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ABSTRACT OF THE THESIS 

 

 

HIV-Associated Distal Sensory Polyneuropathy Induced  
by HIV-Associated gp120 and Tat proteins 

 

by 

 

May Madi Soe Han 

Master of Science in Biology 

University of California San Diego, 2019 

 

Professor Nigel Calcutt, Co-Chair 
Professor Shelley Halpain, Co-Chair 

About one third of HIV patients suffer from HIV-associated distal sensory 

polyneuropathy (HIV-DSP), for which there is currently no FDA approved treatment. HIV 

viral proteins (HIV-1 envelope glycoprotein gp120 and trans-activator of transcription 
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Tat) are known to be associated with mitochondrial dysfunction and neurotoxicity in 

the brain, but the pathogenic roles of the proteins in peripheral nerves are still unclear. 

To study if gp120 and/or Tat plays a role in HIV-DSP, indices of peripheral neuropathy 

were measured in gp120 transgenic (tg) mice, gp120 tg mice treated with Tenofovir 

disproxil fumarate (TDF, antiretroviral drug), Tat eye drop treated mice and 

doxycycline-inducible Tat tg mice. Pirenzepine (PZ), a selective muscarinic subtype-1 

receptor (M1R) antagonist that reduces cholinergic constraint of mitochondrial function 

in sensory neurons and enhances nerve growth, was investigated as a potential 

therapeutic for HIV-DSP in these mouse models of HIV. Eight-month-old gp120 tg mice 

developed MNCV slowing which was exaggerated by concurrent TDF therapy. 

Interestingly, TDF also induced both MNCV slowing and thermal hyperalgesia in wild 

type (WT) mice suggesting novel neurotoxicity of this antiretroviral. Efficacy of PZ 

against indices of neuropathy in gp120 tg mice was inconclusive. Tat protein delivered 

by eye drops did not induce neuropathy in WT mice, whereas Tat tg mice developed 

MNCV slowing, thermal hypoalgesia and corneal nerve loss. These indices of 

neuropathy were prevented by PZ, which also induced tactile allodynia in WT mice 

when given by eye drop concurrent with Tat. My data suggested that gp120, TDF and 

Tat may all contribute to HIV-DSP, and that M1R antagonists may be a viable therapy 

against HIV-DSP but also have the potential to cause allodynia as a side effect.
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Chapter 1: HIV-associated Neurologic Complications  

1.1. General Introduction 

 Human immunodeficiency virus (HIV) has affected over 36.9 million people 

worldwide and 1.1 million Americans (UNAIDS, 2018). HIV attacks CD4+ T cells of the 

immune system and reduces the affected person’s ability to defend and fight back 

against infections (UNAIDS, 2018). As HIV progresses, T cells can be severely 

damaged and depleted such that the affected person becomes susceptible to other 

opportunistic viral infections and diseases, leading to the last stage of HIV - the 

acquired immunodeficiency syndrome (AIDS) (UNAIDS, 2018). Historically, patients 

with HIV advanced to the AIDS stage within a couple of years. Fortunately, in the 

current era of combined antiretroviral therapy (cART), patients with HIV are able to live 

longer with almost undetectable levels of HIV viral load.  

Neurologic Complications of HIV in the CNS 

 In the central nervous system (CNS), the neurologic complications of HIV 

manifest as HIV-associated neurocognitive disorder (HAND). Patients with HAND may 

experience poor concentration, delay in the thought process, processing conversations, 

changes in behavior and forgetfulness (Smail & Brew, 2016). Generally, HAND presents 

in three different stages: asymptomatic neurocognitive impairment (ANI), mild 

neurocognitive disorder (MND), and HIV-associated dementia (HAD) (Smail & Brew, 

2016). While patients with ANI show cognitive impairment, those with MND exhibit both 

cognitive and functional impairment. Patients in the HAD stage may also experience 

clumsiness, unsteady walking, tremor and motor weakness. In the pre-cART era, there 
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is an estimate of 20% to 30% HAD prevalence in HIV patients (González-Scarano & 

Martín-García, 2005). Development and implementation of cART has reduced 

prevalence of HAD. Nevertheless, 18% to 50% of people with chronic HIV infection still 

suffer from HAND (Cysique & Brew, 2011; Heaton et al., 2010). This means that milder 

forms of HAND persists with more HIV patients living longer under a low systemic HIV 

viral load.  

The pathogenesis of HAND is still a mystery. HIV can enter the central nervous 

system (CNS) after 8 days of systemic infection (Davis et al., 2012; Smail & Brew, 

2016) but  the viral entry pathway is still not clear. Systemic HIV may infect monocytes 

that have high expression levels of the HIV co-receptor CCR5 and these infected 

monocytes may enter the brain (Smail & Brew, 2016). HIV may also interact with 

proteins necessary for maintenance of tight junctions of the blood brain barrier (BBB). 

This interaction may compromise the integrity of the BBB, allowing HIV infected CD4+ T 

cells and monocytes to enter and infect local CNS cells (Campbell et al., 2014; Zayyad 

& Spudich, 2015). The initial viral entry into the CNS may further lead to release of 

inflammatory cytokines and chemokines, immune cell activation and release of other 

neurotoxic molecules in the brain and cerebral spinal fluid, triggering cascades that may 

lead to neurocognitive impairment seen in HAND. Although astrocytes do not contain 

the CD4 receptors necessary for HIV entry, studies suggest that HIV may also infect 

astrocytes (Churchill et al., 2006; Zhuang et al., 2014). These infected astrocytes 

secrete neurotoxic molecules that may lead to neurological complications. It is also 

important to note that HIV may be able to replicate in the brain despite systemic viral 

suppression of cART (Canestri et al., 2010).  
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Several drugs have been tested to treat HAND, including minocycline, 

fluconazole, memantine and sodium valproate, but all have failed to show efficacy 

(Clifford & Ances, 2013; Nakasujja et al., 2013; Smail & Brew, 2016). Paraxetine and 

intranasal insulin are still in clinical trial as a treatment of HAND (Smail & Brew, 2016). 

There is currently no efficient treatment available for the neurotoxicity, 

neuroinflammation and cognitive and functional impairment seen in HIV patients with 

HAND. 

Neurologic Complications of HIV in the PNS 

 In patients living with HIV, peripheral neuropathy can occur as a consequence of 

neurological damage induced by HIV infection or by combined antiretroviral therapy 

(cART) toxicity or by other opportunistic infections. I will focus on peripheral neuropathy 

induced by HIV and/or cART. 

