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ABSTRACT

Stavudine, a nucleoside reverse transcriptase itohifNRTI) used to treat
infection by the human immunodeficiency virus (HJVrauses peripheral
neuropathy and pain in HIV-positive patients. Thechmanisms of this toxic
neuropathy are poorly understood, partly becauselatk of animal models of the
disease process. | investigated whether long-teaity dral administration of
stavudine affects nociception in Sprague-Dawle,raind whether changes in
nociception are accompanied by a general deteioorah the rats’ conditions, as
reflected in activity and appetite. Daily stavudiredministration induced
mechanical hyperalgesia in rats within three weekihiout affecting appetite,
growth or physical activity, and this hyperalgegiarsisted throughout the six
weeks of stavudine administration. | then invesédawhether central changes
underlie the hyperalgesia caused by stavudinets by examining inflammatory
cytokine secretion and neuronal death in the spic@id. Daily stavudine
administration caused an increase in cytokine-iedugeutrophil chemo-attractant
(CINC)-1 concentration in the spinal cord after weeks, but early development of
stavudine-induced hyperalgesia did not depend areases in spinal concentrations
of CINC-1 and interleukin (IL)-6, nor on apoptosis necrosis of spinal neurones.
The neurotoxicity of stavudine is thought to derivem mitochondrial toxicity,
which has been linked to increased plasma lactateantration and decreased
plasma adiponectin levels caused by lipodystrogimus, | investigated whether a

systemic inflammatory response or metabolic dydeggun accompanied



stavudine-induced hypernociception by examiningsmla adiponectin, lactate,
CINC-1 and IL-6 concentrations in rats administedally stavudine. Plasma
adiponectin, lactate, CINC-1 and IL-6 concentragiamere unchanged following
three or six weeks of daily stavudine administratibherefore, | have shown that
stavudine-induced hyperalgesia is not dependersiporal cord plasticity, nor on a
systemic inflammatory response or extensive metaloalfunction. Instead, the

hyperalgesia | observed may be caused by the adedfects of stavudine on
peripheral neurone functioning. As stavudine adstiation to healthy rats had no
adverse effects besides inducing hyperalgesia ansirgg a rise in CINC-1

concentration in the spinal cord after six weekg,results indicate that many other
side effects commonly associated with stavudingtitnent in HIV-positive patients

may arise through interaction with the underlyinky khfection.
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CHAPTER ONE

INTRODUCTION



Pain is a common complaint of HIV-positive patiergen in the absence of AIDS-
defining diseases, and frequently is underestimatet! treated poorly by doctors
(Breitbart et al., 1996; Del Borgo et al., 2001;sdiedt et al., 2001; Karus et al.,
2005; Larue et al., 1997). The prevalence of paiHIV-positive patients increases
from about 30 % in adult out-patients, to abou6@h adult in-patients (Brechtl et
al., 2001; Breitbart et al., 1996; Karus et al.020Larue et al., 1997). Norval
(2004) found that in South Africa 98 % of patiemtgh advanced AIDS in a
palliative care facility suffered from chronic paiDespite the high prevalence of
pain in HIV-positive patients, 85 % of those patseare not given adequate pain

relief by doctors (Breitbart et al., 1996; Larueakt 1997).

While somatic pain, headache, joint pain and musaie frequently are reported by
HIV-positive patients, approximately 30 % of HIVlaed pain is thought to be
neuropathic in origin (Del Borgo et al., 2001; Hewet al., 1997), not only because
of neural damage caused by the virus, but alsousecaome antiretroviral drugs
cause toxic neuropathies (Cherry et al., 2003; Kala 2001). Although
antiretroviral drugs effectively retard the progries of the disease, some studies
have shown that the prevalence of sensory neurgatHIV-positive patients has
increased since the introduction of these drugsdbar et al., 1994; Husstedt et al.,
2001; Luciano et al., 2003; Sacktor et al., 200tyth et al., 2007). Clinically,
distal sensory polyneuropathy caused by the vingstaxic neuropathy caused by

antiretroviral drugs are indistinguishable (Dalgka801; McArthur et al., 2005;



Nicholas et al., 2007; Simpson & Tagliati, 1995, eoth types of neuropathy are
associated with the same features, including deetegeripheral nerve fibre
density (Cherry et al., 2003; Pardo et al., 20Qdlydrefkis et al., 2002; Zhou et al.,
2007). A diagnosis of toxic neuropathy is dependheainly on when the symptoms
of neuropathic pain occur, in relation to the stdrantiretroviral therapy (McArthur

et al., 2005; Nicholas et al., 2007).

While highly active antiretroviral therapy (HAARTsed to treat HIV infection
usually consists of a combination of two nucleoselerse transcriptase inhibitors
(NRTIs) and either a non-nucleoside reverse tr@ptsse inhibitor (NNRTI) or a
protease inhibitor (PI) (Grimwood, 2004; WHO, 200MRTIs are associated with
a greater risk of developing neuropathy than ahgroantiretroviral drug (Bacellar
et al.,, 1994; Keswani et al., 2002; Moore et ap®@. Of the other classes of
antiretroviral drugs only the Pl indinavir (IDV)aently has been found to be a risk
factor for developing peripheral neuropathy (Smgthal., 2007). Although NRTIs
form an integral part of HAART, the mechanisms oRN-induced toxic
neuropathy are not well understood. Our poor urtdedsng of how the toxicity of
NRTIs causes pain in HIV-positive patients arisaglp because of a lack of robust
animal models of the disease process. The purddblesaontroduction is to describe
the clinical features of distal sensory polyneutbpaaused by the HI virus and by
antiretroviral drugs. As neuropathic pain causedimyretroviral drugs is the focus

of my PhD, in this chapter I will examine the raé&NRTI-related mitochondrial



toxicity on NRTI-induced toxic neuropathy and ilirege the effects of NRTIs on
nerve fibre density in animals and nerve fibre giown cell culture. As it is

impossible to distinguish between the effects @& thrus and the antiretroviral
drugs on neurones in HIV-positive patients, | algth describe animal models of
NRTI-induced pain hypersensitivity, which have bedaveloped to characterise

toxic neuropathy in the absence of HIV infection.

1.1 Peripheral neuropathy in HIV-positive patients

Somatic pain, headache, joint pain, muscle painngudopathic pain are among the
most frequently reported types of pain experienmgdilV-positive patients, with
about 30 % of patients suffering from neuropathanp(Del Borgo et al., 2001;
Hewitt et al., 1997). Peripheral neuropathy, withwithout pain, affects up to 50 %
of HIV-positive adult patients (Dagan et al., 20@&npson et al., 2003; Smyth et
al., 2007), with the incidence of neuropathy insreg with disease progression and
decreased CD4 cell count (Breitbart et al., 199éwitt et al., 1997; Larue et al.,
1997). The occurrence of peripheral neuropathy elsacreased in HIV-positive
patients with a history of other types of neurogdtenzel & Carpenter, 2000) and
with increased age (Smyth et al., 2007). The pengd of peripheral neuropathy is
similar in HIV-positive adults and children, altrgiuthe condition frequently is less

severe in children than in adults (Araujo et 200@).

One of the signs of peripheral neuropathy is a cedn in epidermal nerve fibre



density, caused by distal axonal degeneration (@hefr al., 2003; Pardo et al.,
2001; Polydefkis et al., 2002; Zhou et al., 200Merve fibre degeneration is
accompanied by the release of local inflammatorgiaters, which heighten the
sensitivity of surrounding, uninjured fibres, cadbtiting to neuropathic pain
(Keswani et al., 2002). Initially, small unmyeliedtnerve fibres are lost, followed
by the degeneration of large myelinated fibres (ghet al., 2003). Regeneration of
damaged nerve fibres is rare (McArthur et al.,, 3088d regrowth of damaged
nerve fibres appears to be impaired with HIV infact(Hahn et al., 2007). Hahn
and colleagues (2007) found that cutaneous capsapplication resulted in near
complete denervation of the affected area andrédggneration of these nerve fibres
was significantly decreased in HIV-positive patgentith or without neuropathy

compared to healthy controls.

Approximately 50 % of HIV-positive patients with nggheral neuropathy suffer
from pain (Cornblath & McArthur, 1988; Fuller et,a1993; Martin et al., 2003),
most prominently in the lower limbs (Norval, 2004patients experience
hyperalgesia and allodynia, impaired thresholdshiar and cold stimulation, and
numbness and burning of the extremities, partibuldwe feet (Cherry et al., 2005;
Huengsberg et al., 1998; Martin et al., 2003; MbArtet al., 2005). HIV-positive
patients frequently experience spontaneous pairmrtiMat al., 2003; Schreiner &
McCormick, 2002), making it difficult to perform nwoal daily activities,
diminishing quality of life and often resulting anxiety and depression (Larue et

al., 1997; Newshan et al., 2002; Ownby & Dune, 3007



While most HIV-positive patients who have died oD& have detectable nerve
damage, indicative of peripheral neuropathy, notoélthese patients reported
experiencing pain when they were alive (Keswaralgt2002; Luciano et al., 2003;
Martin et al., 2003). Non-painful peripheral neuatify may be the result of partial
damage to the nervous system and limited C-fibrefuhction, allowing for

relatively normal nociception (Martin et al., 2003lternatively, asymptomatic

neuropathy may be caused by extensive neural danadgeh decreases sensory
input, such that the patient is less sensitiveitowdi and does not suffer from pain

(Pardo et al., 2001).

1.2 gp120-induced neurotoxicity

Much of what is known about the mechanisms of Hidticed neuropathy and the
pain associated with that neuropathy was discovesew animal models. The HIV
envelope glycoprotein gp120, injected intrathecalyadministered perineurally to
mice and rats, results in mechanical and thermpétalgesia (Herzberg & Sagen,
2001; Milligan et al., 2000; Milligan et al., 20Q1dilligan et al., 2001b; Spataro et
al., 2004; Twining et al., 2005), mechanical allody(Herzberg & Sagen, 2001;
Ledeboer et al., 2005; Minami et al., 2003; Wallatal., 2007a), and a decrease in
intra-epidermal nerve fibre density (Wallace et @007b). HIV-gp120 induces
macrophage infiltration in the peripheral nerve aodsal root ganglia (Wallace et
al.,, 2007a) and activates microglia and astrocytethe brain and spinal cord
(Herzberg & Sagen, 2001; Ledeboer et al., 2005liddih et al., 2000; Milligan et

al., 2001b; Wallace et al., 2007a), which then asée the pro-inflammatory



cytokines interleukin (IL)-1, tumour necrosis fac{@NF)-o (Herzberg & Sagen,
2001; Holguin et al., 2004; Milligan et al., 200Mdilligan et al., 2001b) and IL-6
(Holguin et al., 2004), as well as the chemokind_.Z(QNallace et al., 2007b). The
release of nitric oxide (Holguin et al., 2004) agalcium (Minami et al., 2003) in
the spinal cord also is increased following gplatimistration and in addition the
spinal cord complement cascade is activated (Twiminal., 2005). Inhibiting the
complement cascade and glial cell activity and kilug the release of nitric oxide
and cytokines reduces or abolishes the heightea@dsgnsitivity induced by gp120
(Holguin et al., 2004; Ledeboer et al., 2005; M#ih et al., 2000; Milligan et al.,
2001b; Minami et al., 2003; Twining et al., 200Bighlighting the importance of

centrally-mediated pathways in HIV-related neurbapain.

HIV-gp120 also may directly affect neurone functian Isolated rat dorsal root
ganglion neurones incubated with gp120 show areass in neuronal apoptosis
(Bodner et al., 2004; Keswani et al., 2003b), areise in neurite branching and
total neurite length (Keswani et al., 2003b) andiaecrease in the release of
substance P and calcium (Oh et al., 2001), which caatribute to the increased
pain sensitivity observed in rodents administeneti2. Chemokines are thought to
play an essential role in HIV-induced neuropattsyblbcking chemokine receptors
reduces the adverse effects of gpl120 on neurori®litya(Bodner et al., 2004;

Keswani et al., 2003b). HIV-gp120 is thought todito the CXCR4 chemokine

receptor on Schwann cells, resulting in the releaiséhe chemokine RANTES

(regulated upon activation, normal T-cell expresaad secreted), which binds to



the CCR5 chemokine receptor on neurones, resuhirige release of TNk-and

subsequent neurotoxic effects (Keswani et al., BR03

These animal and cell culture studies of gp120-¢eduneurotoxicity show that the
HIV envelope glycoprotein gpl20 plays an importaote in mediating the

peripheral neuropathy caused by HIV infection. Bgusing the release of
neurotoxic substances, such as pro-inflammatorgkayes and chemokines, gp120
enhances the sensitivity of neurones and may résutieuronal death, features
evident in HIV-positive patients with painful pehnigral neuropathy caused by the
virus. Because of a dearth of similar animal moaélantiretroviral drug-induced

neuropathy, the mechanisms of toxic neuropathyareas well understood.

1.3 Toxic neuropathy caused by antiretroviral drugs

Although antiretroviral drugs effectively delay trdevelopment of AIDS and
increase life expectancy by increasing CD4 cellntcand decreasing viral load
(Brechtl et al., 2001; Dalakas, 2001), other symymoof HIV-infection, such as
fatigue, insomnia, anxiety, and pain, have not beaninated (Brechtl et al., 2001;
Newshan et al., 2002). Indeed, some studies hawershhat the incidence of
peripheral neuropathy has increased with the iogbdn of antiretroviral drugs
(Bacellar et al., 1994; Husstedt et al., 2001; 8ack002; Sacktor et al., 2001;
Smyth et al.,, 2007). Researchers believe that, I-pdsitive patients, the toxic
effects of antiretroviral drugs may merely enhamrcereviously existing distal

sensory polyneuropathy caused by the virus (Keswtal., 2002), such that HIV



infection is necessary for toxic neuropathy to deweThe virus, pro-inflammatory
cytokines and chemokines are thought to causenikial iperipheral nerve injury
(see section 1.2), which then is exacerbated bytdkie effects of antiretroviral

drugs, resulting in symptomatic, painful neuropatkgswani et al., 2002).

While HAART usually consists of a combination ofawRTIs, the backbone of
combination therapy (Sension, 2007), and an NNRTIPb (Grimwood, 2004;

WHO, 2004), the toxic effects of NRTIs in particukre associated with the high
incidence of peripheral neuropathy in HIV-positigatients taking antiretroviral

drugs (Bacellar et al., 1994; Keswani et al., 20@2pre et al., 2000; Smyth et al.,
2007). Toxic neuropathy often arises rapidly (Dakk2001) six to eight weeks
after starting NRTI treatment (Husstedt et al., DQOGlthough neuropathy may
develop as early as one week or up to six montker dhe onset of NRTI

administration (Keswani et al., 2002). This tempoasasociation between the
symptomatic development of neuropathy and the sihrantiretroviral therapy

currently is necessary for the diagnosis of NROdced neuropathy, as the clinical
symptoms of toxic neuropathy and distal sensoryrmmiropathy, caused by the
virus, are identical (Dalakas, 2001; McArthur et &005; Nicholas et al., 2007,
Simpson & Tagliati, 1995). Kokotis and colleagu@8d7) recently showed that,
although the clinical symptoms of both kinds of mgathy are the same, the
pathology of toxic neuropathy and distal sensorlymeuropathy may differ. The

researchers found that neuropathy caused by the wias associated largely with a

decrease in the conduction velocity of myelinategtva fibres, while toxic



neuropathy appeared to decrease the conductiogityelnainly of unmyelinated
fibres. Although the authors failed to demonstratelear distinction between the
two types of neuropathy (Kokotis et al., 2007), immstudies may allow us to
discriminate between neuropathy caused by HIV itidacand that resulting from
antiretroviral drug treatment in the future, whictay improve the management of

the condition.

The prevalence of toxic neuropathy increases wien number of antiretroviral
drugs used (Scarsella et al., 2002), the duratiddRI'l exposure (Scarsella et al.,
2002) and frequent changing of HAART regimens @&iberg et al., 2004). Also,
HIV-positive patients with advanced HIV diseasecregased age, decreased
nutritional status (Fichtenbaum et al., 1995; MogeSadler, 1998) and any
previous incidence of neuropathy are at great&raigleveloping toxic neuropathy
(Fichtenbaum et al., 1995; Keswani et al., 20023céntinuing the use of NRTIs,
or changing the HAART regimen (Keswani et al., 2008sults in an improvement
of symptoms in two-thirds of patients (Keswani kf 2002), usually within three

months (Blum et al., 1996).

