-plate test, that evaluates thepaal reflexes due
to footpad contact with a heated surface and RaSdétto test
that consists in an application of a uniformly e&sing pressure
on the paw to assess the threshold response to\f@inFrey test
will be assess to study the threshold for touchkeslosensations.
Skin biopsies for IENF density determination wik lzollected
from paw of live animals and at sacrifice. We valso evaluated
Na+,K+-ATPase activity in the sciatic nerve as aeot clinical

signs of the nerve degeneration, since it is resiptan for the
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maintenance of the potential difference throughbetnerves.
Sample of blood will be collected during the expent in order
to evaluate the level of VEGF at different tin@ms. It has been
recently observed that VEGF blood level change wiififerent
stages of the disease (T. Deguchi 2009). At the edrtdeatment
period tissue specimens (including sciatic nerversa root
ganglia, spinal cord) will be collected for furthbrochemical,
immunoistochemical, morphological and morphomelracrlysis.
In particular we will measure with RT PCR and Wastélot
techniques, mMRNA and protein level of VEGF in DB sciatic
nerve. Furthermore with immunofluorescence we wibluated
rVEGEF distribution in DRG cell bodies and in nefilwes.

Our in vitro studies showed that hyperglycemia nyaaifects the
axonal growth of DRG neurons and that an increasedetion of
VEGF from Schwann cells is likely to give a majantribution.
These findings will be further investigated in annaal model of
diabetic neuropathy. If confirmed, they will progichew insight
into the pathogenesis of DPN and the backgroundp&dential

treatment strategies which could be translatedimical trials.
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