Although cART has been a successful treatment for suppressing the viral load 

and improving the quality of life of HIV-infected individuals, HIV-associated distal 

sensory polyneuropathy (HIV-DSP) remains one of the most common neurologic 

complications of HIV, affecting over one third of patients with HIV (Schütz & Robinson-

Papp, 2013). Patients with HIV-DSP may experience clinical symptoms such as loss of 

sensation to touch or heat or vibration, numbness, tingling and burning pain and 

allodynia (pain from normally non-painful stimuli such as light touch) which starts in the 

feet and may progress proximally to the legs and hands (Aziz-Donnelly & Harrison, 

2017).  
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Therapies for HIV-DSP  

There is no FDA-approved treatment for HIV-DSP. Patients living with HIV-DSP 

use a variety of non-specific medications used to treat neuropathic pain, including 

amitriptyline, gabapentin, pregabablin, 5% lidocaine gel, 0.075% capsaicin cream, 

peptide T, mexiletine and lamotrigine although most do not show evidence-based 

efficacy for pain relief (Aziz-Donnelly & Harrison, 2017). Higher dose capsaicin (8%) has 

shown some pain relief, but patients may develop loss of intra-epidermal nerve fibers 

(IENF), and elevated flair of pain at the beginning of the treatment (Finnerup et al., 

2015). This pain flair, if severe, may require prescription of opioid analgesics. It is not 

ideal to prescribe opioid analgesics given the potential for substance abuse. 

Recombinant human nerve growth factor, prosaptide and acetyl-L-carnitine have been 

used in clinical trials as treatments of HIV-SN, but the trials have stopped due to either 

lack of efficacy or adverse effects (Schütz & Robinson-Papp, 2013). Smoked medical 

cannabis has shown some capacity for pain management, but health care providers do 

not recommend it due to potential psychotic effects (Nicholas, Corless, & Evans, 2014). 

Non-pharmacologic therapies such as acupuncture, self-hypnosis and usage of night-

splinters may also provide temporary pain relief for HIV-DSP pain (Aziz-Donnelly & 

Harrison, 2017). It is important to recognize that the symptoms of HIV-DSP negatively 

impact the patient’s quality of life through constant discomfort and frustration. Therefore, 

effective treatments that not only provide symptomatic relief but also induce nerve 

regeneration are in urgent need for HIV-DSP patients. 
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Pathogenesis of HIV-DSP 

 HIV-DSP is characterized by distal degeneration of axons in a dying-back pattern 

(Schütz & Robinson-Papp, 2013), meaning that axons of an injured neuron retract from 

the distal ends towards the center of the body (Melli et al., 2006). Loss of small 

unmyelinated fibers such as intraepidermal nerve fibers (IENF) is commonly seen in 

skin biopsies of the distal legs of patients with HIV-DSP (Holland et al., 1997). Loss of 

dorsal root ganglia (DRG) neurons has also been observed (Bradley et al., 1998). In 

addition, axonal and myelin sheath loss in cervical and upper thoracic spinal cord has 

been reported in HIV-DSP patients and may imply that neuropathological damage 

induced by HIV in the CNS and PNS may be interconnected (Rance et al., 1988). 

It is important to note that neurons and Schwann cells do not have CD4 

receptors that mediate HIV entry. Therefore, it is unlikely that HIV causes nerve damage 

by directly infecting these cells. Rather, HIV has the ability to infect monocytes, 

macrophages and CD4+ T cells via CD4 receptors and the chemokine receptors, CCR5 

and/or CXCR4 (Williams & Burdo, 2009). These HIV-infected immune cells may then 

secrete inflammatory cytokines, chemokines, and other neurotoxic molecules such as 

tumor necrosis factor and HIV glycoprotein gp120 (Aziz-Donnelly & Harrison, 2017; 

Nicholas et al., 2014). Although the exact pathogenesis behind HIV-DSP is still not 

clear, it has been widely speculated that HIV-DSP may result from immune cell 

activation and damage as a result of viral infection along with mitochondrial damage 

induced by HIV viral proteins and cART toxicity.  

One of the pathological features of HIV-DSP is the presence of activated 

macrophages, lymphocytes and proinflammatory cytokines such as tumor necrosis 
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factor (TNF-α),  interferon-γ and interleukin-6 along the damaged peripheral axons and 

DRGs (Sanjay C. Keswani, Pardo, Cherry, Hoke, & McArthur, 2002). Loss of neuronal 

cell bodies in the DRG is also associated with activated immune cells and inflammatory 

molecules (Aziz-Donnelly & Harrison, 2017). In the simian immunodeficiency virus (SIV) 

rhesus macaque model, increased macrophage trafficking to the DRG is associated 

with DRG damage and loss of IENF (Lakritz et al., 2016). Administration of macrophage 

differentiation and trafficking inhibitor to the SIV animal model decreased macrophage 

trafficking to DRG as well as DRG damage (Lakritz et al., 2017). Since SIV is closely 

related to HIV, this study implicates activated macrophages in the pathogenesis of HIV-

DSP. Thus, damaged peripheral axons recruit activated macrophages and lymphocytes 

through a leaky blood-nerve barrier to compensate for the nerve damage induced by 

HIV. The activated immune cells may further induce the release of pro-inflammatory 

chemokines and cytokines, leading to more peripheral nerve and DRG injury.  

Role of mitochondrial damage in HIV-DSP 

Mitochondrial dysfunction has been observed in distal peripheral neuropathies 

across different disease phenotypes, including diabetes, chemotherapy-induced 

peripheral neuropathy (CIPN) and HIV-DSP (Flatters, 2015). Mitochondrial dysfunction 

may lead to prolonged energy deficits in the distal ends of IENF (Bennett et al., 2015). 

The axonal terminals of these epidermal nerves are densely packed with mitochondria 

which provide ATP to drive plasticity of free nerve endings in skin layers that are 

undergoing constant turnover of keratinocytes (Breathnach, 1977; H. Chen & Chan, 

2006). In peripheral neuropathies including HIV-DSP, loss of IENF is used as an early 

measure for onset of neurodegeneration as the clinical symptoms of peripheral 
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neuropathy includes loss of sensation to touch or heat, tingling and burning sensations 

in feet, fingers and hands. Thus, preventing or reversing the loss of IENF by 

ameliorating mitochondrial dysfunction may potentially be the key to the treatment 

against HIV-DSP. 