10



Table 1: Commonly usediucleoside reverse transcriptase inhibitors

(NRTISs)

Generic Chemical Nucleotide Brand Manufacturer

names name derivative name

Didanosine 2',3- Adenosine Videx Bristol-Myers

(ddlI) dideoxyinosine EC Squibb

Lamivudine B-L-2',3'- Cytidine Epivir IAF Biochem

(3TC) dideoxy-3'- Int/ Glaxo
thiacytidine Wellcome

Stavudine 2',3-didehydro-  Thymidine Zerit Bristol-Myers

(d4T) 3- Squibb
deoxythymidine

Zalcitgbine 2',3- Cytidine Hivid Hoffman La

(ddC) dideoxycytidine Roche

Zidovudine  3’-azido-3'- Thymidine Retrovir Glaxo

(AZT) deoxythymidine Wellcome

*zalcitabine no longer is recommended for the treait of HIV infection

11



All NRTIs (see Table 1 for brand names and manufacs), except zidovudine
(AZT), which is administered at a dose of 600 mggmey (WHO, 2004), have been
associated with peripheral neuropathy (Dalakas,1p08esides causing toxic
neuropathy NRTIs also are associated with numeroiner adverse effects,
including gastrointestinal disturbances, pancrsatiictic acidosis, lipodystrophy
and rash (Montessori et al., 2004), however neuhgpa one of the most common
reasons for discontinuing the use of these drude prevalence of peripheral
neuropathy and other side effects commonly repowgd the use of NRTIs is
summarised in Table 2. The severity and the precaleof the peripheral
neuropathy caused by NRTIs is dependent on theitpxif the specific NRTI used
(Dalakas, 2001). Zalcitabine (ddC) is associateth vilhe highest incidence of
neuropathy, with all patients administered a higlsed& 0.12 mg.kg per day)
developing neuropathy in seven to nine weeks. Ewviema much lower dose (0.02
mg.kg' per day) neuropathy developed in one third ofguesi within 26 weeks
(Berger et al., 1993). The neuropathy caused bgsitabine is painful, progresses
rapidly and may be irreversible (Cherry et al., 20Dalakas, 2001). Because of the
high incidence of toxic neuropathy associated waticitabine administration,
zalcitabine no longer is recommended for the treatmof HIV infection.
Neuropathy occurs less frequently with the useaafiVudine (3TC), didanosine
(ddl) and stavudine (d4T) and the neuropathy gdlgeraproves when treatment is
stopped (Cherry et al., 2003; Dalakas, 2001). Treeglence of neuropathy caused
by lamivudine, which is administered at a dose @ &g per day (WHO, 2004),

has not been assessed systematically (Dalakas).ZD0d recommended dose of
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didanosine is 250 or 400 mg per day, dependindnerpatient’s body mass (WHO,
2004). A dose of didanosine far greater than thateatly recommended>(12
mg.kg® per day) resulted in neuropathy in up to 50 % atfemts (Lambert et al.,
1990), but neuropathy affected only 2 % of patiesdsninistered didanosine at
recommended doses (Moyle & Sadler, 1998) and tivitbehigher CD4 cell counts
administered a much lower dose (0.4 md}.kgr day) of this NRTI (Lambert et al.,
1990). A high dose (approximately four times therently recommended dose) of
stavudine caused peripheral neuropathy in 70 %l\gfpgdsitive patients (Skowron,
1995), while currently recommended therapeutic sia$&0 or 80 mg.day(WHO,
2004) may cause neuropathy in up to 15 % of paiéMioyle & Sadler, 1998;

Simpson & Tagliati, 1995).
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Table 2: Prevalence of peripheral neuropathy ahérotommon side

effects caused by NRTI administration in HIV-posgtipatients

NRTI Dose Patients with Other common side
peripheral effects®
neuropathy (%)
Didanosine > 12 mg.kg" per 50
day™) Gastrointestinal
disturbances,
0.4 mg.kg' per 2 pancreatitis, hepatic
day?; 250 or 400 steatosis, lactic acidosis
mg per da§’
Lamivudine 300 mg per day Not assessed Neutropenia
Stavudine Four times 70
currently Gastrointestinal
recommendéed disturbances, lactic
acidosis, lipodystrophy,
60 or 80 mg per 15 hepatic steatosis
day2,4)
Zalcitabine > 0.12 mg.kd 100
per dayP Pancreatitis, mouth
ulcers, lactic acidosis
0.02 mg.kd' per 33
day®
Zidovudine 600 mg per day None reported Gastrointestinal

disturbances, rash,
anaemia, lactic
acidosis, hepatotoxicity

References: 1. Lambert et al., 1990; 2. Moyle &18adl998; 3. Skowron, 1995; 4. Simpson &

Tagliati, 1995; 5. Berger et al., 1993; 6. Montessbal., 2004
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1.4 Mechanism of action of NRTIs

NRTIs are derivatives of the nucleotides adenosiogjdine, guanosine or
thymidine (see Table 1), with a modified 3',OH eaflthe deoxyribose sugar
(Kakuda, 2000). NRTIs need to be phosphorylatedrieethey can exert their
effects, and this process is specific to each NREEuIting in different rate-limiting

steps in the actions of different NRTIs (Kakuda, 0@0 The active,

triphosphorylated form of an NRTI provides an altive substrate for DNA

polymerases, including the HIV reverse transcriptaszyme (Dagan et al., 2002).
By competing with normal nucleic acids and termimgtchain elongation before
completion, NRTIs prevent the virus from producib§A copies of its RNA,

impairing viral replication (Dagan et al., 2002;KGaa, 2000).

Although NRTIs successfully decrease viral proéteyn, the inhibitory effect of
these antiretroviral drugs is not restricted t@hv@nzymes. Just as NRTIs decrease
viral DNA production by inhibiting the HIV reverdeanscriptase enzyme, NRTIs
also may decrease mitochondrial DNA production bkihiting mitochondrial

enzymes, resulting in mitochondrial dysfunction.

1.5 Effects of NRTIs on mitochondrial function

The metabolic abnormalities and decreased ATP ptadu caused by NRTI-
induced mitochondrial dysfunction may have deliihig effects, leading to tissue
and organ malfunction (Cherry et al., 2003; McComnge Lonergan, 2004),

including nerve damage causing peripheral neurgpathd resulting in pain
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(Cherry et al., 2003). NRTI-mediated mitochonddgkfunction is linked to lactic
acidosis (Montessori et al., 2004), a common siféeeof NRTI use (see Table 2),
which is caused by an increase in anaerobic respirand lactate buildup (Dagan
et al., 2002; Lewis, 2003; McComsey & Lonergan, £0Qipodystrophy, the fat
redistribution characterised by peripheral fat lagsl central fat accumulation, in
HIV-positive patients (Lechelt et al., 2007) als® thought to be caused by
mitochondrial dysfunction (Brinkman et al., 1999kGda et al., 1999), resulting
from the increased rate of lipolysis induced by NIBR@ministration (Hadigan et al.,
2002) and the adverse effects of NRTI-mediated chitadrial dysfunction on
adipocyte functioning (Brinkman et al., 1999; Kakuet al., 1999). The effects of
NRTIs on mitochondrial function may be caused bgonporation of NRTIs into
mitochondrial DNA (Dagan et al., 2002; Kakuda, 200@mpairment of
mitochondrial enzymes and triggering of mitochoallimduced apoptosis (Kakuda,
2000). The effects of NRTIs on mitochondrial funatihave been examined in

isolated mitochondria and vivo and are summarised in Table 3.
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Table 3: Effects of NRTIs on mitochondrial functioncell culture and

animal studies

NRTI Effect Reference

Didanosine  Decreased mitochondrial Keswani et al., 2003a
membrane potential difference

Stavudine Decreased mitochondrial DNA Kakuda, 2000
content
Decreased calcium loading Lund & Wallace, 2004
capacity
Decreased mitochondrial Keswani et al., 2003a
membrane potential difference

Zalcitabine  Changes in mitochondrial structure Feldman & Anderson, 1994
in rats
Decreased mitochondrial Keswani et al., 2003a
membrane potential difference

Zidovudine Increased calcium loading Lund & Wallace, 2004
capacity
Increased protein oxidation, Opii et al., 2007

release of cytochrome decreased
Bcl-*2, increased caspase-3 and
Bax

Uncoupling of 9xidative Keilbaugh et al., 1997
phosphorylation

Reduction in mitochondrial DNA  Collins et al., 2004
in rat$

" indicates cell culture studig§ndicatesin vivo studies.
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1.5.1 Effects of NRTIs on mitochondrial functiomvitro

The effects of NRTIs on the function of isolatedaunhondria are dose-dependent
and complex, involving various pathways, with seldlfferences in the properties
of specific NRTIs (Lund & Wallace, 2004). One ottlwvays in which NRTIs may
disrupt mitochondrial activity is by decreasing osiiondrial DNA content, which
may be caused by inhibition of DNA polymerasectivity (Birkus et al., 2002;
Brinkman et al., 1999; Dalakas et al., 2001; Kak®&f0; Lewis & Dalakas, 1995;
Lund & Wallace, 2004; Martin et al., 1994; Morris@arr, 1999). NRTIs also may
increase mitochondrial DNA mutations (Lewis, 2003litochondrial DNA
mutation and depletion has adverse effects on mitedrial structure and function
(Lewis, 2003). Although most NRTIs are thought &xitase mitochondrial DNA
content, results from studies examining mitochaddfiNA depletion after NRTI
exposure are inconsistent. In one study stavudingke other commonly used
NRTIs, did not cause DNA depletion of isolated raitondria (Cui et al., 1997),
while, in another study, stavudine did decreaseochindrial DNA content
(Kakuda, 2000). Also, while stavudine decreasedctdeium loading capacity of
isolated rat heart mitochondria, zidovudine inceelagalcium loading capacity
(Lund & Wallace, 2004). These contradictory resuiicate that the mechanisms
of NRTI-induced mitochondrial toxicity are compleand different NRTIs interfere
with mitochondrial function through discrete mecisams (Cui et al., 1997), making
it difficult to find appropriate treatments for tlaelverse effects caused by NRTI-

induced mitochondrial dysfunction in HIV-positivatpents.
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NRTIs also induce oxidative stress in isolated otitlndria (Opii et al., 2007) by
the release of free radicals, which may cause imitodrial DNA mutations
(Kakuda, 2000) and NRTI-induced neuronal death i(€pal., 2007). These effects
may be reversed by pre-treatment with anti-oxidédsi et al., 2007). Zidovudine
increased oxidative stress in isolated mitochondyiancreasing protein oxidation
and elevating the release of cytochroen@®pii et al., 2007). The adverse effects of
NRTIs on isolated nerve fibres (see section 1.6 NRTI-induced decreases in
peripheral nerve fibre density in animal modelse(section 1.6.2) may be
explained by what is known about the drugs’ effemtsisolated mitochondria.
Zidovudine decreased levels of the anti-apoptatitgin Bcl-2 and increased levels
of the pro-apoptotic proteins caspase-3 and Baxi @ml., 2007), increasing the

likelihood of NRTI-induced neuronal apoptosis.

A further way in which NRTIs may impair mitochonalrifunction is by altering
mitochondrial membrane potential difference (Keswetnal., 2003a). Zalcitabine,
didanosine and stavudine, incubated with dorsalt @anglion neurones and
Schwann cells, reduced neuronal mitochondrial mamdrpotential difference
within four hours of exposure in a dose-dependeartmer (Keswani et al., 2003a).
Zalcitabine had the greatest effect on neuronabehiindrial membrane potential
difference, but did not cause mitochondrial deps#&ion in Schwann cells.
Stavudine altered mitochondrial membrane potewlifiérence to a lesser degree
than zalcitabine and didanosine, but zidovudine hadeffect on membrane

potential difference. Application of the immunophiligand FK506, which has
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neuroprotective and neurotrophic properties, priatgnthe alterations in
mitochondrial membrane potential difference indubgdNRTI exposure. However,
the use of immunophilins in the treatment of tokrieuropathy in HIV-positive
patients is limited, because of the immunosuppresgeoperties of these agents

(Keswani et al., 2003a).

1.5.2 Effects of NRTIs on mitochondrial functiomvivo

Oral administration of zidovudine to rats at a do§el00 mg.kd, which falls
outside the equivalent human therapeutic dose r66e75 mg.kg per day),
resulted in a reduction in mitochondrial DNA, whitte authors contributed to a
decrease in mitochondrial synthesis and biogern€udiins et al., 2004). A very
low dose of zidovudine (15 mg.Rgper day) had no effect on mitochondrial
synthesis. The number of abnormal mitochondria afseased after NRTI
administration (Dagan et al., 2002; Feldman & Asder 1994). Oral
administration of zalcitabine to rats for up to\®2deks resulted in time-dependent
and site-specific changes in mitochondrial striet{ifeldman & Anderson, 1994).
Mitochondria in the sciatic nerve, tibial nerve addrsal root ganglia were
abnormally shaped and closely packed. The occugrenoic these abnormal
mitochondria frequently was correlated with myebplitting associated with
zalcitabine treatment (see section 1.6.2), but chitadrial alterations appeared to
precede myelin splitting (Feldman & Anderson, 199%hile zalcitabine induced
morphological changes in mitochondria, there wersigns of structural damage to

the mitochondria as a whole or to the cristae. @h#éhors suggested that the
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observed morphological changes occur to improve ithgaired mitochondrial
function caused by zalcitabine, such as changiegshiape of the mitochondria to
increase the surface area available for energyugstamh (Feldman & Anderson,
1994). It appears however that these morphologicahges cannot sustain normal
mitochondrial function indefinitely, as these mhoadrial alterations later were
followed by abnormalities in the myelin sheath dfeeted nerves (see section
1.6.2), which may have been caused by abnormal chotadrial and cell

functioning.

While much is known about mitochondrial dysfunctioaused by NRTIs, it is
poorly understood how this mitochondrial toxiciguses the nerve damage evident
in peripheral neuropathy, and especially what deitezs whether the neuropathy is
painful or not. As both the virus and antiretroVidaugs may cause neuropathy in
HIV-positive patients it is difficult to separatieet effects of the virus and the drugs
in these patients. Thus it is necessary to examiRé&l-induced nerve damage in
the absence of HIV infection, in cell culture amdainimal models, to improve our
understanding of toxic neuropathy. The effects d®Té on nerve fibres are

summarised in Table 4.
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Table 4: Effects of NRTIs on nerve fibres in caliltare and animal

studies

NRTI Effect Reference

Didanosine Apoptosis in up to 60 % of fibres Bodner et al., 2004
Decreased neurite regeneraﬁon Cui et al., 1997
Altered neurone morphology Keswani et al., 2003a
Swelling, axon shrinkage and myelin splitting ie ttfSchmued et al., 1996
sciatic nerve of rats

Stavudine  Apoptosis in up to 25 % of fibres Bodner et al., 2004
Decreased neurite regeneraﬁon Cui et al., 1997
Altered neurone morphology Keswani et al., 2003a

Zalcitabine Apoptosis in up to 28 % of fibres Bodner et al., 2004
Axonal degeneration, cell death in 50 % of Keswani et al., 2004
neurones
Decreased neurite regeneration, decreased cell Cui et al., 1997
proliferation
Altered neurone morphology Keswani et al., 2003a
Decreased conduction velocity, demyelination andnderson et al., 1992
myelin splitting in peripheral nerves of rabbits
Increased myelin thicknessid decreased cytopla: Bhangoo et al., 2007
in the sciatic nerve of rdts
Decreased conduction velocity of C fibres in the Chen & Levine, 2007
saphenous nerve of rats
Decreased epidermal nerve fibre density in the hikddallace et al., 2007b
paw of rat§

Zidovudine Apoptosis in up to 8 % of fibres Bodner et al., 2004

" indicates cell culture studie&ndicatesin vivo studies.
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1.6 Effects of NRTIs on nerve fibres

1.6.1 Effects of NRTIs on nerve fibres in cell cué

NRTIs induce axonal degeneration and apoptosis dewease regeneration of
isolated rat neurones (Bodner et al., 2004; Cuailetl997; Keswani et al., 2004).
These effects are dose-dependent and differ inrisgvdepending on the NRTI

used.

Didanosine resulted in dose-dependent apoptosisabfneonatal dorsal root
ganglion neurones, with between 40 % and 60 % afames being killed by the
drug (Bodner et al., 2004). This effect was enhdne#h the addition of HIV
glycoprotein gp120 and decreased with the adda@foGEP-1347, an inhibitor of c-
Jun N-terminal kinase (JNK). Thus, blocking the JN&thway may be useful in
treating HIV-related neuropathy. Zalcitabine, stdine and zidovudine also caused
apoptosis of rat dorsal root ganglion neuronesdascending order of severity
(Bodner et al., 2004). The finding that didanodnael a greater adverse effect on
neurone viability than zalcitabine is unusual, akitabine normally is regarded as

the most neurotoxic of all NRTIs.

Rat dorsal root ganglion neurones incubated foh@4rs with zalcitabine showed
axonal degeneration, such that the length of nesomas decreased after the
incubation period (Keswani et al.,, 2004). Zalcitebialso caused cell death in
almost 50 % of neurones, when incubated for 36 s10ixonal degeneration and

cell death were prevented by the administratioergthropoietin, attributed to its

23



binding to the erythropoietin receptor on the stefaf the dorsal root ganglion
neurones. Although the authors failed to postutete erythropoietin may prevent
zalcitabine-induced axonal degeneration and celtrdthis study highlights another
possible treatment for peripheral neuropathy in bsitive patients (Keswani et
al., 2004). Administering erythropoietin to HIV-ptige patients with signs of toxic

neuropathy may protect nerve fibres from furtherveedamage, decreasing the

progression of the neuropathy and improving qualitljfe.

The dose-dependent neurotoxicity of therapeutiesldd-100 M) of NRTIs has
been examined by Keswani et al. (2003a) who shawatlzalcitabine, incubated
with dorsal root ganglion neurones and Schwanrs ¢etl 15 hours, caused changes
in neurone morphology, including varicosities irstdl portions at low doses and
neurite degeneration at high doses. Didanosinestandidine had similar, but less
potent, effects on neurone morphology, while nophological abnormalities were
observed following zidovudine application (Keswahal. 2003a). These results are
in keeping with the observation that zalcitabineassociated with the highest
incidence of toxic neuropathy, while zidovudine sloaot cause peripheral
neuropathy (see Table 2). Zalcitabine-induced rtenicity was prevented by the
immunophilin FK506; however clinical application tfis agent in the treatment of
toxic neuropathy in HIV-positive patients is lindte because of its

Immunosuppressant properties (Keswani et al., 2003a

Cui and colleagues (1997) observed the effect afioua NRTIs on cell
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proliferation and neurite regeneration in PC-12raad pheochromocytoma, an
adrenal medullary tumour frequently used as ianvitro neuronal model.
Zalcitabine, didanosine and stavudine caused a-diggendent decrease in neurite
regeneration, after neurite removal, while zidonedand lamivudine had no effect
(Cui et al., 1997). Zalcitabine also decreasedprelliferation, reducing the number
of viable cells after incubation. A zalcitabine centration of 25 uM completely
inhibited cell proliferation, while didanosine, gtaline, zidovudine and lamivudine
had no effect on cell proliferation (Cui et al.,9¥79. Moreover, stavudine did not
decrease mitochondrial DNA content, unlike the othBTIs, indicating a different
mechanism of action for stavudine’s effects on edigres (Cui et al., 1997). The
findings of Cui et al. (1997) indicate that, whit@lcitabine is highly toxic to
isolated neurones, which is consistent with thén higcidence of toxic neuropathy
associated with the use of this NRTI in HIV-positipatients (see section 1.3),
zidovudine had few adverse effects on neurone hiygbivhich may explain why
zidovudine is the only NRTI not associated withipleeral neuropathy in HIV-
positive patients (see section 1.3). Zidovudine lgodvever increase markers of
protein oxidation in isolated synaptosomes, whioh studied as an indicator of
neuronal synaptic function at nerve terminals (@pial., 2007), again indicating
that antioxidant supplementation may be usefuhentteatment of toxic neuropathy
in HIV-positive patients. The finding that zidovadi adversely affected
synaptosome functioning shows that, although zidomaigenerally is found to be
less toxic than zalcitabine and is not associatihk the same degree of cell death

of isolated neurones as other NRTIs, zidovudineretay adversely affect neurone
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function. Increasing protein oxidation and induciogidative stress may have
adverse effects on normal synaptic functioning (@pial., 2007), which may
contribute to some of the side effects resultimyfrzidovudine treatment in HIV-

positive patients (see Table 2).

In another study examining the effects of NRTIsRZ+12 Keilbaugh et al. (1997)
showed that zalcitabine caused uncoupling of owidaphoshorylation in these
cells, as seen by a dose-dependent increase atdgmbduction and a concomitant
increase in oxygen consumption. Both effects ondyerevident several days after
the cells were incubated with the NRTI, demongtratihat zalcitabine does not
directly cause uncoupling of the electron transpbdin. The authors suggested that
zalcitabine decreases mitochondrial DNA replicatiand production, which
decreases the synthesis of proteins necessarxiftative phosphorylation and thus
results in the delayed increase in lactate prodocind oxygen consumption
observed (Keilbaugh et al., 1997), which may expthie high incidence of lactic

acidosis associated with NRTI use (see Table 2).