Mitochondrial dysfunction seen in HIV-DSP may be induced by HIV-associated 

proteins, such as gp120 and Tat (Aziz-Donnelly & Harrison, 2017; Fields et al., 2016). 

HIV-associated gp120 protein binds to CD4 receptors of the host T cells and HIV trans-

activator of transcription (Tat) has been found in the brains of patients with HIV 

associated neurocognitive disorder (Rozzi et al., 2017; Schütz & Robinson-Papp, 2013). 

The HIV envelope protein, gp120, plays a key role in aiding HIV to enter the host 

cell (Rozzi et al., 2017). Gp120 binds to the CD4 receptors of the host T cell to enter the 

host body (Rozzi et al., 2017, Kaul et al., 2001; Melli et al., 2006). Gp120 also has the 

ability to bind to the chemokine receptors, CCR5 and CXCR4, on axons, and this 

binding of gp120 and the chemokine receptors has been associated with axonal 

degeneration (Kaul et al., 2001; Melli et al., 2006). Transgenic mouse models 

overexpressing gp120 protein showed a dying-back pattern of neuronal damage similar 

to that seen in human HIV-infected patients (Toggas et al., 1994). Additionally, gp120 

has been shown to reduce mitochondrial fission which leads to elongated mitochondrial 

morphology (Fields et al., 2016; Rozzi et al., 2017; Stojanovski, 2004). Alterations in 

mitochondrial fission and morphology induced by gp120 are associated with neuronal 

damage in the central nervous system (Fields et al., 2016; Rozzi et al., 2017). Together, 

these data might suggest that gp120 is not only important in aiding HIV to enter the host 
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cell but may also play a role in neuronal mitochondrial dysfunction and subsequent 

axonal degeneration. 

HIV-associated Tat protein is also known to be involved in neuronal toxicity. Tat 

is trans-activator of transcription of HIV and thus enhances the transcription of the HIV 

viral genome (Rozzi et al., 2017). Tat is secreted by HIV-infected glial cells and has 

been found in the brains of human HIV patients (Rozzi et al., 2017). HIV-Tat protein has 

been shown to increase mitochondrial fission and decrease autophagy in neurons 

(Fields et al., 2017; Rozzi et al., 2018). Unlike gp120, Tat is associated with reduced 

mitochondrial size (Fields et al., 2017; Rozzi et al., 2018). Tat-induced alterations in 

mitochondrial dynamics and morphology are associated with neuronal damage in the 

CNS (Fields et al., 2017; Rozzi et al., 2017).  

Cholinergic Regulation of Nerve Function 

As mentioned above, both gp120 and Tat are associated with altered 

mitochondrial fusion/fission and abnormal mitochondrial morphology in neurons (Fields 

et al., 2015; Fields et al., 2016; Rozzi et al., 2018). Our lab has previously shown that 

neurons are under constraint by activation of acetylcholine (ACh) receptors, specifically 

the muscarinic type 1 receptor  (M1R) (Calcutt et al., 2017).  ACh can be synthesized 

and secreted by both the cell body and distal axons of mammalian sensory neurons 

(Corsetti et al., 2012). Furthermore, ACh modulates growth cone motility positively via 

nicotinic receptors and negatively via muscarinic receptors (Erskine and McCaig, 1995). 

Pharmacologically inhibiting the M1R with a selective antagonist, Pirenzepine (PZ), or a 

specific antagonist, MT7, enhances mitochondrial function and induces neurite 

outgrowth both in vitro and in vivo (Calcutt et al., 2017). In contrast, selectively inhibiting 
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M2R, M3R and M4R showed no association with neurite outgrowth (Calcutt et al., 2017). 

Nicotinic antagonists also showed no effect on neurite outgrowth (Calcutt et al., 2017). 

These data suggest that neurons are under endogenous cholinergic constraint of 

neurite outgrowth via the binding of ACh to M1R that restrains mitochondrial function.  

The therapeutic consequence of this cholinergic constraint hypothesis is that M1R 

antagonists should activate mitochondrial respiration and promote axonal growth.  

Manipulation of Cholinergic Constraint as a Therapeutic Approach 

There is a substantial amount of evidence showing the therapeutic effects of PZ 

across different disease phenotypes that involve axonal degeneration and mitochondrial 

dysfunction. Neurons derived from type-1 diabetes mouse model showed oxidative 

stress, decreased spare respiratory capacity and reduced neurite outgrowth (Calcutt et 

al., 2017). Upon PZ application, these neurons exhibited increased spare respiratory 

capacity and enhanced neurite outgrowth (Calcutt et al., 2017). When PZ was applied to 

DRG neurons derived from type-1 diabetes rat model, there was an increase in 

expression level of AMPK, luciferase reporter activity of PGC-1α (a downstream target 

of AMPK), mitochondrial complex protein expression levels as well as increased oxygen 

consumption rate (Calcutt et al., 2017). Overexpression of AMPK in type-1 diabetes rat 

neurons showed increase in neurite outgrowth upon PZ application (Calcutt et al., 

2017). PZ also prevented the reduction of respiratory chain complex I and IV activity in 

DRG of type-1 diabetic mice (Calcutt et al., 2017). Data suggest that M1R antagonism 

with PZ activate AMPK- PGC-1α pathway, enhance mitochondrial function, which leads 

to enhance neurite outgrowth. In vivo, PZ prevented and reversed type-1 diabetic 

induced IENF loss and thermal hypoalgesia in adult type-1 diabetic (STZ-induced) mice 
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(Calcutt et al., 2017).  PZ was also able to prevent large-fiber sensory nerve conduction 

velocity in both male and female type-1 diabetic rats, and tactile allodynia in female 

type-1 diabetic rats (Calcutt et al., 2017). PZ reversed IENF loss and thermal 

hypoalgesia in type-2 (db/db) diabetic mice (Calcutt et al., 2017). In addition, PZ 

prevented thermal hypoalgesia, loss of IENF a mouse model of CIPN (Calcutt et al., 

2017). Chemotherapy-induced tactile allodynia and thermal hyperalgesia in mice, and 

suppression of neurite outgrowth in chemotherapy-exposed rat DRG neurons were also 

prevented by PZ (Calcutt et al., 2017). Therefore, therapeutic efficacy of PZ is not sex-, 

fiber type-, species- or disease-specific. Peripheral neuropathy in any disease 

phenotypes that involve mitochondrial dysfunction and axonal degeneration may be 

treated with PZ.  

Rationale for the Present Studies 

Since PZ is able to modulate mitochondrial dysfunction irrespective of the 

underlying disease that suppresses mitochondrial function (Calcutt et al. 2017), we 

hypothesized that modulating neuronal mitochondrial dysfunction induced by HIV-

associated proteins may ameliorate axonal degeneration seen in HIV-DSP.  Of the 

muscarinic receptor antagonists available, we chose PZ because of its selectivity for the 

M1R, its extensively studied pharmacokinetics and its reputation for safe clinical use in 

other disorders and diseases (Leech et al., 1995; Siatkowski et al., 2008; Stone, Lin, & 

Laties, 1991). For instance, PZ was widely used in Europe as an oral medication for 

indigestion and pediatric endocrine disorders (Siatkowski et al., 2008). It has also been 

used as an eye drop therapy to treat nearsightedness in children (Siatkowski et al., 

2008). Thus, if PZ has the ability to prevent and/or reverse axonal damage caused by 
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HIV-associated proteins in mouse models, we predict that implementing PZ as a 

treatment against HIV-DSP in clinical trials will be faster than introducing a new drug 

that lacks the safety profile and wide clinical use of PZ. 

In this research project, my first aim was to examine whether a transgenic mouse 

model that overexpresses gp120 and another transgenic mouse model that 

overexpresses Tat show impaired peripheral nerve function and/or structure that reflects 

the neuropathy seen in HIV-DSP patients.  If these HIV mouse models develop 

impaired peripheral nerve function and/or structure, our second aim was to investigate 

whether administration of the M1R selective antagonist PZ has the ability to prevent the 

neuropathy induced by gp120 and/or Tat proteins. The goal is to provide evidence 

supporting use of M1R antagonists as a novel therapeutic approach to treat HIV-DSP 

and improve the lives of patients affected with HIV-DSP and potentially other types of 

diseases that involve axonal degeneration. 

1.2. General Methods 

All laboratory methods have been published in technical detail (Jolivalt et al., 2016). 

Behavioral Tests 
 

(i) Thermal sensitivity testing 

The function of small sensory fiber in skin was measured by recording time to 

paw withdrawal from a heat stimulus using a thermal nociception test device (UARD).  

The thermal nociception test device was turned on and temperature of the glass surface 

stabilized at 30°C. To make sure that the heating rate was 1°C/sec, the heat source was 

aimed directly at a temperature sensor located on the glass surface and activated. 
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Temperature was recorded at 0, 5, 10, 15 and 20 seconds. If the heating rate was not 

1°C/sec, adjustments were made to the device as necessary.  

For each round of testing, mice were placed on the glass surface of the device 

under 250mL glass beakers as restraint chambers and allowed an acclimation period of 

15 minutes. After the acclimation period, the heat source was moved directly under the 

plantar surface of the left hind paw and activated.  A movement sensor detected paw 

withdrawal from the glass surface, stopped the heating and recorded the time. If there 

was no response within 20 seconds of activation of heating, the heating automatically 

stopped to prevent paw damage. Measurements were not made when mice were 

grooming, urinating or rearing, only when the paws remained flat on the glass surface. 

Upon urination, urine was wiped from the glass surface to eliminate any disruption of 

heating transmission rate. Measurements were made on both hind paws and repeated 

four times. The median of the four measurements for each hind paw was calculated and 

thermal response latency of the mouse calculated by averaging the median 

measurements of left and right hind paws. The thermal response latency was converted 

from time to temperature using the calibration curve. 

(ii) Manual von Frey testing 

The function of large myelinated sensory fibers in skin was measured by 

recording sensitivity to light touch using manual von Frey filaments (Kom Kare, Inc.). 

Filaments that ranged from 0.16 to 6.0 grams of force, following the method of Chaplan 

and colleagues (Chaplan et al. 1994).  

Glass beakers (250mL) were placed upside down on the metal mesh surface of a 

self-constructed testing stand to be used as restraint chambers. One mouse was placed 
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in each beaker and allowed to acclimate for 15 minutes. The testing process began with 

the 3.84 filament. The filament tip was applied to the plantar surface of the hind paw 

with enough pressure to cause it to buckle for five times at one second at a time. Upon 

observing a positive (flinching, withdrawing, shaking or licking the paw) response, the 

filament with the immediately lower force (3.61 in this case) was used. In the absence of 

a response, the filament with the next higher gram of force (4.08 in this case) was used. 

This process was repeated for four more times after observing the first positive 

response and performed on both left and right hind paws. Measurements were not 

attempted when mice were grooming, urinating or rearing. The testing filament 

sequence was used to calculate the 50% paw withdrawal threshold (in grams of force) 

for each hind paw using a cluster analysis exactly as described elsewhere (Chaplan et 

al. 1994).  

(iii) Rotarod  

Impaired motor function can disrupt behavioral responses upon sensory stimuli. 

To make sure that behavioral responses as recorded in thermal response latency and 

manual von Frey tests were not due to impaired motor function, we measured motor 

coordination of the animals using a machine that contained rotating rods of 1.25 inches 

in diameter (Rotarod; Stoelting Co.).  Each mouse was placed on the rotating rod facing 

the experimenter. Rotation was activated, and the rate of rotation increased gradually 

from the starting speed of 4 rotations per minute (RPM) to a maximum of 40 RPM within 

120 seconds. After 120 seconds, rods consistently rotated at 40 RPM for another 180 

seconds. The time at which the mouse fell from the rod, RPM and the total distance 
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travelled by the mouse at the time of the fall were recorded. One acclimation run was 

performed before the test run.  

Electrophysiological Tests 

(i) Motor nerve conduction velocity  

To evaluate the function of large myelinated motor nerve fibers, motor nerve 

conduction velocity (MNCV) was measured. Mice were placed in an anesthesia 

induction chamber and anesthetized with 4 % isoflurane in oxygen before transfer to a 

water-circulating heating pad. On the heating pad, anesthesia was delivered via a tube 

connected to the isoflurane regulator. A layer of tissue paper was used to protect the 

animal’s skin and tail, and the hind limb was further warmed with a heating lamp. A 

temperature probe attached to the temperature controller (Yellow Springs Instruments, 

model 73ATC) was inserted into the anus of the mouse to ensure that the body 

temperature was stabilized at 37°C during the experiment. 