While studies examining the effects of NRTIs onlased neurones in cell culture
have shown consistently that most NRTIs resultdlh death and decrease neurite
regeneration, the effects of NRTIs on nerve fibmesanimal models of toxic
neuropathy frequently are inconsistent with eachewotand with thein vitro

evidence.
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1.6.2 Effects of NRTIs on nerve fibres in animaldals

Although NRTI administration is associated with i&sed peripheral nerve fibre
density in HIV-positive patients (Cherry et al.,03) Pardo et al., 2001; Polydefkis
et al., 2002), Warner and colleagues (1995) faitedbserve signs of peripheral
neurotoxicity in rabbits given oral didanosine tavsidine daily for 24 weeks. One
rabbit receiving a high dose (1500 mg*gf didanosine had to be killed after
eleven weeks, after it developed signs of dehyainat loss of appetite, and poor
body positioning, which forced the researcherserelase the dose of didanosine to
1000 mg.kg for the other rabbits receiving the 1500 mg-kdose for the
remainder of the study. Even these near-lethal slo$alidanosine and stavudine
were not sufficient to induce significant changedhe peripheral nervous system
(Warner et al., 1995). Throughout the study, pladmeels of didanosine and
stavudine confirmed systemic exposure to these BRAUt Warner et al. (1995)
found no change in peripheral nerve conduction rorthe histopathology of
peripheral or central nerves. Similarly, daily oealministration of stavudine for
one year did not result in signs of peripheral npathy in monkeys (Kaul et al.,
1999), although, the authors do not explain clebdw peripheral neuropathy was

measured, and so these findings are difficult terpret.

In contrast to the lack of neurotoxicity observedrabbits after didanosine and
stavudine administration (Warner et al., 1995), énisdn and colleagues (1992)
found that chronic oral administration of zalcitadiinduced a decrease in

conduction velocity in the distal sural nerve atdictural damage to neurones in
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the sciatic nerve of rabbits. Neurone pathology esdent in dorsal root ganglia,
the peripheral sensory system, in the ventral rantsthe peripheral motor system.
Several rabbits in this study exhibited clinicalhrptoms of neurologic damage,
such as hind limb paresis and dysaesthesia, as agellgait and postural
abnormalities. The severity of neural damage wasen@ent on the dose and the
duration of drug exposure. Peripheral nerve abniitiegincluded demyelination
and myelin splitting with intramyelinic oedema aaxbn shrinkage; however, some
neurones exhibited signs of remyelination. The$ecef were more pronounced in
larger diameter axons (Feldman et al., 1992) armmllted in axonal loss in
peripheral nerves (Anderson et al., 1992). Inflaama cell infiltrates were
minimal and neural damage was not evident in tieaspord or brain. The authors
suggested that the morphological changes observedripheral neurones may be
caused by impaired Schwann cell activity, resulimgbnormal myelin production

(Feldman et al., 1992).

In a similar study in rats, 20 weeks of twice dahal administration of didanosine
caused morphological changes to neurones in tlreisaeierve (Schmued et al.,
1996), which is in contrast to the findings of Wearrrat al. (1995), who showed no
changes in peripheral nerve morphology followingcendaily didanosine

administration to rabbits for 24 weeks. Schmued eolleagues (1996) showed
that, in rats administered didanosine, nerve filwese swollen, while axons were
shrunken and the myelin was split into two distisbeaths, features identical to

those described following zalcitabine administnatim rabbits (Feldman et al.,
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1992). Subsequent studies showed that these chéingfesere evident after 15
weeks of daily drug administration, while abnormakve fibre morphology was
less frequent after 20 weeks (Patterson et alQ20he authors suggested that the
nerves may be able to adapt to the toxic effectslidhnosine, making partial
recovery during drug administration possible (Ratie et al., 2000), resulting in
the improvement in nerve fibre morphology obseraéidr 20 weeks. While such a
recovery may be feasible in uninfected rats, dasbtful that this process occurs in
HIV-positive patients, as toxic neuropathy normatipes not spontaneously
disappear during continued administration of thesetéive agent, possibly because

of the underlying neuropathy caused by the virus.

Recently, Bhangoo and colleagues (2007) found thadingle intraperitoneal
injection of 25 mg.kd zalcitabine to rats resulted in structural charigeke sciatic
nerve similar to those observed following repeadelninistration of NRTIs to
rabbits and rats (Anderson et al., 1992; Feldma.£1992; Schmued et al., 1996).
While the diameter of the neurones remained undawnthe myelin sheath was
distorted and swollen, such that the cytoplasm hef heurones was decreased
compared to controls. These structural changes wetebserved in dorsal root
ganglion neurones (Bhangoo et al., 2007). A siniglieavenous injection of
zalcitabine also decreased the conduction velanfit fibres in the saphenous
nerve of rats, while the firing rate remained umded (Chen & Levine, 2007). The
mechanism by which NRTI administration alters casidun velocity remains

unclear.
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In contrast to studies that have shown signifiGtgrations to peripheral neurones
following a single injection of zalcitabine to ratSiau et al. (2006) found that a
single injection of zalcitabine into the tail veof rats had no effect on intra-
epidermal nerve fibre density in the hind paw and ot cause activation of
Langerhans cells, which contribute to epidermalamimation by releasing pro-
inflammatory cytokines and nitric oxide when actea (Siau et al., 2006).
Systemic injections of zalcitabine three times &kvéor three weeks did however
decrease epidermal nerve fibre density in thedhf@antar surface of the hind paw
of rats (Wallace et al., 2007b). It appears thatngle injection of an NRTI may
cause morphological changes in peripheral neurandsnay result in a heightened
sensitivity to noxious stimulation (see section),1btuit that a reduction in peripheral
nerve fibre density occurs only with continuous NRdministration. This finding
corresponds to the observation that symptomati toguropathy in HIV-positive
patients arises a minimum of one week, usuallytsieight weeks or up to six

months, after starting antiretroviral therapy (Hads et al., 2001).

Although numerous studies have examined the eftddtRTIs on peripheral nerve
fibre density and morphology, few researchers laldressed the consequences of
the observed nerve damage on motor function in alsindoseph and colleagues
(2004) showed that 50 mg.kgalcitabine, administered once intravenously th®
tail vein, resulted in hyperalgesia (see sectiaf) but did not significantly affect
motor function or co-ordination of rats, as testéda rotarod. In contrast to Joseph

et al. (2004), Morse and colleagues (1997) fouratl dhsingle oral administration of
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zalcitabine resulted in a dose- and time-dependetriease in open-field locomotor
activity of rats, while oral administration of zidadine had no effect on locomotion
(Morse et al., 1997). Although different testingthuels were used, the studies of
Joseph et al. (2004) and Morse et al. (1997) apfedre contradictory and the
effects of NRTI administration on motor functionnrain unclear. It also is
uncertain whether the changes in peripheral neurmaghology and peripheral
nerve fibre density associated with repeated NRihhiaistration (Anderson et al.,
1992; Feldman et al., 1992; Patterson et al., 2868mued et al., 1996; Wallace et
al., 2007b) alter motor function in animals, as thiect of repeated NRTI
administration on motor function only has been exaohin one study. Wallace and
colleagues (2007b) showed that, although thigmetéamxiety-like behaviour) was
significantly increased in zalcitabine-treated @mpared to controls at the time of
peak mechanical hypersensitivity (see section tepeated systemic injections of
zalcitabine to rats did not affect the total disemovered in a novel environment,
indicating that zalcitabine did not cause obvioustan deficits (Wallace et al.,
2007Db). The findings of Wallace et al. (2007b) iareontrast to those of Morse and
colleagues (1997) who showed a significant decr@asbe open-field locomotor

activity of rats after a single injection of zahfine.

The inconsistencies in the effects of NRTIs on adilires and motor function in
animal models may be caused by the differenceartdhicity of the NRTIs tested,
by the different routes of administration employde duration of NRTI exposure

and the different testing methods used, as wdblyate animal species used. Also,
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developing a robust animal model of NRTI-inducednmopathy may be of limited
value because HIV infection may be necessary frictoeuropathy to develop in
HIV-positive patients (Keswani et al., 2002). THeeets of NRTIs on animals, in
the absence of HIV-infection, also may be minintad aaried, resulting in findings
that sometimes are contradictory. Thus, becausieedfick of robust animal models
of the disease process, the mechanisms of toxiopathy are not well understood.
Also, few studies have examined the effects of NRdministration on pain

sensitivity in animals, and most of these studiesu$ed on the effects of
zalcitabine, which no longer is recommended for tdeatment of HIV infection,

making it difficult to find appropriate treatmentsr the pain caused by toxic

neuropathy in HIV-positive patients.

1.7 Animal models of NRTI-induced pain hypersensitiity

In one of the first animal studies focusing on peaused by antiretroviral drugs,
Joseph and colleagues (2004) showed that a singi@vénous injection of the
NRTIs didanosine, zalcitabine and stavudine to rassilted in a dose-dependent
mechanical and thermal hyperalgesia of the hind {yeat lasted for twenty days.
Hyperalgesia was observed with all of the agentBiwione day when a dose of 50
mg.kg® was used, while injections of 25 mgkgnd 10 mg.kg resulted in
hyperalgesia within three days. Blocking proteindge and nitric oxide synthase,
which has been shown to decrease hypersensitiviogther models of neuropathic
pain, did not attenuate the hyperalgesia elicitgdN&RTI injection. Buffering

intracellular calcium significantly decreased NRiduced mechanical
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hyperalgesia. The authors suggested that calcigmaking plays a role in the
development of NRTI-induced hypersensitivity anatticalcium homeostasis is

impaired by mitochondrial dysfunction caused by NdiR({Doseph et al., 2004).

Subsequent studies showed that disrupting the huotadrial electron transport
chain and preventing mitochondrial phosphorylatiaiich is useful in treating
other types of neuropathic pain, attenuated zalcieainduced hyperalgesia and
allodynia (Joseph & Levine, 2006). The authors aated that pathways dependent
on the mitochondrial electron transport chain, ipalarly those in primary afferent
nociceptors, may play a role in NRTI-induced neatbc pain. This suggestion
however is not in agreement with the proposed mashaof action of NRTIs,
which assumes that NRTIs cause inhibition of mityahrial DNA synthesis and a
subsequent decrease in the production of mitochalnahoteins, which results in a
decrease in mitochondrial phosphorylation (seei@ea.5). Thus, administering
agents that block the mitochondrial electron transphain might be expected to
exacerbate the effects of NRTIs and possibly erddine hyperalgesia caused by
NRTIs, instead of abolishing NRTI-induced hyperalgeas shown by Joseph and
Levine (2006). These findings highlight the compexof NRTI-induced
neuropathic pain and further studies examiningrtile of the electron transport

chain in NRTI-mediated hypersensitivity are necassaclarify these results.

Recently Wallace et al. (2007b) found that zalcrtab injected intraperitoneally

three times a week for three weeks, induced mechbhyperalgesia and anxiety-
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like behaviour in rats and decreased epidermalendéitre density (see section
1.6.2), but did not affect heat or cold sensitivifyhe finding that zalcitabine
administration did not alter heat or cold sendyiviontradicts the results of Joseph
et al. (2004) who showed that a single intraveriojestion of zalcitabine induced
thermal hyperalgesia in rats. Also, most HIV-pesitipatients with peripheral
neuropathy present with impaired thresholds fordrmd cold stimulation and this
criterion frequently is used to diagnose peripheraliropathy in these patients
(Cherry et al., 2005; Huengsberg et al., 1998; Maat al., 2003; McArthur et al.,
2005). Thus, although animal models of NRTI-relatedropathy can help improve
our understanding of the mechanisms of the diséiasenecessary to interpret the
results of these studies with caution, when trdimglathe effects of NRTI
administration in animals to the effects of NRTInadistration in HIV-positive

patients.

Although systemic administration of zalcitabiner&as did not alter heat and cold
sensitivity, Wallace and colleagues (2007b) didvshimat mechanical hyperalgesia
occurred throughout the study. Mechanical hypesadgevas observed from six
days after the first injection, when doses of 50kggand 25 mg.kg were used,
while injections of 5 mg.k§ did not change the mechanical threshold at ang.tim
Zalcitabine injection did not result in the expiessof stress-related factors in
dorsal root ganglion neurones, but enhanced expres$ the chemokine CCL2,
indicating that chemokines play a role in NRTI-icdd pain hypersensitivity.

Zalcitabine injection also caused an increase igraphage infiltration in dorsal
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root ganglion neurones, but macrophage infiltratieas not evident in peripheral
neurones. Systemic zalcitabine administration chusely modest increases in
astrocyte and microglial activity in the spinal slalrhorn, and blocking microglial
activity by concomitant administration of minocyai did not alter zalcitabine-
induced hyperalgesia (Wallace et al., 2007b). Thehas concluded that
zalcitabine has a limited effect on primary sensoeyrones and spinal afferent
pathways and that further studies are requiredlucidate the mechanisms by

which these drugs induce neuropathic pain.

In another study, Siau et al. (2006) found thatrgle intravenous injection of
zalcitabine to rats induced mechanical hypersetisitibut did not cause a decrease
in peripheral nerve fibre density (see section2).6More recently Bhangoo and
colleagues (2007) showed that a single intrapegibrinjection of 25 mg.Kg
zalcitabine resulted in a decrease in the paw wathdl threshold of rats for 42
days from day three after injection, but the ratsrobt exhibit changes in grooming
behaviour or appearance. Blocking the CXCR4 chenekeceptor, which plays a
role in gpl20-mediated neurotoxicity (see sectioR),labolished the allodynia
induced by zalcitabine injection. The results a$ tstudy and those of Wallace and
colleagues (2007b) show that, just as chemokinesnaplicated in the heightened
pain sensitivity caused by gp120 administratiore (section 1.2), chemokines also

may be involved in the production of NRTI-inducetdp

While the injection models of NRTI-induced neurdpathave yielded valuable
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insights into the development of NRTI-induced pdimese models may not be
entirely suitable to examine the underlying meckiausi of this pain, as
antiretroviral drugs are administered orally to Hgsitive patients, and
neuropathy in these patients normally develops afigr six to eight weeks of
chronic NRTI administration (Husstedt et al., 200Igseph and colleagues (2004)
however did also show that daily oral administmatid the NRTI zalcitabine to rats
at a dose of 50 mg.Kgfor six weeks resulted in mechanical and thermal
hyperalgesia in the hind paw from seven days onwArdose of 25 mg.kY of

zalcitabine induced hyperalgesia only after threeks of daily oral administration.

These rat models of NRTI-induced pain hypersensitshow that the dose and the
route of administration are determinants of theengpnsitivity caused by NRTIs.
While intravenous administration of the causatigerda results in hyperalgesia and
allodynia one day after injection (Joseph et al00£ Siau et al.,, 2006),
hypersensitivity develops more slowly following t®ic administration, occurring
between three and six days after injection (Bhangbal., 2007; Wallace et al.,
2007Db). Although the oral bioavailabilty of NRTk high (Kaul et al., 1999; Kelley
et al., 1987), hypersensitivity only was evidenteafone week of daily oral
administration of 50 mg.kyzalcitabine to rats (Joseph et al., 2004). Howether
occurrence of hyperalgesia and allodynia after rsed@ys of daily oral NRTI
administration in rats still is much faster thae ttevelopment of painful peripheral
neuropathy in HIV-positive patients, which usuadlgcurs only after six weeks of

antiretroviral therapy (Husstedt et al., 2001).
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It is important to investigate the effects of NRTda pain hypersensitivity in
animals, to determine possible mechanisms of the ipduced by these drugs in
HIV-positive patients, but both the virus and tmgir@troviral drugs are associated
with the development of painful peripheral neurbyah HIV-positive patients, and
thus it also is useful to examine the combined otffeof NRTI and gpl20
administration on pain sensitivity in animal model® my knowledge only two
such studies exist, and both show that most oktfexts of the virus on neurone

functioning are enhanced by NRTI exposure.

1.8 Interaction of gp120 and NRTIs

Keswani et al. (2006) administered 25 m@-ktidanosine daily to gp120 transgenic
mice, which express gp120 in astrocytes, for foeeks. Didanosine was dissolved
in the drinking water and the spontaneous expressigpl20 in the sciatic nerve
and spinal cord was confirmed at the start of thdys Intra-epidermal nerve fibre
density was decreased after four weeks in transgaige administered didanosine,
with the greatest decrease occurring in unmyelthéitees (Keswani et al., 2006).
Neither gpl20 expression without didanosine expgsunor didanosine
administration to control mice affected epidermafve fibre density (Keswani et
al., 2006), indicating that both the virus and NR&Xposure may indeed be
necessary for neuropathy to develop in HIV-positpatients (Keswani et al.,
2002). Similarly, only transgenic mice receivingl@nosine developed mild thermal
hyperalgesia, with no further differences in bebaval or electrophysiological

measures between groups. Sciatic nerve morpholisgyas identical in all mice.
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Keswani and colleagues (2006) concluded that tkeltse of their study correlate
with clinical findings in HIV-positive patients witearly sensory neuropathy and
suggested that this model could be used to fugkamine the mechanisms of, and

develop treatments for, peripheral neuropathy i fection.

Although Keswani and colleagues (2006) found thatdombined effect of gp120
and didanosine altered peripheral nerve fibre dgresid caused hyperalgesia in
mice, mice expressing gpl120 without receiving dadame did not exhibit the vast
changes in pain sensitivity and the reduction indenal nerve fibre density
observed with exogenous gpl120 administration tcemtsl without concomitant
NRTI administration (see section 1.2). While thehaus stated that spontaneous
expression of gp120 was measured in transgenic dudag the study, Keswani et
al. (2006) failed to give an indication of the ambof gp120 expressed and how
this measure compares to the amount of exogendlZ0gpdministered to rodents
in other studies. Thus, it is possible that thensmoeous expression of gpl20 in
transgenic mice was minimal, and insufficient touoe hyperalgesia and nerve

damage without the added adverse effects of didagos

Besides finding that hyperalgesia did not develogp120 transgenic mice without
concomitant didanosine administration, Keswani let(2006) also showed that
hyperalgesia did not occur with daily oral admirdsibn of 25 mg.kg didanosine

to control mice for four weeks. This finding is aontrast to the observations of

Joseph et al. (2004), who showed that a singlesetrous injection of 25 mg.Rg
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didanosine caused hyperalgesia in rats within thees and that this hyperalgesia
persisted for the twenty days of the study. Théedéhce between the two studies
may be explained by the different routes of adnhiaieon employed and may be
clarified by the different effects of oral and enenous zalcitabine administration
on pain hypersensitivity in rats. Although Josepl aolleagues (2004) found that
both oral and intravenous administration of zahina to rats caused hyperalgesia,
the hyperalgesia induced by oral administratiomadtitabine arose later and was of
a lesser intensity than that caused by intravengastion of the same agent. Thus,
oral administration of NRTIs appears to have fetesic effects than intravenous
administration, which may explain why a single avenous injection of didanosine
resulted in hyperalgesia in rats (Joseph et aD4R0while oral administration of
didanosine, which is less neurotoxic than zalcitab{Dalakas, 2001), did not

change pain behaviours in mice over four weeks\{laes et al., 2006).