Four platinum-tipped sub-dermal needle electrodes (Grass Technologies) were 

connected to PowerLab stimulator (AD Instruments). Two of these electrodes were 

used as recording electrodes, one as a stimulating electrode and the other as a 

grounding electrode. The grounding electrode was inserted into skin at the back of the 

neck. One of the recording electrodes was inserted into the interosseous muscle 

between the second and third toes, and the other into the muscle between the third and 

fourth toes. This foot was secured in place with lab tape. 

The PowerLab stimulator was set to deliver a 200-mV, 50-µsec-duration square-

wave stimulus every 2 seconds. The stimulating electrode was first inserted into the 

ankle at the Achilles tendon and the resulting electromyogram (EMG) containing the M 
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wave  (Machilles wave) recorded. The stimulating electrode was moved to the sciatic 

notch and the EMG M wave at the notch (Mnotch wave) recorded. This process was 

repeated three times while alternating the stimulating electrode between the Achilles 

tendon and the sciatic notch. The leg was then stretched and the superficial distance 

between the Achilles tendon and the sciatic notch measured with a caliper. All 

electrodes and the temperature probe were removed from the mouse, which was 

withdrawn from anesthesia. Upon waking, the mouse was put back into its original cage.  

To calculate MNCV in m/s, the difference between Machilles and Mnotch was calculated for 

all three repeats and the median divided by the distance between the Achilles tendon 

and the sciatic notch.   

Morphological Analyses 
 

(i) Analysis of Intraepidermal Epidermal Nerve Fiber Density 
 

Analysis of small sensory fibers in the epidermis (intraepidermal nerve fibers, 

IENF) has been one of the most effective and useful tools for diagnosing patients with 

peripheral neuropathies across different disease phenotypes (Ebenezer et al., 2007) 

and loss of IENF is commonly reported in the distal leg of patients with HIV-DSP 

(Holland et al., 1997). 

In order to assess the density of small sensory fibers  in our rodent models of 

HIV-DSP, hind paw skin was collected at sacrifice. The skin was fixed in 4% buffered 

paraformaldehyde overnight at 4°C then stored in 0.1M sodium phosphate buffer at 4°C 

before embedding in paraffin blocks. Paw skin blocks were cut at 6	µm sections using a 

rotary microtome (Leitz, model 1512) and mounted onto microscope slides. To visualize 

sensory fibers in the epidermis, the mounted tissues were immunostained against 
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protein gene product (PGP) 9.5. Quantification of IENF was done using light microscopy 

at 40x magnification. Although commonly used clinical quantification methods count the 

nerves that cross the dermal/epidermal junction (Lauria et al., 2015), I used a research 

protocol that counts all nerve sprout terminals in the epidermis and allows detection of 

early IENF terminal loss prior to retraction as far as the dermis (Beiswenge et al., 

2008)The length of the paw skin was traced under a light microscope using Scion 

Image software and a tracing pad and IENF density reported as IENF profiles/mm.  

(ii) Analysis of Corneal Nerves in Sub-basal Nerve Plexus and Stroma 
Using Corneal Confocal Microscopy 

 
Corneal confocal microscopy is a non-invasive method to visualize the sensory 

innervation of the cornea of living organisms (Müller et al., 2003). Loss of corneal 

nerves has been reported in diabetic patients and rodents (Chen et al., 2013, Quattrini 

et al., 2007). Diabetic neuropathy is characterized by distal degeneration of axonal 

nerves similar to HIV-DSP. Therefore, analysis of corneal sensory innervation may also 

serve as a diagnostic tool for HIV-DSP. Loss of corneal sensory nerves has been 

observed in mice treated with gp120 protein applied topically to the eye (Calcutt et al., 

2017).  

For CCM, each mouse was anesthetized with 4 % isoflurane in oxygen before 

transfer to the platform of a corneal confocal microscope (Heidelberg Retina Tomograph 

3 with Rostock Cornea Module). Anesthesia was supplied via a face mask connected to 

an isoflurane regulator and the animal was strapped gently to secure correct alignment 

of the eye. GenTeal eye gel was applied to both eyes to prevent drying and to connect 

the eyes to the microscope. The microscope objective was positioned close to the 

center of the apex of cornea and the depth adjusted to the beginning of the sub-basal 
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nerve plexus. Using the Rostock Imaging Software, 40 sequential images, with 2µm 

spacing, were taken encompassing the corneal epithelium, sub-basal nerve plexus and 

stroma.  Quantification of corneal sensory innervation was performed using Image J 

software (Image Processing Analysis in Java, National Institutes of Health). After 

identifying the sub-basal nerve plexus:stromal junction, five images from the sub-basal 

nerve layer and ten images from the stromal layer were quantified. Corneal nerves in 

each image were traced using a tracing pad and a pen. Corneal nerve density in each 

image was reported either as number of pixels per image or as % nerve occupancy. % 

nerve occupancy in each image was calculated as follows:  

% nerve occupancy = (!"!#$ !"#$%& !""#$%&' !" !"#$"%
!"!#$ !"#$%& !" !"#! !"#$%

) x 100% 

Chapter 2: Peripheral Neuropathy in Transgenic Mice expressing HIV-Associated 
gp120 protein  
 
2.1 . Introduction 

2.1.1. GP120/ PZ study 

The HIV-1 envelope glycoprotein gp120 is an extracellular protein that can be 

shed and secreted by infected glial cells such as macrophages, microglia and 

astrocytes. During HIV-1 infection, gp120 binds to the CD4 receptor and a chemokine 

receptor, CCR5 or CXCR4, of target cells and facilitates HIV viral entry.  

Activated HIV-infected macrophages are found in the DRG and peripheral nerves 

of HIV patients (Keswani et al., 2006). HIV-infected macrophages may contribute to 

neurodegeneration in HIV-DSP by secreting neurotoxic molecules including 

inflammatory cytokines such as tumor necrosis factor (TNFα) and HIV viral proteins 

such as gp120 (Herbein et al., 1998; Kaul & Lipton, 1999). The infiltration of infected 

macrophages in DRG and peripheral nerves may lead to higher concentrations of 
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gp120 around neurons (Laast et al., 2011). Sensory neurons express CXCR4 and 

CCR5 chemokine receptors, which are the coreceptors of gp120, and axonal terminals 

also highly express CXCR4 receptors (Oh et al., 2001). The degree of infected-

macrophage infiltration in DGR neurons is also associated with the severity of sensory 

nerve conduction velocity slowing in a SIV masque model of HIV (Laast et al., 2011).  