In a more extensive study examining the interact@ingpl20 and NRTIs,
exogenous gpl20 was administered directly to treismerve of rats via cellulose
wrapped lightly around the nerve (Wallace et &)QZb). Zalcitabine (50 mg.Ky
was injected intraperitoneally at the time of suygend three times a week for three
weeks thereafter. The simultaneous administratiopoth agents resulted in more
pronounced mechanical hyperalgesia, a greater @eer@ epidermal nerve fibre
density and a greater increase in the expressiothefchemokine CCL2 than
induced by either treatment alone (see sectionsl162 and 1.7). Zalcitabine also

enhanced the microgliosis induced by gpl120 admatish (see section 1.2), but
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had no effect on gpl20-mediated astrocytosis. Bhgckmicroglial activity by
concomitant administration of minocycline delaydw tonset of the mechanical
hyperalgesia caused by the combination of gpl20zaiaitabine, while morphine
completely resolved the hyperalgesia induced bysimelltaneous administration of
both agents. These results indicate that HIV andINRause peripheral neuropathy
and pain by different mechanisms and that the &ffetcthese agents frequently are
synergistic (Wallace et al., 2007b). This studyoastrengthens the theory that
NRTIs enhance the adverse effects of the viruslinpositive patients (Keswani et

al., 2002).

1.9 Thesis aims

Although zalcitabine frequently is used in animadacell culture studies to
examine the adverse effects of NRTIs, results @d¢tstudies are of limited value to
HIV-positive patients, as zalcitabine no longerasommended for the treatment of
HIV infection, because of the high incidence ofipleeral neuropathy associated
with the use of this NRTI. Until recently stavudiwas recommended by the World
Health Organisation (WHO) as part of first-lineiegtroviral drug regimens (WHO,
2004), but since the introduction of newer, lesscd@ntiretroviral drugs stavudine
seldom is administered to HIV-positive patientdirat-world countries. Currently,
stavudine still is prescribed regularly to HIV-pog patients in developing
countries, as only a limited variety of antiretnaVidrugs is available in these
regions. In South Africa stavudine is recommendgdhe National Antiretroviral

Treatment Guidelines as the backbone of both &lailfirst-line antiretroviral
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treatment regimens for HIV-positive adults in thebjic sector, as well as the
recommended regimens for children infected with H(&rimwood, 2004).
Stavudine is included in first-line antiretrovirateatment regimens, because
combinations of antiretroviral drugs that includéavsidine produce greater
increases in CD4 cell count than do other antivétab drug combinations not
including stavudine (Mocroft et al., 2006), whicashlong-term health benefits for
HIV-positive patients. If the initial drug regimemas unsuccessful or intolerable
didanosine is prescribed as part of second-lingedrdviral therapy. Although the
NRTI lamivudine also is prescribed as part of flisé regimens in South Africa
(Grimwood, 2004), toxic neuropathy caused by stmeidadministration in
particular is one of the most common reasons fotieps discontinuing
antiretroviral drug therapy; therefore | chose s stavudine, and not lamivudine,

in my studies.

Thus, the primary aim of my PhD was to examine lobwonic oral administration

of stavudine affects nociception in rats, and dpdly, whether the drug induces
hyperalgesia. As stavudine has been associated othiger side effects such as
hepatitis, pancreatitis and gastrointestinal distnces (Montessori et al., 2004), |
also wanted to examine whether long-term daily wwdane administration affects

the overall condition of the rats, and, particyglaproduces deficits resulting from
neural malfunction. Consequently | also investidatee effect of daily stavudine

administration on body mass, food intake and va@yntvheel running activity.
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After establishing a rat model of stavudine-indudegperalgesia, | wanted to
investigate possible mechanisms of the hyperalgeaissed by oral stavudine
administration in this model. Wallace et al. (20pvdcently showed that repeated
systemic injection of zalcitabine to rats resuliedh modest increase in microglial
and astrocyte activity in the dorsal horn, withyoal limited effect on dorsal root
ganglion phenotype. The role of spinal neuronal agen and central pro-
inflammatory cytokines and chemokines in NRTI-inddcneuropathy remains
unexplored. As stavudine is known to cause nerveage in vitro (Bodner et al.,
2004; Cui et al., 1997; Keswani et al., 2004), atiter types of neuropathic pain
are associated with neuronal death in the dorsah l(§cholz et al., 2005), |
examined whether oral administration of stavudimduces apoptosis or necrosis of
spinal neurones in rats. Secondly, as pro-inflaromyatytokines in the spinal cord
are involved in the development of other types @firopathic pain (DeLeo et al.,
1996; DeLeo et al., 1997; Murphy et al., 1995; @het al., 2004; Wieseler-Frank
et al., 2005), and possibly NRTI-induced pain (Baedl al., 2001), | investigated
whether daily oral administration of stavudine esuthe release of IL-6, which is
increased in the spinal cord in other rat modelseafropathic pain (DelLeo et al.,
1996; Murphy et al., 1995). As chemokines also thmught to be involved in
NRTI-induced neuropathy (Bhangoo et al., 2007; Wl et al., 2007b), |
investigated whether daily oral administration tdvsidine causes the release of
cytokine-induced neutrophil chemo-attractant (CINCn the spinal cord of rats.
Intracerebroventricular injection of CINC-1 decremghe mechanical nociceptive

threshold of rats (Yamamoto et al., 1998) and CINGs involved in the
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development of other types of pain (Loram et &Q7A; Loram et al., 2007b) and

thus may be involved in stavudine-induced hypesaige

Besides causing peripheral neuropathy, stavudingrastration also is associated
with other adverse effects, such as lipodystrofig fat redistribution characterised
by peripheral fat loss and central fat accumulaicechelt et al., 2007), and lactic
acidosis caused by mitochondrial dysfunction (Mestei et al., 2004). In HIV-
positive patients these side effects frequentlyaasociated with increased plasma
pro-inflammatory cytokine concentration, decreasquasma adiponectin
concentration (Jones et al., 2005; Lindegaard .et2804) and increased plasma
lactate levels (Brew et al., 2003; Geddes et @062 Haugaard et al., 2005)
respectively. Thus, in my third study, to investegawhether a systemic
inflammatory response or metabolic dysregulation responsible for the
hypernociception induced by stavudine in rats, tedeined whether plasma
adiponectin, lactate, IL-6 and CINC-1 concentradiowere altered in rats

administered daily stavudine.

43



CHAPTER TWO

PAPER ONE: Weber J., Mitchell D. and Kamerman P.R. (2007).10ra
administration of stavudine induces hyperalgesthauit affecting activity in rats.
Physiology and Behavior, 92:807-813.

Formatted in the style dthysiology and Behavior.
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Abstract

WEBER, J., D. MITCHELL AND P. R. KAMERMAN. Oral admistration of
stavudine induces hyperalgesia without affectindiviag in rats. PHYSIOL
BEHAV 92: 807 - 813, 2007.-We have investigated twee long-term oral
administration of the nucleoside reverse transasgtinhibitor (NRTI) stavudine
affects nociception in Sprague-Dawley rats, and thdre any changes of
nociception are accompanied by deterioration iividgtand appetite. Stavudine (50
mg.kg?) was administered to rats orally once daily forweeks in gelatine cubes.
Mechanical hyperalgesia of the tail was assessed asbar algometer, and thermal
hyperalgesia by tail immersion in 49 °C water. \lidwal latencies were compared
to those of rats receiving placebo gelatine cub®ghdrawal latencies to the
noxious thermal challenge were not affected by wdae, but those to the
mechanical challenge were significantly decreasedaits receiving stavudine,
compared to rats receiving placebo, from week thi@eweek six of drug
administration (P<0.05, ANCOVA with Newman-Keuls sptnhoc comparisons).
The overall condition of the rats was assessecebgrding daily voluntary wheel
running distance and maximum running speed, fotakenand body mass. Daily
stavudine administration did not adversely affeciuatary running activity,
appetite or growth. We have shown that long-termy daal administration of the
NRTI stavudine results in mechanical hyperalgesiarats within three weeks

without affecting appetite, growth and physicaiati.
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1. Introduction

Pain is a common complaint of HIV-positive patiergen in the absence of AIDS-
defining diseases, and frequently is underestimatet treated poorly by doctors
[3,7,15]. HIV-related pain often is neuropathicangin, not only because of neural
damage caused by the virus, but also because temtiral drugs cause toxic
neuropathies [4,6]. Although antiretroviral drugéeetively retard the progression
of the disease, the prevalence of sensory neurppathllV-positive patients has
increased since the introduction of these drug&7]4,This increased incidence of
neuropathy is particularly related to nucleosidgerse transcriptase inhibitors
(NRTIs) [4,16], which form an integral part of HighActive Antiretroviral

Therapy (HAART).

NRTIs cause delayed cell doubling and decreasedchondrial DNA content
[4,17,19], possibly by inhibiting DNA polymeraseactivity [17]. In HIV-positive
patients, administration of NRTIs is associatedhvakonal degeneration and the
loss of small unmyelinated nerve fibres, resultingdecreased peripheral nerve
fibre density [4,25,26]. However, not all HIV-pas# patients experience pain,
even if they have other signs of peripheral neuwlopa16,18]. Our poor
understanding of how the mitochondrial toxicity NRTIS causes pain is partly

because of a lack of animal models of the disesseeps.

In one of the few animal studies focusing on pansed by antiretroviral drugs,

Joseph and colleagues [11] showed that a singi@vierious injection of the NRTIs
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didanosine (ddl), zalcitabine (ddC) and stavudindT] resulted in a dose-
dependent hyperalgesia of the hind paw that lakiedwenty days. Subsequent
studies showed that disrupting the mitochondriettbn transport chain attenuated
zalcitabine-induced hyperalgesia [12]. However, astiretroviral drugs are

administered orally to HIV-positive patients, anduropathy in these patients
normally develops only after six to eight weekscbfonic NRTI administration

[10], the injection model of NRTI-induced neuropathay not be entirely suitable
to examine the mechanisms of NRTI-induced painegiosand colleagues [11]
however did also show that daily oral administmatid the NRTI zalcitabine to rats
at a dose of 50 mg.Kgfor six weeks resulted in hyperalgesia in the tpad after

seven days.

Although zalcitabine is effective at treating HIgtavudine is prescribed more
commonly, and is recommended by the World Healtha@isation (WHO) as part
of first-line antiretroviral drug regimens [31]. @dinations of antiretroviral drugs
that include stavudine produce greater increase€sDaA cell count than do other
antiretroviral drug combinations not including stdine [20]. In addition, while
neuropathy is the most common reason for patierdsodtinuing the use of
stavudine, stavudine is less neurotoxic than isitadline [6]. Therefore, the aim of
our study was to investigate how long-term dailgl @dministration of the NRTI
stavudine affects nociception in rats. As the dnag been associated with other
side effects such as hepatitis, pancreatitis astr@atestinal disturbances [22], we

also wanted to expand the work of Joseph et al. h¥Ilexamining whether long-
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term daily stavudine administration affects the raltecondition of the rats, and,
particularly, produces deficits resulting from relumalfunction. Consequently we
also investigated the effect of daily stavudine eustration on food intake and

voluntary running activity.

2. Methods
2.1. Animals
Experiments were performed on female Sprague-Dawd¢y that were housed
individually and had free access to standard ratvcand water. All procedures
were approved by the Animal Ethics Screening Cotemibf the University of the

Witwatersrand (clearance no. 2004/20/3).

2.2. Drug administration

Stavudine (Zerit, Bristol-Myers Squibb, JohannegbuiSouth Africa) was
administerecbrally once daily, at a dose of 50 mgkgs a suspension set in a
flavoured gelatine cube. Gelatine cubes were madadding 7ml savoury bread
spread (Bovril, Unilever, Johannesburg, South A0 g cane sugar and 12 g
unflavoured gelatine powder (Davis Gelatine, Joleabnrg, South Africa) to 100
ml warm water [13]. The solution was aliquoted i8tenl moulds and allowed to
set. Stavudine-containing gelatine cubes were ngdsddingpowdered stavudine
to each aliquot, and mixing thoroughly before tledagine set. Placebo gelatine
cubes did not contain stavudine. Rats were fedepla@elatine cubes, once daily,

for one week before the start of experimentatignwhich time they ate the entire
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cube within 15 minutes of it being placed in theage. This method of
administering a drug allows a precise dose to beiradtered orally, without the rat

being handled.

2.3. Nociceptive testing

We tested for hyperalgesia by recording the withvditalatency to a noxious
mechanical challenge and a noxious thermal chadleagplied to the tail of rats
placed in clear plastic restrainers, which resgtddrunk movement but allowed free
movement of the tail. The rats were familiarizedhvthe restrainers for three hours
a day for three consecutive days before measurenimgan. All measurements
were made by the same observer between 09:00 af@ i?the morning. The
withdrawal latency was recorded only when the rspldyed a clear tail withdrawal
from the noxious challenge or the rat tried to taraund in the restrainer to get at
the noxious challenge being applied to the taihgdthondescript end-points, such

as the rat starting to fidget were ignored.

2.3.1. Noxious mechanical challenge

A bar algometer with a 1mm diameter probe (Hald® Malmstad, Sweden), was
placed across the dorsal surface of the middldheftail and a static force of 4 N
was applied [29]. The time taken for the rat toharaw its tail was recorded with a
stopwatch. The test was repeated three times @r e at slightly displaced sites,

with at least one minute between each measureraedtihe average of the three
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measurements was recorded as the withdrawal latemnaach rat. The algometer

was removed from the tail if the rat had not readetfter 30 s.

2.3.2. Noxious thermal challenge

The tail of each rat was submerged in 29 °C wateB0 min before testing began.
Thereafter, the whole tail of each rat was subnteige49 °C water [9]. The time
taken for the rat to show a characteristic tatkflresponse was recorded with a
stopwatch. The test was repeated three times fdr ed, with at least one minute
between each measurement, and the average of tee theasurements was
recorded as the withdrawal latency for each rae Til was removed from the

water if the rat had not reacted after 30 s.

2.4. Voluntary activity, body mass and food intake

To assess the general health status of the ratspassible motor defects, we
recorded voluntary running activity, body mass fowt intake. Rats were weighed
daily and food containers were filled daily with §®f standard pelleted rat chow.
Daily food intake was measured by subtracting theunt of food remaining in the
food container and on the cage floor every moriiiagh the amount of food given
the preceding day. Because we wanted to monitorthehestavudine affects
voluntary exercise, we selected rats that ran speously on running wheels
attached to their cages. To select the rats, warded the distance 30 rats ran each
night using odometers (Cateye Tomo XC, Cyclocompukéodel CC-ST200)

attached to the running wheels, and then seletie®® rats that ran the furthest
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over 12 consecutive nights for subsequent nocieepisting. Running distance and
maximum running speed then were measured dailgdoh rat for the remainder of

the study.

2.5. Experimental protocol

After the 20 rats had been selected for the stugyrecorded baseline values for
the withdrawal latency to the noxious challengeduntary running activity, body
mass and food intake daily for five days beforedtaet of stavudine administration.
Throughout this period, all rats were given placgetatine cubes once daily. On
the sixth day, rats in the experimental group nesxbigelatine cubes containing 50
mg.kg" stavudine, and continued to be fed stavudine cabes daily for six weeks
(n=10). Rats in the control group continued to &e placebo gelatine cubes once
daily for six weeks (n=10). Nociceptive tests wgrerformed once a week,

commencing seven days after the first day of steeudr placebo administration.

2.6. Data analysis

All data are expressed as mean + SEM. The averhgeeavithdrawal latencies
measured on the last three days before stavudipdgaoebo administration began
served as a baseline value against which changesitimdrawal latency were
compared. During stavudine or placebo administnati@ekly maximum running
speed and weekly food intake was compared to tleeage maximum running

speed and food intake recorded five days beforestiue of stavudine or placebo
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administration. Weekly running distance was comgpa@ the average running

distance recorded over the days before stavudiptaoebo administration.

Changes in withdrawal latencies to the noxiouslehgks, changes in daily running
distance and absolute maximum daily running speerkvassessed by means of
two-way Analysis of Covariance (ANCOVA) using groapd time as the main
effects and rat mass as covariate, with Newmanseolst-hoc comparisons if
main effects or interaction were significant. ANCAWas used because previous
experience has shown us that as rats grow, andttiksi become thicker and the
skin more keratinised, their response to the naxiowechanical and thermal
challenge changes. Also, voluntary wheel runningnges with age in female rats
[1]. Body mass and food intake, per 100 g body masse assessed by means of
two-way Analysis of Variance (ANOVA), using groupdatime as the main effects,
with Newman-Keuls post-hoc comparisons if main @8eor interaction were
significant. Initial body mass was compared to thatthe day before the start of
stavudine or placebo administration and on the d¢st of each week of drug
administration. No rats reached the cut-off of 3@ gither of the two nociceptive

tests and no rats lost more than 15 % of body mhassg the study.
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3. Results

3.1. Noxious mechanical challenge

Before stavudine or placebo administration, thehevidwal latency to the 4N
mechanical challenge applied to the tail was 1Gt0@.83 s for rats receiving
placebo gelatine cubes and 11.01 + 0.87 s for matsiving stavudine gelatine
cubes (t-test: t=0.78, P=0.45). Compared to rateiveng placebo gelatine cubes,
and compared to withdrawal latencies measured déeftavudine administration,
there was a significant decrease in the withdrdatahcies of rats given stavudine
from week three to week six of stavudine adminigira (two-way ANCOVA,
group effect: E£15=8.29, P=0.01; time effect: ¢=1.75, P=0.12; interaction:

Fs.00=2.24, P=0.04; Figure 1a).