Previous studies have shown that injection of gp120 at rat hind paw activates both 

CCR5 and CXCR4 receptors, leading to neuronal excitation and tactile allodynia even in 

the absence of HIV virus (Oh et al., 2001). 

Gp120 derived from HIV-infected spinal microglia and astrocytes may also 

contribute to the pain state seen in HIV-DSP. Intrathecal (perispinal) injection of gp120  

in rats activates and stimulates microglia and astrocytes to release proinflammatory 

cytokines such as interleukin-1 beta (IL-1β) and TNFα in spinal cord, leading to thermal 

hyperalgesia and mechanical allodynia (Milligan et al., 2000, 2001).  

Chemokine receptors on Schwann cells also mediate gp120-induced 

neurotoxicity (Keswani et al., 2003). Binding of gp120 to CXCR4 receptors on Schwann 

cells stimulates them to release the β chemokine RANTES, which is normally expressed 

and secreted by T cells (Keswani et al., 2003). RANTES then stimulates DRG neurons 

to secrete proinflammatory cytokines such as TNFα, which mediates DRG apoptosis 

and axonal degeneration via the tumor necrosis factor receptor 1 (TNFR1) signaling 

pathway (Keswani et al., 2003). It is important to note that both RANTES and gp120 

ligation to CXCR4 of astrocytes can also stimulate astrocytes to release TNFα 

concentrating more TNFα to induce further neurotoxicity (Luo et al., 2002). Injection of 

RANTES into the rat paw is associated with tactile allodynia (Oh et al., 2001). Since 
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RANTES is significantly increased in the cerebrospinal fluid (CSF) of patients with HIV 

dementia compared to HIV patients with no cognitive impairment (Kelder et al., 1998), 

chemokine receptor mediated RANTES secretion by Schwann cells and T cells may 

play an important role in inducing neurodegeneration seen in HIV-DSP.  

Gp120 has also been reported to directly interact with sensory neurons via two 

independent mechanism (Melli et al., 2006). The first mechanism is an insult to the 

neuronal cell body in the presence of Schwann cells, leading to neuronal apoptosis and 

subsequent axonal degeneration (Melli et al., 2006). It has been recently shown that 

gp120 can be internalized by sensory neurons (Berth et al., 2015). Upon ligation of 

gp120 to CXCR4 receptors on sensory axons, gp120 can be internalized primarily via 

lipid rafts, with internalized gp120 then transported retrogradely from sensory axons to 

DRG cell bodies (Berth et al., 2015). This internalized gp120 may affect regulation of 

axonal transport leading to further neuronal cell body toxicity and apoptosis (Berth et al., 

2015). Together, these two studies suggest that both extracellular gp120 proteins and 

intracellular gp120 proteins are toxic to DRG neuronal cell bodies and can initiate the 

axonal degeneration seen in HIV-DSP. The second mechanism is axonal toxicity of 

gp120 via binding to axonal chemokine receptors (CCR5 and CXCR4) independent of 

Schwann cells (Melli et al., 2006). This stimulates local mitochondria to release 

cytochrome c and to activate the caspase pathway locally in the axon, eventually 

leading to axonal degeneration (Melli et al., 2006). The local axonal activation of the 

caspase dependent apoptotic pathway may reflect the pathology seen in human HIV 

patients where distal axonal degeneration was observed in the absence of  DRG cell 

loss (Pardo et al., 2001). In addition, our lab has shown that impaired neurite extension 
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in gp120-exposed DRG neurons in vitro was prevented by the M1R antagonist, 

Pirenzepine (PZ) (Calcutt et al., 2017). Further, administration of gp120 protein via eye 

drops reduced sensory nerve density in the corneal sub-basal nerve plexus in mice, and 

this reduction was both prevented and reversed by the specific M1R antagonist, MT7 

(Calcutt et al., 2017). The involvement of axonal mitochondrial cytochrome c release, 

caspase-3 activation in gp120-mediated axonal toxicity and amelioration of axonal 

degeneration by M1R antagonists indicate that mitochondria play an essential role in 

the pathogenesis of HIV-DSP. 

To better understand the pathogenic role of gp120 in vivo, a transgenic (tg) 

mouse model that expresses gp120 in the astrocytes of the brain under the control of a 

modified murine glial fibrillary acidic protein (GFAP) has been developed (Toggas et al., 

1994). This mouse model has shown neuronal and glial cell abnormalities such as 

dendritic vacuolization, loss of dendritic spines, reduced synaptic density, astrogliosis, 

microgliosis and neuronal loss in the brain similar to those seen in the brains of HIV 

patients (Toggas et al., 1994). Since the expression of gp120 in this tg mouse model is 

under the control of GFAP promoter, and GFAP is highly expressed in astrocytes and 

Schwann cells, gp120 is primarily expressed and released by astrocytes in the CNS and 

by Schwann cells in the PNS (Keswani et al., 2006; Toggas et al., 1994). The 

expression of gp120 mRNA and protein have been confirmed in the sciatic nerve, spinal 

cord and brain of this gp120 tg mouse model (Keswani et al., 2006; Toggas et al., 

1994). Loss of IENF, a measure of small unmyelinated sensory fiber structure, has also 

been observed in 12-15-month-old gp120 tg mice. Therefore, this gp120 tg mouse 

model may offer a role in studying the pathogenesis of HIV-DSP. 
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To assess the effect of gp120 on peripheral nerves in vivo, our lab performed a 

preliminary study with 5 wild type (WT) and 4 gp120 transgenic mice (gp120) and 

measured indices of large and small fiber function and structure (unpublished data, 

Katie Frizzi and Nigel Calcutt). Large fiber motor nerve conduction velocity was 

significantly (p<0.001, unpaired t test) lower in gp120 tg mice compared to WT mice, 

whereas paw tactile response threshold, a measure of large sensory fiber function, was 

not affected. Gp120 tg mice showed a trend for higher threshold to heat, a measure of 

small sensory fiber function, compared to WT, but this was not significant. The density 

of small sensory fibers in the corneal sub-basal nerve plexus was borderline 

significantly (p=0.05, unpaired t test) reduced in gp120 mice compared to WT mice. 

These promising data motivated us to perform a more comprehensive study with a 

larger cohort of mice. As gp120 has been implicated in mitochondrial dysfunction as 

mentioned earlier in this thesis, we also decided to investigate the efficacy of M1R 

antagonist, Pirenzepine (PZ), in preventing indices large and small fiber peripheral 

neuropathy in the mouse models of HIV. 

2.1.2.  GP120/ART study 

Another major contributor of HIV-DSP is the use of reverse transcriptase 

inhibitors (NRTI) such as zalcitabine (DDC), didanosine (DDI) and stavudine (d4T) as 

part of cART. These ART drugs can lead to neuronal mitochondrial dysfunction and 

axonal degeneration in DRG cultures (Dalakas et al., 2001; Keswani et al., 2003; Kuo et 

al., 2019). DDC also causes painful peripheral neuropathy in about 30% of patients after 

6 to 8 weeks of treatment and inhibits mitochondrial DNA replication in peripheral sural 

nerves (Dalakas et al., 2001). The use of DDC is also associated with enlarged 
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mitochondria, loss of cristae and abnormal increased in axonal mitochondrial 

vacuolization in both myelinated fibers, unmyelinated fibers and Schwann cells (Dalakas 

et al., 2001). 

To better understand the neurotoxic effects of ART in HIV-DSP, research groups 

have tried to establish an animal model of ART-induced peripheral neuropathy (Keswani 

et al., 2006). For example, indices of peripheral neuropathy have been reported in a 

gp120 tg mouse model that was treated with DDI (Keswani et al., 2006).  Disorders 

included mild large sensory fiber dysfunction (a trend for reduction of large fiber sensory 

nerve conduction velocity), small sensory fiber loss (significant IENF loss and a 

significant reduction in unmyelinated axons per Remak bundle), and slight small 

sensory fiber dysfunction (mild thermal hyperalgesia) (Keswani et al., 2006). These 

nerve function and structural impairments are consistent with those seen in HIV patients 

receiving cART (Keswani et al., 2006). DDI administration did not induce either 

myelinated or unmyelinated axonal degeneration in the proximal sciatic nerve of gp120 

tg mice (Keswani et al., 2006).This is also consistent with distal degeneration of axonal 

nerves seen in HIV-DSP patients (Polydefkis et al., 2002). In the same study, indices of 

neuropathy were also measured in 2-month old gp120 tg mice without DDI treatment 

(Keswani et al., 2006). Paw response latency to heat, IENF density, large fiber sensory 

nerve conduction velocity and large fiber motor nerve conduction velocity were all 

normal (Keswani et al., 2006). These data suggest that gp120 protein itself might not 

cause sufficient neurotoxicity to elicit indices of HIV-DSP in young mice, and that pre-

existing injury in sensory neurons by HIV-associated viral proteins may make the 

neurons more vulnerable to neurotoxicity induced by antiretroviral agents.  
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Due to widely reported neurotoxic effects, clinical use of agents such as 

zalcitabine (DDC), didanosine (DDI) and stavudine (d4T) has declined in the United 

States, although they are still used in places with limited resources (Nicholas et al., 

2014). They have been replaced by tenofovir disoproxil fumarate (TDF) in combination 

with another NRTI and an integrase strand transfer inhibitor or a non-nucleoside reverse 

transcriptase inhibitor or a boosted protease inhibitor (Labarga, 2015). TDF has been 

implicated in reducing neural progenitor cell proliferation and may contribute to HAND 

(Xu et al., 2017). In order to better understand the role of TDF in the neuropathogenesis 

of HIV-DSP, gp120 tg mouse model will be administered with TDF in this part of the 

study.  

2.2. Methods 

 All laboratory methods have been published in technical detail (Jolivalt et al. 

2016) and all behavioral tests have been described in general methods section.  

Animals/ Study Design 

All mice were provided by Dr. Jerel Adam Fields of the Department of Psychiatry at 

University of California San Diego School of Medicine. All animal procedures were 

approved by the Institutional Animal Care and Use Committee at University of California 

San Diego. 

2.2.1. GP120/ PZ study  

We used three groups of 7-8 month old mice; C57BL/6J wildtype mice treated 

with vehicle (n=9), gp120 transgenic (tg) mice treated with vehicle (n=7) and gp120 tg 

mice treated with pirenzepine (PZ) (n=6). The animals were a mix of male and female 

mice. The exact number of male and female was lost. The transgenic mice express  
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high levels of gp120 under the control of a glial fibrillary acidic protein (GFAP) gene 

(Toggas et al., 1994).  

For vehicle treatment, 0.9% saline was used and administered via subcutaneous 

injection. Pirenzepine (Sigma-Aldrich) was dissolved in 0.9% saline and administered at 

10 mg/kg via subcutaneous injection once daily, five times per week for a total of 4 

weeks. Behavioral tests (rotarod, thermal sensitivity test, manual von Frey test, motor 

nerve conduction velocity and CCM) were performed at baseline, after 2 weeks and 4 

weeks of treatment. 

2.2.2.  GP120/ART study 
 

Four groups of 7-8 months old mice were used. The groups were as follows; 

C57BL/6J wildtype mice treated with vehicle (1 male and 7 females), C57BL/6J wildtype 

mice treated with TDF (2 males and 6 females), gp120 tg mice treated with vehicle (6 

males and 3 females) and gp120 tg mice treated with TDF (11 males and 4 females).  

Tenofovir (TDF) was administered at 50mg/kg via oral gavage once a day, five 

times per week for 4 weeks. Phosphate-buffered saline (PBS) was administered via oral 

gavage as a vehicle treatment. Behavioral tests (rotarod, thermal sensitivity test, 

manual von Frey test and motor nerve conduction velocity) were performed at baseline 

and after 4 weeks of treatment. 

2.3. Results and Data Interpretation 

2.3.1. GP120/PZ study 
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Figure 1. Effect of pirenzepine (10 mg/kg/day s.c.) on peripheral nerve in gp120 
overexpressing mice.   A:  Body weight, B: Time on rotarod, C: Large fiber motor 
nerve conduction velocity (MNCV), D: Paw tactile withdrawal threshold, E: Paw 
withdrawal to heat, F: Corneal sub-basal nerve plexus density.  All data are group mean 
± SEM of N=6-9/group.  Statistical analyses by two-way (panels A-E) or one-way (panel 
F) ANOVA with Tukey’s post-hoc test. WT: wild-type mice. 
 