3.2. Noxious thermal challenge

Before stavudine or placebo administration, thehdrwal latency to the 49 °C
thermal challenge was 4.82 + 0.32 s for rats rewgiplacebo gelatine cubes and
4.79 £ 0.34 s for rats receiving stavudine gelatnbes (t-test: t=0.08, P=0.94).
There was no significant difference in the changevithdrawal latencies to the
noxious thermal challenge over time, nor betweés gaven stavudine and placebo
gelatine cubes (two-way ANCOVA; group effect; ;620.36, P=0.56; time effect:

Fe6=1.43, P=0.21; interactionsg=0.79, P=0.58; Figure 1Db).
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Figure 1. Changes in the withdrawal latencies (meanSEM) to a noxious
mechanical challenge (A) and a noxious thermallehgé (B) on the tail of rats
given oral placebo (clear bars) or 50mg kstavudine (solid bars). Withdrawal
latencies are expressed as percentage change fabemcies before cube
administration. * indicates a significant differenim withdrawal latencies between
the two groups of rats (P<0.05, ANCOVA with Newmgeudls post-hoc

comparisons)
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3.3. Body mass

The initial body mass of rats receiving placebateé cubes was 172.6 + 6.4 g and
that of rats receiving stavudine gelatine cubes W&s.4 + 5.3 g (t-test: t=0.34,
P=0.74). There was no significant difference in yoaodass between rats given
stavudine and placebo gelatine cubes (two-way ANQY¥Wup effect: F160.36,
P=0.56). Compared to the initial body mass, bodgsriacreased significantly on
each subsequent day analysed, for both groupstef(@o-way ANOVA; time
effect: =898, P<0.01; Figure 2). There was no interactimo{way ANOVA,

F7117=0.29, P=0.96).
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Figure 2. Body mass (mean SEM) of rats given oral placebo (clear circles) or
50mg.kg" stavudine (solid circles). Error bars are shown days that were
compared using statistical analysis once a weelereltwere no significant
differences between the two groups of rats. Contgptar¢he initial body mass, body
mass increased significantly on each subsequentidalysed for both groups of

rats (P<0.05, ANOVA with Newman-Keuls post-hoc camgons).
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3.4. Food intake

Before stavudine or placebo administration, foadke was 11.5 + 0.4 g of food
per 100 g body mass for rats receiving placebotigelazubes and 12.4 £ 0.5 g of
food per 100 g body mass for rats receiving staveidielatine cubes (t-test: t=1.30,
P=0.21). There was no significant difference indfantake, per 100 g body mass,
between rats given stavudine and placebo gelatibesc(two-way ANOVA: group
effect: R 160.36, P=0.56). There was a significant decrea$ead intake, per 100
g body mass, compared to food intake before staeudi placebo administration,
for both groups of rats from week two to week sixstavudine and placebo
administration (two-way ANOVA; time effect:sk=108, P<0.01; Figure 3). There

was no interaction (two-way ANOVA;ske=0.69, P=0.66).

58



147
)
)
& Cplacebo
L > Il stavudine
88 121
£ o
(@]
g3
Lo
Z\ —
T 8 107
C 5
> 8
S =
L O
>
(7] .
< = 8
o
=

Ml HE BN BN BN AN EN§

0 1 2 3 4 5 6
Duration of gelatine cube administration
(weeks)

Figure 3. Food intake (mean SEM) of rats given oral placebo (clear bars) or
50mg.kg" stavudine (solid bars). There were no signifigdifferences between the
two groups of rats. For both groups of rats, averdaily food intake, per 100g
body mass, decreased from week two onward (P<@®BE)VA with Newman-

Keuls post-hoc comparisons).
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3.5. Voluntary running distance

Before stavudine or placebo administration, averdgiy running distance was
3.51 = 0.5 km for rats receiving placebo gelatinbes and 5.0 £ 0.7 km for rats
receiving stavudine gelatine cubes (t-test: t=1P8).09). There was no significant
difference in the change in running distance betwess given stavudine and
placebo gelatine cubes (two-way ANCOVA,; group effdg ;-=0.001, P=0.98).
There was a significant increase in voluntary ragndistance, compared to that
before stavudine or placebo administration, fombgioups of rats from week one
to week four of stavudine or placebo administratibmo-way ANCOVA,; time
effect: k5 ¢=4.52, P<0.01; Figure 4). There was no interactismm-way ANCOVA;

Fe.0=1.25, P=0.29).
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Figure 4. Changes in running distance (meaS8EM) of rats given oral placebo
(clear bars) or 50mg.Kg stavudine (solid bars). There were no significant
differences between the two groups of rats. Foh lgbups of rats voluntary
running distance increased from week one to weak tout decreased to pre-cube
distances by week five (P<0.05, ANCOVA with Newni&edls post-hoc

comparisons).
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3.6. Maximum running speed

Before stavudine or placebo administration, maxindaity running speed was 4.2
+ 0.4 km.h" for rats receiving placebo gelatine cubes and+4061 km.h" for rats
receiving stavudine gelatine cubes (t-test: t=1P4).36). There was no significant
difference in the maximum daily running speed owe, nor between rats given
stavudine and placebo gelatine cubes (two-way ANBQyfoup effect: i 14~0.05,

P=0.83; time effect: §=2.88, P=0.11; interactionsk+~=0.58, P=0.75; Figure 5).
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Figure 5.Maximum daily running speed (meanSEM) of rats given oral placebo
(clear bars) or 50mg.Kg stavudine (solid bars). There were no significant

differences between the two groups of rats.
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4. Discussion

The aim of our study was to investigate whethet administration of the NRTI
stavudine produced hyperalgesia in rats and wheathaliso affected the overall
condition of the rats, including gross motor fuoati Daily oral administration of
stavudine at a dose of 50 mgkeesulted in mechanical hyperalgesia in our rats
within three weeks, and this hyperalgesia persigtealighout the six weeks of the
study. Rats that received stavudine were more tbemn$o the pressure applied to
the tail by the bar algometer, such that the wdh@d latency to the noxious
mechanical challenge, compared to the latency beftmvudine administration, was
decreased by 40 % to 50 % on average after threzkswvef daily stavudine
administration. While daily stavudine administratiaesulted in mechanical
hyperalgesia from week three onward, hyperalgesthda thermal challenge (49 °C

water) did not develop.

Although daily oral stavudine administration reedltin mechanical hyperalgesia
within three weeks, other physiological functionsieh we measured, related to the
overall condition of the rats, were not affectedty drug. Rats receiving stavudine
gained weight normally, and consumed the same atmafuiood, per 100 g body

mass, as rats receiving placebo. Voluntary wheehing activity also did not

change with daily stavudine administration. Maximwmning speed remained the
same in rats given stavudine and placebo througiheustudy, and both groups of

rats showed similar increases in running distane the first four weeks of the
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study, followed by a decline in running distancemeek five and week six, as they

aged.

We stopped measuring for hyperalgesia in week bith® experiment, when we
stopped administering the drug, but the pain indubg stavudine in humans
typically resolves once drug administration end$. [fherefore it would be

interesting to investigate whether the hyperalg@siaur rats also resolves after
drug administration is stopped. In addition, eveough we found no difference in
the body mass of rats receiving stavudine or placébis possible that the drug
caused changes in body composition, as stavudise bean associated with

lipodystrophy [22].

HIV-positive patients frequently experience spoetars pain, such as lower limb
pain and headache, making it difficult to performarmal daily activities and
diminishing their quality of life [15,24]. Our findg that daily oral stavudine
administration induced mechanical hyperalgesia authaffecting appetite or
voluntary activity suggests that stavudine did mause spontaneous pain or
allodynia (pain evoked by non-noxious challengesyévelop in our rats. Or, if
spontaneous pain or allodynia did develop, thensitg of the pain was not

sufficient to affect the normal growth and activitiythe rats.

Although the oral bioavailabilty of stavudine isngplete in rats, with 100 % of the

dose reaching the systemic circulation [14], wenfbthat mechanical hyperalgesia
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to the bar algometer developed in the rat tail after three weeks of daily oral
stavudine administration, while Joseph and colleadd 1] showed that daily oral
administration of 50 mg.kyof zalcitabine resulted in hyperalgesia in thehiad
paw within just seven days, as tested using vog flements. The rate of onset of
hyperalgesia may be different in the two anatoms®s or the techniques used to
test for hyperalgesia may account for the diffeesnm results. Joseph et al. [11]
used a dynamic, punctuate stimulus, while we ustmhi, blunt stimulus. These
two challenges may activate different nociceptavhjch may explain why we
observed mechanical hyperalgesia far later thaapyoand colleagues [11]. Also,
differences in toxicity between the drugs may bspoasible for the disparity
between the two studies. Zalcitabine has a highecity than stavudine, having the
highest reported incidence of neuropathy in pasieftll the NRTIs [6] and, in cell
cultures, unlike stavudine, zalcitabine causes chibadrial DNA depletion and
decreases cell proliferation [5]. A further diffaoe between our study and that of
Joseph et al. [11] is that oral zalcitabine adntiat®n resulted in both mechanical
and thermal hyperalgesia of the rat hind paw, wderen our study, stavudine
induced only mechanical hyperalgesia in the ratTéis difference also may result
from the increased toxicity of zalcitabine comparedtavudine. Alternatively, the
difference may be caused by differences in thentherchallenges employed.
Joseph and colleagues [11] focused a radiant loeates on the rat paw, while we
submerged the whole tail in 49 °C water. It may pessible that different
nociceptive pathways are responsible for transmgtthe thermal and mechanical

challenges we employed, such that neurons respgrdithe noxious mechanical
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challenge became sensitized following stavudine iadination, while neurons

responding to the noxious thermal challenge (49v&ger) did not [8].

Joseph et al. [11] also found that the paw witha@lathreshold of rats was
decreased significantly for twenty days followingiagle intravenous injection of
stavudine, from day one (50 mg:Rgpr day three (25 mg.Kgand 10 mg.kd) after
injection, while daily oral administration of 50 tkg® zalcitabine resulted in
hyperalgesia in the hind paw after seven days [AlHo, a single intraperitoneal
injection of 25 mg.kg zalcitabine resulted in a decrease in the pawdsathal
threshold of rats for 42 days from day three aftgction [2]. These results, along
with the data presented here, show that the rdudelministration is a determinant
of the hyperalgesia caused by NRTIs. The drugs.elvew are administered orally
to HIV-positive patients, so the time course weevbed is likely to be more
relevant to the management of HIV-positive patigassit usually takes six to eight
weeks of daily drug administration for HIV-positivpatients to experience
symptoms of peripheral neuropathy [10]. Also, oatsrdeveloped hyperalgesia
rapidly between week two and week three of drugiadtnation. This rapid onset
of hyperalgesia after the drugs have been admiedt®r some time, fits with the
characteristic delayed onset of antiretroviral dinduced pain in human patients

on antiretroviral therapy [4,6].

Despite the presence of mechanical hyperalgesiaumrats, voluntary running

activity was not affected. Throughout the study; @ais ran in a pattern consistent
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with that observed for running distances in botheni@l] and female [1] rats.

Running distance increased significantly over tlwst ffour weeks and then
decreased again toward baseline values as thagats Maximum running speed
remained constant throughout the study. Thus, adthestavudine altered afferent
nociceptive pathways, efferent pathways involvedgimss motor activity were

unaffected. Near lethal doses of stavudine adneirgdtorally to rabbits once daily
for 24 weeks also did not result in signs of peeiath neurological deficits [30] and
Joseph et al. [11] showed that 50 mg kgalcitabine, administered once
intravenously into the tail vein, resulted in hyggesia but did not significantly
affect motor function or co-ordination of rats, sssted on a rotarod [11]. In
contrast, Morse et al. [23] found that oral adnmmaison of zalcitabine resulted in a
dose- and time-dependent decrease in open-fielmhlotor activity of rats. Oral

administration of zidovudine (AZT), which has vdow neurotoxicity [6], had no

effect on locomotion [23]. Thus, different NRTIs ynlaave different effects on the
locomotion of rats, related to the toxicity of thgecific drug. Also, the same NRTI
may have different effects on different types afdmotive activity, although the
voluntary wheel-running we measured probably is enakin to the open-field

activity measured by Morse and colleagues [23] tlathe forced activity on the

rotarod employed by Joseph et al. [11].

Although antiretroviral drug regimens may have sidd#fects including
gastrointestinal disturbances, such as nausea ianthaka, these adverse effects

often are transient, occurring only in the earbgsis of antiretroviral therapy [22].

68



Stavudine also is more frequently associated wighipperal neuropathy than
gastrointestinal disturbances [22]. Accordinglyr animals developed hyperalgesia
with stavudine administration, but continued tovér Body mass increased by over
50 % in both groups of rats and each rat consurpprb&imately the same absolute
amount of food every day of the study. The decr@aseod intake, per 100 g body
mass, in both groups of rats presumably simply asasnsequence of ageing [28],
indicating that growth and appetite were not a#ddby stavudine administration.
Warner and colleagues [30] also showed that dady administration of stavudine

to rabbits for 24 weeks did not result in changelsddy mass or food intake.

In conclusion, we have shown that daily oral adstmation of the antiretroviral
drug stavudine, using a novel technique for adrtenisy the drugs, resulted in
mechanical hyperalgesia in rats within three weels] that this hyperalgesia
persisted throughout the six weeks of the studyodioknowledge, this study is the
first to demonstrate that extended daily stavudidministration does not adversely
affect the overall condition of the rats. Voluntamynning activity, appetite and
growth did not differ between rats receiving stamedand placebo, suggesting that
the drug does not cause spontaneous pain. Futtithes are required to determine

possible causes for the mechanical hyperalgesiaawe observed.
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CHAPTER THREE

PAPER TWO: Weber J., Mitchell D., Veliotes D., Mitchell B. akcamerman P.R.
Hyperalgesia induced by oral stavudine adminigirato rats does not depend on
spinal release of the pro-inflammatory cytokindsileukin-6 or cytokine-induced
neutrophil chemo-attractant-1, nor on spinal neakrapoptosis or necrosis.
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Abstract

To investigate whether central changes underliehyperalgesia induced by the
nucleoside reverse transcriptase inhibitor (NRTévsdine in rats, we examined
neuronal death and inflammatory cytokine secretiothe spinal cord. Stavudine
(50 mg.kg") or placebo was administered orally to Sprague{Bywats once daily
for three or six weeks. Rats’ responses to a bhaxious mechanical challenge
applied to their tails were recorded before anthatend of stavudine or placebo
administration. Spinal cords excised after threesigrweeks of drug or placebo
administration either were examined for neuronalrogis and apoptosis, or for
cytokine-induced neutrophil chemo-attractant (CINChand interleukin (IL)-6.
Daily stavudine administration induced mechanicgpdralgesia within three
weeks, but increased CINC-1 concentrations only sby weeks. Neither the
concentration of IL-6, nor the number of spinalccareurones or the number of
spinal apoptotic nuclei was affected by stavudirdmiaistration. Therefore,
although six weeks of daily stavudine administrati@sulted in an increase in
CINC-1 concentration in the spinal cord, the depsient of stavudine-induced
hyperalgesia did not depend on increases in spmatentrations of CINC-1 and

IL-6, nor on apoptosis or necrosis of spinal coednones.
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1. Introduction

Nucleoside reverse transcriptase inhibitors (NRBI® an integral part of highly
active antiretroviral therapy (HAART), particularly developing countries. These
drugs frequently cause peripheral neuropathy and paHIV-positive patients
[1,2], often leading to discontinuation of theramydrug switching [2]. Although
the precise mechanisms of NRTI-induced neuropatéyaorly understood, NRTI-
related mitochondrial toxicity is thought to meeighe nerve damage caused by
these drugs [1]. While long-term administrationNRTIs in HIV-positive patients
is associated with decreased peripheral nerve fileesity, caused by axonal
degeneration and the loss of small unmyelinatestengbres [1,3,4], and a single
intraperitoneal injection of 25 mg.Rgof the NRTI zalcitabine (ddC) resulted in
structural changes of neurones in the sciatic eofgats [5], the effects of NRTI
administration on neurones of the central nervgigsesn are not well understood.
Wallace et al. (2007) recently showed that repesystemic injection of zalcitabine
to rats resulted in a modest increase in microginal astrocyte activity in the dorsal
horn, with only a limited effect on dorsal root gdon phenotype. The role of
spinal neuronal damage and central pro-inflammatytgkines in NRTI-induced

neuropathy remains unexplored.

In rodent models of neuropathic pain, increasedceptive hypersensitivity after
peripheral nerve injury [6] is associated with rogiral activation [7,8], the release
of central pro-inflammatory cytokines [9-12] andunenal death in the dorsal horn

[6]. The NRTIs zalcitabine, didanosine (ddl), stdwe (d4T) and zidovudine
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(AZT) also induce apoptosis of isolated rat dorsabt neurones [13,14] and
decrease the regeneration of isolated rat neurdolsying neurite removal [15].
If this NRTI-induced apoptosis and neuronal degatien is not limited to isolated
rat dorsal root neurones, but also occurs in tieaspord of HIV-positive patients,
it may contribute to the activation of glial celad the release of pro-inflammatory

cytokines, resulting in pain [3].

The South African National Antiretroviral Treatme@uidelines [16] recommend
that the NRTI stavudine be prescribed as partrst-ine HAART regimens, yet
stavudine frequently is associated with the develamt of neuropathy [17]. We
previously have shown that daily oral administratmf the NRTI stavudine at a
dose of 50 mg.k§ resulted in mechanical hyperalgesia in the ratwithin three
weeks, without affecting appetite and voluntaryiwigt [18]. We now have
investigated possible mechanisms of the hyperalgeaused by oral stavudine
administration in rats. As stavudine is known tosmnerve damage in vitro [13-
15], and neuropathic pain is associated with nelrdeath in the dorsal horn [6],
we examined whether oral administration of stavedntuces apoptosis or necrosis
of spinal neurones in rats. Secondly, as pro-infletory cytokines in the spinal
cord are involved in the development of neuropaplaim [9-12,19], and possibly in
NRTI-induced pain [3], we investigated whether gadral administration of
stavudine causes the release of cytokine-inducagraphil chemo-attractant
(CINC)-1 and interleukin (IL)-6 in the spinal coadl rats. Chemokines are thought

to be involved in NRTI-induced neuropathy [5,20]damtracerebroventricular
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injection of CINC-1 decreases the mechanical ngtice threshold of rats [21],
while IL-6 is increased in the spinal cord in otmat models of neuropathic pain
[10,11]. Thus, the chemokine CINC-1 and the cytekih-6 may play a role in

hyperalgesia caused by stavudine administration.

2. Materials and Methods

2.1. Animals

Experiments were performed on female Sprague-Davdesy with an initial body
mass of 199.8 + 2.1 g that were housed individuatig had free access to standard
rat chow and water. All procedures were approvethbyAnimal Ethics Screening
Committee of the University of the Witwatersrande&rance no. 2005/26/3 &
2005/89/3) and are in accordance with the Inteonati Association for the Study of

Pain (IASP)’s guidelines for pain research in anga2].

2.2. Drug administration

Stavudine (2’,3-didehydro-3’-deoxythimidine, d4Zgerit, Bristol-Myers Squibb,
Johannesburg, South Africa) was administeseglly once daily, at a dose of 50
mg.kg®, as a suspension set in a flavoured gelatine dhkatine cubes were made
by adding 7 ml savoury bread spread (Bovril, UrelevJohannesburg, South
Africa), 20 g cane sugar and 12 g unflavoured gedapowder (Davis Gelatine,
Johannesburg, South Africa) to 100 ml warm wateB].[2ZThe solution was
aliquoted into 3 ml moulds and allowed to set. Sthwe-containing gelatine cubes

were made by addingowdered stavudine to each aliquot, and mixingdhghly
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before the gelatine set. Placebo gelatine cubesndidcontain stavudine. One
gelatine cube was placed in the cage of each etyenorning at 09:00. The rats
ate the gelatine cubes enthusiastically, and witlspillage; spillage was visible

easily because the spread imparted a dense blémk ¢o the cubes.

2.3. Nociceptive testing

We tested for mechanical hyperalgesia by recordiegwithdrawal latency to a
noxious mechanical challenge applied to the tath whe rats placed in clear plastic
restrainers that restricted trunk movement butvald free movement of the tail.
The rats were familiarized with the restrainers floree hours a day for three
consecutive days before measurements began. A Ipameter with a 1 mm
diameter probe (Haldex AB, Halmstad, Sweden), wiaseol across the dorsal
surface of the middle of the tail and a static éoof 4 N was applied [24]. The time
taken for the rat to withdraw its tail was recordeith a stopwatch. The test was
repeated three times for each rat at slightly disgdl sites, with at least one minute
between each measurement, and the average of the theasurements was
recorded as the withdrawal latency for each rae @lgometer was removed from
the tail if the rat had not reacted after 30 s. Akasurements were made by the
same observer between 09:00 and 12:00 in the ngpriline withdrawal latency
was recorded only when the rat displayed a cleawtthdrawal from the noxious
challenge or the rat tried to turn around in thstreener to get at the noxious
challenge being applied to the tail. Other nondps@nd-points, such as the rat

starting to fidget, were ignored.
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2.4. Experimental protocol

We used two separate groups of rats. In the fistig we tested rats’ nociceptive
function in response to daily stavudine adminigtrgtand killed the rats after three
or six weeks of stavudine administration to takimalpcord samples for measuring
apoptosis and necrosis. In the second group, rtoreetesting was not performed.
Rats also were Kkilled after three or six weeks ¢dvisdine or placebo

administration, and spinal cord samples taken terdene the expression of CINC-

1 and IL-6.

2.4.1. Savudine-induced hyperalgesia and histopathol ogy

We recorded rats’ withdrawal latencies to the nogionechanical challenge once
daily for five days before the start of stavudirgnanistration. During this period
rats were given placebo gelatine cubes every dayth® sixth day, experimental
rats received gelatine cubes containing 50 my$@vudine, and continued to be
fed stavudine cubes once daily for three (n=5)iwr(s=5) weeks. Control rats
continued to receive placebo gelatine cubes onitg fda three (n=5) or six (n=5)
weeks. Nociceptive testing was repeated on théod&yre spinal cord samples were
collected. An additional five treatment-naive rathjch received neither stavudine
nor placebo gelatine cubes and which were age-mdtichrats in the stavudine and
control groups did not undergo nociceptive testig) also were killed, and their

spinal cords examined.
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For spinal cord excision, rats were deeply ana@isdte with 1 ml sodium
pentobarbital i.p. (Euthapent, 200 mg’mKyron Laboratories (Pty) Ltd., South
Africa), before being perfused transcardially wileparinised saline (100 ml),
followed by 4 % paraformaldehyde in 0.1 M phospHaiéfer (pH=7.4) [28]. The
entire lumbar spinal cord (L1 — L5) was removed gmubt-fixed in 4 %
paraformaldehyde in phosphate buffer for 1 h ahrdemperature. Samples then

were embedded in paraffin wax.

2.4.2. Savudine-induced changesin cytokine synthesis

To investigate the effect of stavudine administraibn cytokine concentrations, we
removed the lumbar spinal cord of rats given dallymg.kg" stavudine gelatine

cubes for three (n=5) or six (n=5) weeks. Contaik rreceived placebo gelatine
cubes for three (n=5) or six (n=5) weeks. An adddil five treatment-naive rats,
age-matched to rats in the stavudine and contalgy, also were killed and had

their lumbar spinal cords removed and analysed.

For sample collection, rats were anaesthetised amamber perfused with 2 %
isofluorane (Safeline Pharmaceuticals, Johannesl8ogth Africa) and killed by
intracardiac injection of 1 ml sodium pentobarbitédEuthanase, Kyron,
Johannesburg, South Africa). The lumbar spinal eoad removed, weighed, flash
frozen in liquid nitrogen and stored at -70 °C. [Egtokine analysis, spinal cord
samples were homogenised in 30®BS (pH=7.4) containing 0.4 M NaCl, 0.05 %

Tween-20, 0.5 % bovine serum albumin, 0.1 mM bdrmmatum chloride, 10 mM

82



EDTA and 20 KI.mt aprotinin. The homogenates were centrifuged a@@0®g for

60 min at 4 °C. The supernatant was analysed fNICE1 and IL-6.

2.5. Histopathology

2.5.1. Neuronal density

To allow us to determine the number of dorsal feord anterior horn neurones in a
cross section of the spinal cord of each rgipbspinal cord sections were stained
with haematoxylin and eosin (H&E) and neuronal <albunted, as previously
described [25]. Sections were divided through tkate and analysed by light
microscopy by a pathologist (BM), blinded to theatiment of the rat. Cells anterior
to the central line were included in the anteriorms and those posterior to the line
were included in the posterior (dorsal) horns. Airnaee-specific marker was not
used, as neurones were easily identified morphcddigiby the pathologist by their
large size and characteristics of the nuclei ardattmount of cytoplasm. The total
number of dorsal horn and anterior horn neuronaleawas counted in up to five
serial cross sections for each cogdjing an average number of neurones for the

spinal cord of each rat.

2.5.2. Apoptosis
To allow us to examine neuronal apoptosig spinal cord sections were stained
using a commercially available modified TerminaloRgnucleotidyl Transferase-

Mediated dUTP Nick End-Labelling (TUNEL) stain KbeadEnd" Colorimetric
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TUNEL System, Promega Corporation, Madison, WI, JYSAs previously
described [26]. Briefly, tissue sections were deffanised in xylene, gradually
rehydrated in ethanol and then equilibrated in @8BlaCl, followed by phosphate
buffered saline (PBS, pH=7.4). Thereafter, spimaticsections were fixed in 4 %
paraformaldehyde in PBS, permeabilised with PraetnK, and re-fixed with 4 %
paraformaldehyde in PBS. Biotinylated nucleotidesntwere incorporated at the
3-OH fragmented DNA ends of apoptotic nuclei usindpe terminal
Deoxynucleotidyl Transferase (rTDT) enzyme in a kdified 37 °C incubator, for
one hour. The reaction was terminated by immersioistandard saline citrate
(SSC, pH=7.2). Endogenous peroxidase activity waskied by 0.3 % peroxide,
after which horseradish peroxidase-labeled stragitayStreptavidin HRP) was
bound to the biotinylated nucleotides, and colour@th the chromagen
diaminobenzidine (DAB) and the peroxidase substhgtdrogen peroxide. Slides
were rinsed in water, gradually dehydrated in ethamd then xylene, and sealed

with glass coverslips for analysis.

A positive control was included with each set oidet stained in order to
demonstrate the efficacy of the assay. The enzyiAde was added to positive
control slides after the second fixation step irf@maldehyde, resulting in DNA
fragmentation and positive staining for the TUNEdsay. Negative control slides
also were included in each set of slides stainedprder to assess non-specific

binding of the biotinylated nucleotides in the alxseof the rTDT enzyme.
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Using light microscopy, the number and locatiorapbptotic nuclei was recorded
for up to five serial sections of each spinal cf28]. In order to decrease the
number of false positive results, cells were deetodthve stained TUNEL-positive
only if the nucleus stained dark brown while thdopjasm remained pale, as
assessed by visual comparison of positive and ivegedntrol slides. As we found
very few TUNEL-positive nuclei per spinal cord sentwe did not further examine

apoptosis in this study by staining for activatedpase-3.

2.6. Cytokine assays

We determined CINC-1 and IL-6 concentrations in #mnal cord using an
enzyme-linked immunosorbent assay (ELISA, Natiohadtitute of Biological
Standards and Control, UK), as previously descr{@&4l Briefly, microtitre plates
were coated overnight with sheep anti-rat polyd@mibody. Volumes of 100 ul
standard recombinant rat cytokine or sample wasddd each well and left
overnight at 4 °C. Sheep anti-rat biotinylated ptipal antibodies were added at a
1:2000 dilution, and the sample incubated at roemperature (~22 °C) for one
hour. Finally, 100 ul of streptavidin-polyHRP (100D dilution, Euroimmun, Cape
Town, South Africa) was added to each well, at raemperature. After 30 minutes
the plates were washed and the colour reagent nylmediamine dihydrochloride
(40 pg in 100 pl per well, Sigma-Aldrich, South i&&) added. The reaction was
terminated with HSO, (1 M, 150 pl per well) and the optical density s@@d at
490 nm. CINC-1 and IL-6 cytokine concentrations evanalysed in duplicate using

the appropriate sheep anti-rat polyclonal and mytdted antibodies for each
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cytokine. The detection limit of each assay, whatdbwed for the dilution factor of
the sample, differed between CINC-1 and IL-6 assaysl is reported with the

results of the assay.

2.7. Data analysis

Nociceptive and cytokine data are expressed as meslEM. The average of the
withdrawal latencies measured on the last threes d@jore stavudine or placebo
administration began served as a reference valwnsigwhich changes in
withdrawal latency were compared. Changes in witvdil latencies to the noxious
mechanical challenge were assessed using two-waglygis of Covariance
(ANCOVA) with group and time as the main effectsdaat mass as covariate. A
Newman-Keuls post-hoc test was used if any of taeraffects or interaction were
significant. ANCOVA was used because previous erpee has shown us that as
rats grow, and their tails become thicker and tkm snore keratinised, their
response to the noxious mechanical challenge ckar@gokine concentrations
were assessed using two-way Analysis of Variand®¢dXA), with group and time
as the main effects, and Newman-Keuls post-hoc eoisgns if any of the main

effects or interaction were significant.

The number of apoptotic nuclei and the number ataohorn and anterior horn
neurones per spinal cord section are expressecedmm(full range). The number
of apoptotic nuclei and the number of dorsal hard anterior horn neurones per

spinal cord section were compared over time fos etministered stavudine or
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placebo gelatine cubes using the Kruskal-Wallis, t@gh treatment-naive rats (as
time = 0) included in the comparison. Comparisorsrevmade between rats
receiving placebo and stavudine cubes at three svaekl six weeks using the
Mann-Whitney test. Bonferroni correction for mulépcomparisons was used for

all non-parametric tests.

3. Results

3.1. Noxious mechanical challenge

Before stavudine or placebo administration, thehdridwal latency to the 4 N
mechanical challenge applied to the tail was 5048ts for rats scheduled to receive
placebo gelatine cubes and 6.3 = 1.1 s for rats Weae to receive stavudine
gelatine cubes (t-test: t=1.96, P=0.08). Compaoethts receiving placebo cubes,
and compared to withdrawal latencies before stanaudigelatine cube
administration, there was a significant decreasthénwithdrawal latencies of rats
given stavudine for three weeks and six weeks (iag-ANCOVA,; group effect:
F1,7=27.59, P<0.01; time effect:; =3.62, P=0.31; interaction:;=1.43, P=0.27,

Figure 1).
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Figure 1.Changes in the withdrawal latencies (meai$SEM) to a 4 N noxious
mechanical challenge applied to the tail of ratgegidaily placebo (clear bars) or
50 mg.kg' stavudine (hashed bars) orally in gelatine culdishdrawal latencies
are expressed as percentage change from latenefese bcube administration.
* indicates a significant difference in withdrawldtencies between the two

treatment groups (P<0.05, ANCOVA with Newman-Keuist-hoc comparisons)
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3.2. Histopathology

3.2.1. Dorsal horn neuronal density

The number of dorsal horn neurones averaged orsévial sections of the lumbar
spinal cord from each rat and then averaged aaask group of rats receiving
placebo or stavudine gelatine cubes is shown inrei@. The number of dorsal
horn neurones did not differ over time for ratsegiplacebo (Kruskal-Wallis Test;
KW=2.90, P=0.94) or stavudine (Kruskal-Wallis Te#tW=0.20, P=3.69) or

between rats receiving placebo or stavudine aetlweeks (Mann-Whitney Test;

U=9.50, P=2.19) or six weeks (Mann-Whitney Test4l08, P=0.76).

3.2.2. Anterior horn neuronal density

The number of anterior horn neurones averagedverskrial sections of the lumbar
spinal cord from each rat and then averaged a@ask group of rats receiving
placebo or stavudine gelatine cubes also is showhkigure 2. The number of
anterior horn neurones did not differ over time fats given placebo (Kruskal-
Wallis Test; KW=8.73, P=0.05) or stavudine (KrusWéhllis Test; KW=7.61,
P=0.09) or between rats receiving placebo or siaeudt three weeks (Mann-
Whitney Test; U=1.00, P=0.06) or six weeks (ManniWdy Test; U=2.50,

P=0.13).
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Figure 2. Dorsal horn and anterior horn neuronesgiam (full range), per spinal
cord section of rats given placebo (clear bar§omg.kg* stavudine (hashed bars)
orally in gelatine cubes. Treatment-naive ratsrapgesented by week zero. There
were no significant differences between treatmentjgs in the number of either

dorsal horn or anterior horn neurones.
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3.2.3. Apoptosis

As we found very few TUNEL-positive nuclei per splircord section, we did not
determine the percentage of apoptotic nuclei petie The absolute number of
TUNEL-positive nuclei averaged on five serial seet of the lumbar spinal cord
from each rat and then averaged across each grotgtsoreceiving placebo or
stavudine gelatine cubes is shown in Figure 3. tmmber of TUNEL-positive

spinal cord nuclei did not differ over time for sagiven placebo (Kruskal-Wallis
Test; KW=0.82, P=2.66) or stavudine (Kruskal-Wallisst; KW=0.82, P=2.66) or
between rats receiving placebo or stavudine faelweeks (Mann-Whitney Test;

U=8.00, P=2.92) or six weeks (Mann-Whitney Test;1050, P=2.76).
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Figure 3. Apoptotic (TUNEL-positive) nuclei, medi@ull range), per spinal cord
section of rats given placebo (clear bars) or 50kgiystavudine (hashed bars)
orally in gelatine cubes. Treatment-naive ratsrapgesented by week zero. There

were no significant differences between treatmeogs.
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3.3. Spinal cord cytokine concentrations
Concentrations of CINC-1 and IL-6 in all spinal dosamples were above the

detection limit of the assay.

3.3.1. Spinal cord CINC-1

Concentrations of CINC-1 in the spinal cord of naseiving placebo or stavudine
gelatine cubes are shown in Figure 4. Spinal cofdGZl concentrations were
significantly elevated in rats receiving stavudiioe six weeks, compared to all
other groups of rats (two-way ANOVA,; group effedt =6.37, P=0.04; time

effect: R 1=1.67, P=0.42; interaction; /=6.30, P=0.04).

3.3.2. Spinal cord IL-6

Concentrations of IL-6 in the spinal cord of raézeiving placebo or stavudine
gelatine cubes also are shown in Figure 4. Spioa 4.-6 concentrations did not
differ between groups or with time (two-way ANOVAyroup effect: E£+=0.03,

P=0.87; time effect: ;,=1.03, P=0.49; interaction3=4.23, P=0.08).
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Figure 4. Spinal cord CINC-1 and IL-6 concentrasigmeant SEM) of rats given
placebo (clear bars) or 50 mgkgtavudine (hashed bars) orally in gelatine cubes.
Treatment-naive rats are represented by week Zdre.dashed lines show the
detection limits of the assays. * indicates a digant difference between rats
receiving 50 mg.kg stavudine daily for six weeks and all other growpsrats

(P<0.05, ANOVA with Newman-Keuls post-hoc companisp
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4. Discussion

We previously have shown that mechanical hyperagdsvelops in the tail of rats
within three weeks of daily administration of 50 .kgj* stavudine [18]. The aim of
our new study was to investigate possible mechanisithis hyperalgesia by
examining whether stavudine administration induspmal nerve fibre death or
causes the release of pro-inflammatory cytokinesha spinal cord. Daily oral
administration of 50 mg.ky stavudine resulted in a pattern of mechanical
hyperalgesia similar to that observed in our presistudy [18]. Hyperalgesia was
evident after the third week of drug administratiamd still was present, at the
same degree in week six, that is after three meekw of stavudine administration.
However, we found no evidence of stavudine-induggdptosis or necrosis in the
spinal cord, even following six weeks of daily sidine intake. Neither the number
of TUNEL-positive nuclei nor the number of dorsak or anterior horn neurones
per spinal cord section was affected by stavudidmimistration. Spinal cord
concentrations of IL-6 also remained unchangedofahg six weeks of daily
stavudine administration. However, the concentraidd CINC-1 in the lumbar
spinal cord was elevated significantly in rats $avudine daily for six weeks, but

not after three weeks of drug administration.

The elevation of CINC-1 well after hyperalgesia haglveloped indicates that
CINC-1 may contribute to the long-term maintenanafe stavudine-induced
hyperalgesia, but the initial development of thepdnalgesia does not require

increased spinal cord CINC-1. Neither the initiatioor the maintenance of
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hyperalgesia requires increased spinal cord IL-8 @nstill is unclear how the
hyperalgesia first develops. It may be necessaexamine more closely changes in
the spinal cord occurring after one or two weekslaify stavudine administration,
when hyperalgesia has not yet developed, to determahether other central
mechanisms are involved in the development of slimadinduced hyperalgesia. In
our study we only examined spinal concentration€NC-1 and IL-6, but other
pro-inflammatory cytokines, including ILB1[9,10,12] and tumour necrosis factor
(TNF)-a. [9,10], also are elevated in the spinal cord iheotrodent models of
peripheral neuropathy, and may be involved in simetinduced hyperalgesia.
Also, with the elevation in CINC-1 in the spinalrdoafter six weeks of daily
stavudine administration, it would be worthwhiley a future experiment, to
administer stavudine for longer, and to check foricreased incidence of cell

death in later weeks.

Expression of CINC-1 increases following injury tiee central nervous system
[29,30], with CINC-1 production being more pronoaddn the spinal cord than in
the brain [30]. Once CINC-1 is expressed, it atraveutrophils to the damaged
region, which may exacerbate damage to the affeated, as these cells destroy
tissue by releasing free radicals [4,31] and pigteoenzymes [32], as well as by
phagocytosis [33]. However, in our study, there wmasevidence of spinal cord
damage, and the hyperalgesia we observed was mointense when CINC-1 was
elevated after six weeks of daily stavudine adnmai®n than it was after three

weeks, before CINC-1 was elevated. Moreover, theas no deterioration in
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running activity [18], which is dependent on a ftimcal spinal cord, when CINC-1
was increased. Thus, the elevation of CINC-1 in #mnal cord of rats,

administered stavudine daily for six weeks, propalhs not caused by nerve
damage in the spinal cord. Wallace et al. (200¢gmdy showed that systemic
administration of zalcitabine to rats resulted inoderate microgliosis and
astrocytosis in the dorsal horn. Therefore, theeiased concentration of CINC-1
we observed following stavudine administration atsay have been the result of
microglial and astrocyte activation [34] in respere peripheral nerve injury [35]

induced by stavudine [1,3,4].

Though the concentration of the chemokine CINC-I1s viacreased following
stavudine administration in our study, concentragiof IL-6 in the spinal cord were
not elevated, although production of this cytokalso is increased in the spinal
cord in other rat models of peripheral neuropatty,11]. IL-6 plays a role in the
creation and continuation of other types of neutloipgpain [19], but this cytokine
does not appear to be involved in the maintenantestavudine-induced
hyperalgesia, as it was not increased in the spioia after six weeks. While IL-6
also was not elevated in the spinal cord afterethveeks, indicating that it probably
is not involved in the development of stavudinedogld hyperalgesia, we cannot

exclude the possibility that IL-6 was elevated Ibefthe onset of the hyperalgesia.

Whereas the hyperalgesia caused by other modelseofopathic pain is

accompanied by vast changes in cytokine activitghm spinal cord [9-12], and

97



neuronal death in the dorsal horn [6], we have videmce that the hyperalgesia
induced by stavudine administration resulted frdasficity in the central nervous
system. While stavudine induces apoptosis and naudegradation of isolated rat
neurones [13-15], daily oral stavudine administratdid not cause apoptosis or
necrosis of spinal cord neurones in rats in oulyst&imilarly, Wallace et al (2007)
found that systemic administration of zalcitabiree rats caused only minimal
changes in dorsal root ganglion activity, althoygtw withdrawal threshold was
decreased. As stavudine administration is assaciatgh loss of peripheral
neurones in HIV-positive patients [1,3,4], and iepd injections of zalcitabine to
rats resulted in decreased intra-epidermal nerbee fidensity [20], stavudine
administration to rats also may have caused danmagperipheral neurones.
Damage to peripheral neurones initiates the reledisexcitatory amino acids,
prostaglandins and nitric oxide from activated Igtells [19] and may result in up-
or down-regulation of genes responsible for thetakdity of the neurones [36],
inducing a heightened sensitivity to nociceptivepun [19,36]. Similar changes,
caused by injury to peripheral neurones, may adcdon the mechanical

hyperalgesia we observed following daily oral adstmation of stavudine to rats.

In conclusion, we have shown that hyperalgesia deaelops with chronic daily
oral administration of the NRTI stavudine to ratsesl not involve apoptosis or
necrosis of spinal neurones, or elevation of spseretion of the inflammatory
cytokine IL-6. Few studies have examined concéotia of both IL-6 and CINC-1

in the spinal cord following central or peripherarve injury, but we have shown
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that daily oral administration of stavudine incresmghe production of CINC-1,
while the concentration of IL-6 remains unaffectédtavudine administration
resulted in an increase in the concentration of GINin the spinal cord, as
assessed after six weeks of stavudine administratip to three weeks after the rats
developed hyperalgesia, which indicates that CING-tot essential for initiating
the hyperalgesia. Further studies are requiredk&mnee other mechanisms, both
centrally and peripherally, which may be respomsifidr the hyperalgesia we

observed with chronic stavudine administrationatis.r
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Abstract

Stavudine, a nucleoside reverse transcriptase itohitNRTI) used to treat HIV
infection, causes side effects in HIV-positive pats, including mitochondrial
toxicity, lipodystrophy and peripheral neuropatfijiese conditions are associated
with increased plasma lactate, decreased plasnpareglitin and increased plasma
pro-inflammatory cytokine concentrations. It is ryett clear whether stavudine is
intrinsically toxic, or whether its side effecteeatonfined to patients compromised
by HIV. To investigate stavudine-induced changesitochondrial bioenergetics,
fat distribution, and circulating pro-inflammatooytokine concentrations in rats
exhibiting the neurological phenomenon of hypersilgewve administered stavudine
(50 mg.kg") orally to Sprague-Dawley rats once daily for thier six weeks, in
gelatine cubes, and measured plasma lactate, adifpon cytokine-induced
neutrophil chemo-attractant (CINC)-1 and interleuldi)-6. Control rats received
cubes without stavudine. Plasma lactate, adipamec€INC-1 and IL-6
concentrations were unchanged in rats followingeehor six weeks of daily
stavudine administration. We have shown that stianedcklated mitochondrial
toxicity and fat redistribution, if present, weresufficient to significantly alter
lactate and adiponectin production in rats, antl ¢hraulating CINC-1 and IL-6 are
unlikely to be involved in the development or mamdnce of the hyperalgesia
induced by stavudine in rats. Stavudine toxicitpegrs to be exacerbated in HIV-

positive patients.
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1. Introduction

Stavudine (d4T) is a nucleoside reverse transa@tanhibitor (NRTI)
recommended by the South African National Antireinal Treatment Guidelines
[1,2] as part of first-line highly-active antiretical therapy (HAART). NRTIs
frequently cause peripheral neuropathy and pahlifrpositive patients [3,4], and
also are associated, in HIV-positive patients, vather adverse effects, such as
lipodystrophy and lactic acidosis [5]. Many of theside effects are related to
NRTI-induced mitochondrial toxicity, which resulis delayed cell doubling and
decreased mitochondrial DNA content [3,6,7], pdgsiby inhibition of DNA
polymeraser activity [6]. Mitochondrial toxicity causes altéi@ns in mitochondrial
bioenergetics [6], increasing anaerobic respiratiod lactate buildup [7-9]. Thus
plasma lactate concentration frequently is incréaseHIV-positive patients on

stavudine-containing therapy [10-12].

Stavudine also has been implicated in the develaprat lipodystrophy, the fat
redistribution characterised by peripheral fat lassl central fat accumulation, in
HIV-positive patients [13]. Lindegaard et al. (20Gdund that 90 % of patients
who had previously received or currently were reiogi stavudine developed
lipodystrophy. Lipodystrophy [14,15] and stavudimse [15,16] are associated with
decreased plasma levels of adiponectin, an adipkiey produced and secreted by
adipose tissue, which may play a role in glucoséabwism [17]. Lindegaard and
colleagues (2004) found that lipodystrophy furtixars associated with increased

plasma levels of the pro-inflammatory cytokinesertgukin (IL)-6, and tumour
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necrosis factor (TNF), in HIV-positive patients receiving stavudine [15]
Circulating pro-inflammatory cytokines are thougbtplay a role in neuropathic
pain [18], such as may occur in HIV-positive patsetreated with antiretroviral

medication [3,4].

Though stavudine clearly produces toxic side effactHIV-positive patients, what
is less clear is whether stavudine is intrinsicadlyic, or is toxic only in patients
already compromised by HIV infection. A recent stughowed that a paediatric
dose (10 mg) of stavudine administered to healtilynteers for eight days had no
adverse effects on the general wellbeing of theintelers [19]. While eight days
may have been insufficient to induce symptoms ofiroathy in healthy
volunteers, stavudine has been shown to cause dlgpsia after one day [20] and
changes in fat mass within two weeks [21,22] ineothse-healthy rodents,
indicating that stavudine indeed appears to bensitally toxic. We have found
previously that daily oral administration of stawgto rats resulted in mechanical
hyperalgesia of the tail within three weeks [23f ahat this hyperalgesia is not
dependent on inflammatory changes in the spinall ¢anpublished results), a
recognised cause of hyperalgesia in other circumeta[24-28]. We now have
investigated whether prolonged oral administrabbstavudine induces changes in
plasma concentrations of lactate, adiponectin dedcytokines, CINC-1 and IL-6.
We examined plasma levels after three weeks, wigparhlgesia first was evident
in our previous study and after six weeks, whenengigesia was well established

[23].
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2. Materials and Methods

2.1. Animals

Experiments were performed on female Sprague-Daralesywith an initial mass of
199.8 + 10.8 g, which were housed individually dvadl free access to standard rat
chow and water. All procedures were approved byAhanal Ethics Screening

Committee of the University of the Witwatersranteézance no. 2005/26/3).

2.2. Drug administration

Stavudine (2’,3’-didehydro-3’-deoxythimidine, d4Zgerit, Bristol-Myers Squibb,
Johannesburg, South Africa) was administeseally once daily, at a dose of 50
mg.kg®, as a suspension set in a flavoured gelatine ¢hblatine cubes were made
by adding 7 ml savoury bread spread (Bovril, UrelevJohannesburg, South
Africa), 20 g cane sugar and 12 g unflavoured gedapowder (Davis Gelatine,
Johannesburg, South Africa) to 100 ml warm wat8}.[Zhe solution was allowed
to set in 3 ml moulds. Stavudine-containing gelatoubes were made by adding
powdered stavudine to each aliquot, and mixingabghly before the gelatine set.
Placebo gelatine cubes were identical but did ootain stavudine. One gelatine
cube was placed in the cage of each rat every mprai 09:00. The rats ate the
gelatine cubes enthusiastically, and without spgdlaany spillage would have been

visible easily because the spread imparted a daask colour to the cubes.
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2.3. Experimental protocol

We took blood samples from rats given stavudin@lacebo gelatine cubes daily
for three (n=5) or six (n=5) weeks. An additionalef treatment-naive rats, age-
matched to rats in the stavudine and control groaise were killed, and had blood
samples taken and analysed. For blood collectiats were anaesthetised in a
chamber perfused with 2 % isofluorane (SafelinerfPhaeuticals, Johannesburg,
South Africa). Blood was collected by cardiac punetinto sterile tubes containing
EDTA and the rats then were killed by intracardigction of 1 ml sodium
pentobarbital (Euthanase, Kyron, JohannesburghSainica). Blood samples were
centrifuged at 2000 g for 15 minutes at 4 °C. Tlsmpa was removed and stored at

-70 °C until assayed.

2.4. Assays

We determined lactate concentrations in the plassiieg a commercially-available
lactate assay kit (EnzyChrdth BioAssay Systems, California, USA), following
the manufacturer’s instructions. Adiponectin cornrarons were determined using
a commercially-available rat adiponectin enzymé&doh immunosorbent assay
(ELISA) kit (LINCO Research, Missouri, USA), follomg the manufacturer’'s

instructions.

CINC-1 and IL-6 concentrations in the plasma alserevdetermined using an
ELISA (National Institute of Biological StandardacaControl, UK), as described

previously [30]. Briefly, microtitre plates wereated overnight with sheep anti-rat
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polyclonal antibody. Volumes of 100 pl standardorebinant rat cytokine or
plasma sample were added to each well and lefnaygrat 4 °C. Sheep anti-rat
biotinylated polyclonal antibodies were added 4t2000 dilution, and the sample
incubated at room temperature (~22 °C) for one hdumnally, 100 pl of

streptavidin-polyHRP (1:10000 dilution, Euroimmu@ape Town, South Africa)
was added to each well, at room temperature. AA@eminutes the plates were
washed and the colour reagent o-Phenylenediamimgaldichloride (40 pg in 100
ul per well, Sigma-Aldrich, South Africa) added.€Treaction was terminated with

H.SO, (1 M, 150 pl per well) and the optical density si@&d at 490 nm.

Lactate, adiponectin, CINC-1 and IL-6 concentradiom each sample were
analysed in duplicate. The detection limit of eadsay, which allowed for the
dilution factor of the sample, differed betweertdée, adiponectin, CINC-1 and IL-

6 assays, and is reported with the results of $bays.

2.5. Data analysis

Data are expressed as mean * SEM. Lactate, adijponemd cytokine
concentrations were assessed using two-way Analysiariance (ANOVA), with
group and time as the main effects. Newman-Keulst-poc comparisons were

used if any of the main effects or interaction wagmificant.
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3. Results

3.1. Plasma lactate concentrations

Concentrations of lactate in all plasma samplegweove the detection limit of the
assay. Plasma lactate concentrations of rats iageplacebo or stavudine gelatine
cubes and treatment-naive rats are shown in FiguPéasma lactate concentrations
did not differ between groups or with time (two-w@&NOVA,; group effect:

F1.6=1.30, P=0.29; time effect;=7.16, P=0.23; interaction; E=2.38, P=0.16).
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Figure 1. Plasma lactate concentrations (me&EM) of rats given placebo (clear
bars) or 50 mg.k§ stavudine (solid bars) orally in gelatine cubeaifment-naive
rats are represented by week zero. The dasheghimas the detection limit of the

assay. There were no significant differences betvees groups.
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3.2. Plasma adiponectin concentrations

Concentrations of adiponectin in all plasma samplege above the detection limit
of the assay. Plasma adiponectin concentrationsats receiving placebo or
stavudine gelatine cubes and treatment-naive ratsteown in Figure 2. Plasma
adiponectin concentrations did not differ betweeougs or with time (two-way

ANOVA; group effect: kg=1.83, P=0.21; time effect: ;=0.23, P=0.72;

interaction: i g=0.24, P=0.64).
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Figure 2. Plasma adiponectin concentrations (me&kEM) of rats given placebo
(clear bars) or 50 mg.Kgstavudine (solid bars) orally in gelatine cubegatment-
naive rats are represented by week zero. The daisieeshows the detection limit

of the assay. There were no significant differerimssveen any groups.
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3.3. Plasma pro-inflammatory cytokine concentration
Concentrations of CINC-1 and IL-6 in all plasma gées were above the detection

limit of the assays.

3.3.1. Plasma CINC-1

Plasma CINC-1 concentrations of rats receivinggihacor stavudine gelatine cubes
and treatment-naive rats are shown in Figure &nRdaCINC-1 concentrations did
not differ between groups or with time (two-way AN®; group effect: i ¢=1.68,

P=0.23; time effect: ;,=0.37, P=0.65; interaction;g=2.21, P=0.18).

3.3.2. Plasma IL-6

Plasma IL-6 concentrations of rats receiving placeb stavudine gelatine cubes
and treatment-naive rats also are shown in FiguRéa3ma IL-6 concentrations did
not differ between groups or with time (two-way AN®; group effect: i g=0.64,

P=0.45; time effect: ;,=2.81, P=0.34; interaction3=1.92, P=0.20).
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Figure 3. Plasma CINC-1 and IL-6 concentrationsame SEM) of rats given

placebo (clear bars) or 50 mgkgtavudine (solid bars) orally in gelatine cubes.
Treatment-naive rats are represented by week Zdre.dashed lines show the
detection limits of the assays. There were no Baamt differences between any

groups, for either cytokine.
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4. Discussion

We have shown previously that daily oral admintstraof the NRTI stavudine to
rats at a dose of 50 mg:kgesulted in mechanical hyperalgesia within threeks,
without affecting the overall condition of the r§28]. We have shown now that the
neurological changes responsible for the hyperagesccurred without
physiological changes in mitochondrial activity, a®flected in plasma
concentrations of lactate, and that stavudine adinétion was not associated with
changes in plasma concentrations of adiponectin.al§e have shown that the
neurological changes are not accompanied by changaasma concentrations of
two pro-inflammatory cytokines, CINC-1 and IL-6. Weave shown that plasma
concentrations of lactate, adiponectin, CINC-1 ahd6 did not change
significantly over the period of stavudine admiragbn, and did not differ

significantly, at any time, from the concentratiamgats receiving placebo.

We previously have found that the concentrationCtIC-1 is increased in the
lumbar spinal cord of rats receiving stavudine ordaly for six weeks
(unpublished results) but in this study we founat tihe concentration of CINC-1 in
the plasma did not differ between groups. It issgae that there was an increase in
the plasma concentration of CINC-1 in rats recgwvimal stavudine daily for six
weeks but that we were unable to detect this diffee because the sample size was
too small. Given the similarity in concentrationstween those of rats receiving
stavudine and those receiving placebo, it is higinlykely that the absence of a rise

in lactate and adiponectin concentrations was #selltr of statistical error. It is
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possible, nevertheless, that stavudine indeed edluatochondrial toxicity and fat
redistribution, but that these metabolic changdsndit result in an increased lactate
and a decreased adiponectin concentration in thena, as observed in HIV-
positive patients on stavudine-containing therap@-12]. In a future study, it
would be advisable to examine other indices of ahitmdrial toxicity, such as
mitochondrial DNA content [31,32], and to determitiee actual body fat
distribution of rats given stavudine, to furtheraexne the possibility of

mitochondrial toxicity and lipodystrophy in othesethealthy rats given stavudine.

In a previous study we found that daily oral admstirition of stavudine did not
affect growth, appetite or voluntary activity intsadespite inducing mechanical
hyperalgesia within three weeks [23]. We now haaied to find evidence that
stavudine significantly altered mitochondrial bieegetics in rats, although
administration of other NRTIs has been shown toeeskly affect mitochondrial
function in rats [32,33] . While lactic acidosssa well-recognised adverse event in
HIV-positive patients taking stavudine [10-12] astdvudine also is associated with
decreased mitochondrial function in cell culture3fg, we found that daily
stavudine administration for three or six weeks mtd significantly elevate plasma
lactate concentrations in rats. Our findings aragneement with those of Note et
al. (2003), who showed that plasma lactate levelsewnchanged in mice receiving
a high dose of stavudine daily for two weeks [35]d with the findings of Lewis
and colleagues (2005) who found that plasma ladeatels were not elevated in

mice receiving antiretroviral drug combination #yey containing stavudine for 35
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days [36]. In another study, mice receiving a vbeigh dose of stavudine (500
mg.kg?) once daily for two weeks also did not show arréase in plasma lactate
concentration although stavudine did induce fat tiwgs [21]. Although
administration of other NRTIs to rats is associatgith a decrease in mitochondrial
DNA [32,33] and alterations in the functioning diet mitochondrial electron
transport chain [32,33], the toxicity of NRTIs \esi[4] and the effect of stavudine
on mitochondrial function in otherwise-healthy ratkeremains unclear. The results
of our and other studies examining the effect @vistine on plasma lactate
concentrations indicate that mitochondrial toxicilyduced by stavudine in
otherwise-healthy rodents appears to be inadeqtmteause an increase in

anaerobic respiration great enough to result iniggnt lactate buildup.

Besides highlighting the limited effect of stavuelion mitochondrial function in
rats, we also have shown that daily oral admirtistnaof stavudine to rats did not
significantly affect fat distribution, at least asflected in plasma adiponectin
concentration. Our results correspond to those bysdhneuve et al. (2004), who
showed that, although stavudine administration altdr body fat mass in mice,
plasma adiponectin concentration remained unchatigedghout the study. These
and our findings imply that stavudine administratmn its own does not result in
sufficient changes in fat distribution to cause therreased plasma adiponectin
concentration observed in HIV-positive patients hwitstavudine-induced

lipodystrophy [15].
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We previously have shown that, in rats, there isclear increase in spinal pro-
inflammatory cytokines accompanying stavudine-iretlmechanical hyperalgesia,
with only the concentration of CINC-1 being elevhie the spinal cord of rats
administered stavudine daily for six weeks (unml#d results). Our finding that
plasma concentrations of CINC-1 and IL-6 were nigrad by daily administration

of 50 mg.kg" stavudine indicates that these circulating préainfnatory cytokines,

which are elevated in the plasma of rats in othedets of hyperalgesia [37,38],
also are unlikely to be involved in the developmenmaintenance of stavudine-
induced mechanical hyperalgesia [23], although aenot exclude the possibility
that these cytokines were elevated in the plasm@rdethe onset of the
hyperalgesia. Instead, as stavudine administraiforassociated with loss of
peripheral neurones in HIV-positive patients [3489, and repeated injections of
zalcitabine to rats resulted in decreased intrdexpial nerve fibre density [41],
stavudine administration to rats also may have edhudamage to peripheral
neurones. Damage to peripheral neurones initisteselease of excitatory amino
acids, prostaglandins and nitric oxide from actdaglial cells [28] and may result
in up- or down-regulation of genes responsibletfa excitability of the neurones
[42], inducing a heightened sensitivity to nociceptinput [28,42]. Similar

changes, rather than pro-inflammatory cytokine asée may account for the
mechanical hyperalgesia we observed in rats fotigvdaily oral administration of

stavudine [23].
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In contrast to the lack of change of plasma conmaéons in rats given stavudine,
plasma concentrations of lactate [10-12] and pfiammmatory cytokines [15]

frequently are increased, while adiponectin conmeg¢ions often are decreased
[15,16], in HIV-positive patients on stavudine-caning therapy. Our results and
the contrasting results in HIV-positive patiente apnsistent with the suggestion
that HIV infection is necessary for toxic neuropatthe nerve damage induced by
antiretroviral drugs, to develop [41,43]. It is pilde that, just as antiretroviral
drugs, particularly NRTIs, are thought to exacezbtite nerve damage initially
caused by the virus [41,43], HIV infection alsonecessary for other adverse
effects of NRTI therapy to arise. The underlying/Hihfection and accompanying
immune suppression may enhance the side effedifkd1 therapy, such that these
adverse effects are more pronounced in HIV-posipatients than in animals

administered NRTIs in the absence of HIV infection.

Although stavudine administration to rats resuitfiyperalgesia [20,23] and NRTIs
adversely affect mitochondrial function at a celullevel in rats, decreasing
mitochondrial DNA [32], altering mitochondrial mdrplogy [8,44] and affecting

the functioning of the mitochondrial electron trpad chain [33], these changes do
not appear to affect the overall condition of thtsf{23]. In contrast, the numerous
side effects associated with antiretroviral therajpy HIV-positive patients

frequently diminish quality of life in these pattsnoften resulting in anxiety and

depression [45-47], indicating that the toxicityMiRTIs probably is exacerbated by
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HIV infection, thereby increasing the severity oRN-induced adverse events in

immuno-compromised individuals.

In conclusion, we have found that daily oral adstiGition of 50 mg.K§ stavudine

to rats for three or six weeks did not alter plasommcentrations of lactate,
adiponectin, CINC-1 or IL-6. These findings indedhat stavudine has limited
effects on mitochondrial bioenergetics and fatrdistion, at least as reflected in
plasma adiponectin concentration, and that cirmgdatlevels of the pro-

inflammatory cytokines CINC-1 and IL-6 are unliketp be involved in the
development or maintenance of stavudine-inducedetaygesia, in otherwise-

healthy rats.
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The NRTI stavudine, which is used to treat HIV otfen, is associated with
peripheral neuropathy and pain in HIV-positive pats (Dalakas, 2001; Moyle &
Sadler, 1998; Simpson & Tagliati, 1995) and caupam hypersensitivity in
otherwise-healthy rats (Joseph et al., 2004). Teehanisms of NRTI-induced
toxic neuropathy and pain are not well understquatily because of a lack of
robust animal models of the disease process. Iticpkr, few studies have
examined the effects of stavudine, a frequentlysgibed antiretroviral drug in
South Africa (Grimwood, 2004), on pain sensitivithyanimals, as most researchers

investigate the more toxic, yet seldom prescrib&T Nzalcitabine instead.

Thus, the primary aim of my PhD was to investightev chronic daily oral
administration of the NRTI stavudine affects nopigen in rats, and specifically,
whether stavudine induces hyperalgesia. In my §itstly | showed that daily oral
administration of 50 mg.kfstavudine, using a novel technique for administeri
the drug, resulted in mechanical hyperalgesia is wathin three weeks, and that
this hyperalgesia persisted throughout the six week the study. In contrast,
Joseph and colleagues (2004) showed that chrorlic @tal administration of the
NRTI zalcitabine to rats induced hyperalgesia ia tind paw within just seven
days. The differing rate of onset of hyperalgesithese two models may be caused
by the difference in the toxicity of the two drugs,the different anatomical sites

and testing methods used.

Besides altering pain sensitivity in otherwise-ti@arats (Joseph et al., 2004) and
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in HIV-positive patients (Dalakas, 2001; Moyle & dbar, 1998; Simpson &
Tagliati, 1995), stavudine also may decrease tlegadwvellbeing of HIV-positive
patients by causing other side-effects, includirgstipintestinal disturbances,
pancreatitis and hepatitis (Montessori et al., 200fhe effects of stavudine
administration on the general condition of otheeal®althy rats have not been
investigated extensively. Therefore, | wanted tamsie whether long-term daily
stavudine administration affects the overall canditof the rats, and, particularly,
produces deficits resulting from neural malfuncti@onsequently | investigated the
effect of daily stavudine administration on bodyssiafood intake and voluntary
wheel running activity. Although stavudine admirasion resulted in mechanical
hyperalgesia in rats within three weeks, | founat grolonged oral administration
of stavudine had no adverse effects on the oveaaltlition of the rats. Voluntary
wheel running activity, appetite and growth did wliffer between rats receiving
stavudine and placebo. These results indicateathatidverse effects that stavudine
administration may have on the general health efrtts were mild and transient,
and did not affect growth and food intake over sigeks. Because stavudine
administration also did not affect voluntary rurmictivity it appears that the drug
does not cause spontaneous pain in otherwise-geaalihy or that spontaneous pain
induced by stavudine administration is insuffici¢at affect the rats’ ability or
desire to run. Stavudine also did not cause otbaratogical deficits which would

affect running activity.

The observation that stavudine administration chbgperalgesia without affecting
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the general condition of the rats is in agreemeith the findings of Joseph et al.
(2004), who showed that, although a single injectiof stavudine induced
mechanical hypersensitivity in rats, stavudine rmlid alter the physical appearance
or open field behaviour of the rats. Warner andeegjues (1995) also found that
rabbits administered stavudine orally once dailyZé weeks did not exhibit signs
of neurological damage, as assessed by the ralititdleg movements. | have
shown now, in a more extensive study of the effeétstavudine on the general
welfare of rats, that stavudine-induced hyperalésinot associated with changes
in motor function and voluntary activity, or witlterations in the rats’ food intake

and growth.

After establishing a rat model of stavudine-indudegperalgesia, | wanted to

investigate possible mechanisms of the hyperalgeaissed by oral stavudine
administration in this model. While several studiese shown that NRTI-induced
damage to peripheral nerve fibres may contributéhéoheightened sensitivity to
pain observed in animals administered NRTIs (Amalerst al., 1992; Bhangoo et
al., 2007; Feldman et al., 1992; Patterson et 2800; Schmued et al., 1996;
Wallace et al., 2007b), the role of the centralnas system, and the spinal cord in
particular, in the development of NRTI-mediatednphypersensitivity is unclear.

Rat models of other peripheral neuropathic paiejusing spared nerve injury,

chronic constriction injury and spinal nerve ligatj are associated with neuronal
death in the dorsal horn (Scholz et al., 2005).riledamage initiates macrophage

activation and is accompanied by an increase itralgoro-inflammatory cytokines
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and chemokines (Keswani et al., 2002; McArthurlgt2005; Pardo et al., 2001),
which may contribute to neuropathic pain (Cherryakt 2003). Wallace et al.
(2007b) recently showed that repeated systemicctioje of zalcitabine to rats
resulted in a modest increase in microglial ancbagte activity in the dorsal horn,
and a limited effect on dorsal root ganglion phgpet The role of spinal neuronal
damage in NRTI-induced neuropathy remains unexglor€onsequently, as
stavudine is known to cause nerve damagetro (Bodner et al., 2004; Cui et al.,
1997; Keswani et al., 2004), in my second studyxaneined whether oral
administration of stavudine induces apoptosis araoss of spinal neurones in rats.
| found that hyperalgesia that develops with cheoaily oral administration of

stavudine to rats is not accompanied by spinalor@lirapoptosis or necrosis.

In addition to neuronal death in the dorsal horch(#z et al., 2005), other types of
neuropathic pain are associated with an increasprorinflammatory cytokine

concentrations in the spinal cord (DeLeo et al96tPeleo et al., 1997; Murphy et
al., 1995; Ohtori et al., 2004; Wieseler-Frank kf 2005). Cytokines also are
thought to play a role in NRTI-induced pain (Partaal., 2001) and chemokines
have been implicated in the progression of zalgi@induced pain hypersensitivity
(Bhangoo et al., 2007; Wallace et al., 2007b). Tihagestigated whether daily oral
administration of stavudine causes spinal reledgbeopro-inflammatory cytokine

IL-6, which is increased in the spinal cord in oth&t models of neuropathic pain
(DeLeo et al., 1996; Murphy et al., 1995), and themokine CINC-1, which is

involved in the development of other types of pdiaram et al., 2007a; Loram et
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al., 2007b). While few studies have examined coma&ons of both IL-6 and
CINC-1 in the spinal cord following central or gahreral nerve injury, | have found
that stavudine administration resulted in an insesia the concentration of CINC-1
in the spinal cord, as assessed after six weekkibf administration, up to three
weeks after the rats developed hyperalgesia, wHilé concentration was
unchanged throughout the six weeks of stavudinerasimation. These results are
unique for any rat model of hyperalgesia and | dm ftirst to show that the
chemokine CINC-1 may play a role in the maintenan€estavudine-induced
mechanical hyperalgesia, confirming the importaméechemokines in NRTI-
induced pain hypersensitivity in rats (Bhangoolet2007; Wallace et al., 2007b).
The pro-inflammatory cytokine IL-6 however is urlig to be involved in the
development or the maintenance of mechanical higes@ caused by prolonged
stavudine administration, although this cytokineynieave been elevated in the

spinal cord before the onset of the hyperalgesia.

Besides causing pain hypersensitivity in othervisalthy rats (Joseph et al., 2004;
Weber et al. 2007) and peripheral neuropathy and paHIV-positive patients
(Dalakas, 2001; Moyle & Sadler, 1998; Simpson & li@yg 1995), stavudine
administration, in HIV-positive patients, also issaciated with other adverse
events, such as lipodystrophy, the fat redistrdouttharacterised by peripheral fat
loss and central fat accumulation (Lechelt et2007), and lactic acidosis caused
by mitochondrial dysfunction (Montessori et al.,02). In HIV-positive patients

these side effects frequently are associated wateased plasma pro-inflammatory
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cytokine concentration, decreased plasma adipaneocicentration (Jones et al.,
2005; Lindegaard et al., 2004) and increased pldsictate levels (Brew et al.,

2003; Geddes et al., 2006; Haugaard et al., 2@pectively.

Although plasma adiponectin (Maisonneuve et al043@nd lactate (Igoudiil et al.,
2007; Lewis et al., 2005; Note et al., 2003) leyamisviously have been shown to
remain unchanged in mice administered oral staxudimce daily, in two of these
studies stavudine only was administered for twoksgégoudiil et al., 2007; Note
et al., 2003), which may have been too brief a tionesignificant adverse events of
stavudine administration to occur, falling one westort of the time taken for
hyperalgesia to develop with oral stavudine adnrai®n to rats in my study.
Studies examining the effects of stavudine adnratisin on plasma adiponectin
and lactate concentrations in mice also did nofuge data on changes in
nociception caused by stavudine. Therefore it lnown whether stavudine indeed
causes pain hypersensitivity in mice and, as plasgiakine, adiponectin and
lactate levels have not been measured in rats @stevied oral stavudine, whether
any changes in the concentrations of these vasatderespond to the heightened
sensitivity to pain induced by stavudine in rathu3, in my third study, to
investigate whether a systemic inflammatory resparametabolic dysregulation is
responsible for the hyperalgesia induced by stanauth rats, | determined whether
plasma adiponectin, lactate, CINC-1 and IL-6 cotregions were altered in rats
administered daily stavudine. | have found thatydaral administration of 50

mg.kg® stavudine to rats for three or six weeks did rir gplasma concentrations
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of adiponectin, lactate, CINC-1 and IL-6. Thesediimgs show that, just as
stavudine did not affect growth, appetite and vtdwn running activity in rats,
stavudine also had limited adverse effects on rhaadrial bioenergetics and fat
distribution, at least as reflected in plasma adgaotin concentration, and that
circulating levels of lactate, adiponectin, and the-inflammatory cytokines
CINC-1 and IL-6 are unlikely to be involved in thevelopment or maintenance of

stavudine-induced hyperalgesia.

Although | successfully developed a rat model af/gtine-induced hyperalgesia, |
was unable to determine the underlying mechanidntihyperalgesia. Stavudine
administration did not result in spinal neuronabpiosis or necrosis, did not cause
alterations in spinal secretion of the pro-inflantona cytokine IL-6, and did not
induce peripheral release of adiponectin, lactikt& or CINC-1. The chemokine
CINC-1 only was elevated in the spinal cord follogisix weeks of daily oral
stavudine administration, which indicates that api@INC-1 may be involved in
the maintenance of stavudine-induced hyperalgésiadoes not appear to play a

role in the development of this hyperalgesia.

It is possible that the hyperalgesia induced bywstme is the result of peripheral
nerve damage caused by the drug. Stavudine admatmost results in the loss of
peripheral neurones in HIV-positive patients (Chetral., 2003; Pardo et al., 2001;
Polydefkis et al., 2002), and repeated systemiectigns of zalcitabine to rats

resulted in decreased intra-epidermal nerve filmesdy (Wallace et al., 2007b).
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NRTI administration to animals also is associateith whanges in peripheral
neurone morphology, such as myelin splitting andhyiination, and changes in
nerve conduction velocity (Anderson et al., 199BaBgoo et al., 2007; Feldman et
al., 1992; Patterson et al., 2000; Schmued etl8Pg). Similarly, in my studies,
stavudine administration to rats may have causedada to peripheral neurones,
which may result in the release of excitatory amacals, prostaglandins and nitric
oxide from activated glial cells (Wieseler-Frank at, 2005) and cause up- or
down-regulation of genes responsible for the ekditg of surrounding neurones
(Woolf, 2004), inducing the heightened sensitivtitynociceptive input | observed
(Wieseler-Frank et al., 2005; Woolf, 2004) follogistavudine administration to

rats.

The fact that | found no effect of stavudine admsitiition on voluntary wheel
running activity, food intake and growth, no effect spinal neuronal viability, no
effect on peripheral release of adiponectin, lastahd cytokines and only a limited
effect of stavudine administration on the productmf spinal pro-inflammatory
cytokines indicates that stavudine administratiomats is not associated with the
numerous side-effects common to HIV-positive pdtieon stavudine-containing
therapy. It is thought that HIV-infection may becassary for toxic neuropathy to
develop (Keswani et al., 2002; Wallace et al., 2)07The results of my PhD
indicate that HIV-infection also may be necessanother side-effects of stavudine
therapy, such as lipodystrophy and lactic acidasispccur. The underlying HIV

infection and accompanying immune suppression nmnarce the side effects of
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NRTI therapy, such that these adverse effects are pronounced in HIV-positive
patients taking stavudine-containing therapy thramnais administered stavudine in
the absence of HIV infection. Furthermore, the askweeffects of stavudine
treatment may be enhanced by other antiretrovimags] particularly other NRTISs,
which are prescribed as part of HAART to HIV-positi patients. As all
antiretroviral drugs are associated with side ¢$feihe combination of such agents
is likely to cause a greater degree of toxicityHiV-positive patients than the

administration of only stavudine to otherwise-hieakats.

As stavudine administration to HIV-positive pateg associated with numerous,
often severe, adverse events, which may resultnixiety and depression and
decrease quality of life (Larue et al., 1997; Neavsket al., 2002; Ownby & Dune,
2007), stavudine, and other NRTIs, are assumecktmtbinsically toxic. In this
thesis | have shown that attaching intrinsic neaxigity to NRTIs may have been
without foundation, as the neurotoxicity of theswig$s in HIV-positive patients
may result largely from the HIV/treatment interaati Indeed Monif et al. (2007)
found that a low dose (10 mg) of stavudine admenest to healthy volunteers for
eight days had no adverse effects on the generlibeiey of the volunteers.
Although the dose of stavudine taken by the healtliynteers was lower than that
normally administered to HIV-positive patients atite duration of stavudine
exposure was very brief, the results of this stundiycate that stavudine may not be
as toxic as previously thought and that an undeglyHIV infection may be

necessary for the numerous, severe side-effectawblidine therapy to occur. This
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observation may explain the difficulty of develogimobust animal models of

NRTI-induced neuropathy and neuropathic pain witlommcurrent HIV-infection.

Wallace and colleagues (2007b) recently showed, tivehile zalcitabine
administration to rats had only a limited effect @orsal root ganglion phenotype
and glial cell activity in the spinal cord, theséeets were exacerbated significantly
by concurrent gp120 administration. To clarify th&insic toxicity of NRTIs, it is
necessary to further examine the effects of NRTiadtration in otherwise-
healthy animals. It also is important to compae éffects of different NRTIs and
to evaluate the effects of NRTI combinations inestfise-healthy animals, which
may be achieved using the model | have describad. Héowever, to more
accurately assess the adverse effects of antirgtalvugs in HIV-positive patients,
it is more appropriate to examine the mechanismsN&TI-induced toxic
neuropathy and neuropathic pain in animals con@ontiit administered gp120, to

mimic HIV infection.
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