Figure 1 Data interpretation 
 

Wild-type mice treated with PZ were not included in the study design as it has 

previously been reported that PZ does not impact any of the parameters of nerve 
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structure and function we intended to measure (Calcutt et al. 2017). The gp120 tg mice 

were significantly (p<0.01) lighter than age-matched wild type (WT) mice at all time 

points studied (Fig. 1A). PZ did not affect body weight in gp120 tg mice (Fig. 1A). 

Rotarod performance was similar in all groups at all time points, suggesting that neither 

gp120 nor PZ impacted sensorimotor function (Fig. 1B). At the beginning of the study, 

before PZ administration, all gp120 tg mice (both GP120 and GP120+PZ groups) 

showed significant (p<0.05) large fiber motor nerve conduction velocity (MNCV) slowing 

compared to WT control mice (Fig. 1C). This is consistent with our unpublished 

preliminary data (see above) and a novel finding in this gp120 tg mouse model of HIV-

DSP. However, at the end of the study, there was no difference in MNCV among all 

groups as both the GP120 group and GP120+PZ group started to trend towards the 

MNCV values of WT mice (Fig. 1C). It is not clear why gp120 mice treated with vehicle 

recovered from MNCV slowing. Thus, we cannot conclude that PZ ameliorates MNCV 

slowing in gp120 tg mice. Paw tactile response threshold, a measure of large sensory 

fiber function, was not affected in both GP120 and GP120+PZ groups at all time points, 

indicating that neither gp120 expression nor PZ impacted large sensory fiber function 

(Fig. 1D). This is consistent with our unpublished preliminary data. At the beginning of 

the study, all groups showed similar paw response to heat, a measure of small sensory 

fiber function (Fig. 1E). This is consistent with our preliminary data. Two weeks into the 

study, GP120 mice were significantly (p<0.05) hypoalgesic (higher threshold to heat) 

compared to WT mice (Fig. 1E). However, at the end of the study, there was no 

significant difference between any groups as WT mice drifted to having a higher heat 

threshold (Fig. 1E). Therefore, we cannot conclude that PZ thermal hypoalgesia. Gp120 
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tg mice showed a trend for lower sensory nerve density at the corneal sub-basal plexus 

compared to WT mice (Fig. 1F). This is consistent with our preliminary data. However, 

PZ did not ameliorate this corneal nerve loss in gp120 tg mice (Fig. 1F).   

2.3.2. GP120/ART study 

Table 1. Baseline characteristics in 8-month old male and female gp120 
overexpressing (gp120+ve) and wild type mice. 
 

 

Table 1 Data Interpretation 

Gp120 tg mice developed significant MNCV slowing (p< 0.01) and paw thermal 

hypoalgesia (p< 0.05) compared to WT mice, but gp120 expression did not impact 

rotarod performance or tactile sensitivity (Table 1). 
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Figure 2. Impact of TDF (ART) on nerve function in WT and gp120-expressing 
mice.  A: Rotarod performance, B: Large fiber motor nerve conduction velocity (MNCV), 
C: Paw thermal response threshold and D: Paw tactile withdrawal threshold.  All data 
are expressed as % change from baseline values (reported in Table 1) and are 
mean±SEM of N=5-15/group.  * =p<0.05 and *** = p<0.001 vs baseline value by paired t 
test.  For paw thermal responses, response latency (Table 1) was converted to 
response temperature using time:temperature calibration curves recorded on the day of 
testing. This negated day-to-day variability in heating rate and allowed for comparison of 
within-animal responses over time. WT: wild type mice, GP120: transgenic mice 
expressing gp120, V: vehicle, TDF: tenofovir disoproxil fumarate used as an 
antiretroviral treatment. This figure, in part, has been submitted for publication of the 
material as it may appear in Scientific Reports, 2019, Fields, Jerel Adam; Swinton, 
Mary; Carson, Aliyah; Soontornniyomkih, Benchawanna; Lindsay, Charmaine; Han, 
May Madi; Sambhwani, Shrey; Murphy, Anne; Achim, Cristian L; Ellis, Ronald J; 
Calcutt, Nigel. “Tenofovir disoproxil fumarate induces peripheral neuropathy and 
neurotoxicity in the brain of mice.” The thesis author was the co-author of this paper. 
 
Figure 2 Data Interpretation 

 WT mice showed significant (p<0.05) improvement in rotarod performance 

compared to baseline (Fig. 2A). Aside from using rotarod performance as a measure of 
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sensorimotor function, it can be used as a test for motor learning and memory (Brooks 

et al., 2012). Thus, improvement in rotarod performance in WT mice suggests 

improvement in learning and memory. Administration of TDF did not affect peripheral 

sensorimotor function and CNS function in WT mice as it had no negative effect on 

improved rotarod performance on WT mice (Fig. 2A). Gp120 tg mice did not show 

improvement in rotarod performance upon repeat testing, suggesting cognitive 

impairment.  This is consistent with a previous study that found aspects of cognitive 

dysfunction in the same gp120 tg mouse model at 12-months of age (D’Hooge et al., 

1999). In the same published study, the 12 months old gp120 tg mice did not show 

improvement in rotarod performance, but it is important to note that the rotarod test 

used a fixed speed rod at 6 rpm as compared to our experiment where the rate of 

rotation of the rod increases from 4 rpm to 40 rpm within 120 seconds (D’Hooge et al., 

1999). Therefore, the contribution of motor contribution and cognitive function of the 

animal in the rotarod test may varied depending on whether a fixed or an accelerating 

function is used (Brooks et al., 2012).  Interestingly, TDF treatment corrected this failure 

in learning/memory in gp120 tg mice (p<0.001: (Fig. 2A). Thus, the antiretroviral 

treatment TDF might have neuroprotective effects on cognitive function in gp120 tg 

mice. In contrast, TDF caused significant large fiber motor nerve conduction velocity 

slowing in both wild type and gp120 tg mice treated with TDF (both p<0.05 vs baseline), 

indicating large myelinated motor fiber neuropathy (Fig. 2B). TDF also caused impaired 

small sensory fiber function, as both WT+TDF (p<0.001 vs baseline) and GP120+TDF 

(p<0.05 vs baseline) treated with tenofovir showed significant thermal hyperalgesia 

(lower sensory threshold to heat) (Fig. 2C). All four groups showed significant tactile 
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allodynia (increased sensitivity to touch) compared to baseline level (Fig. 2D). This 

makes it difficult to isolate the effect of tenofovir on large myelinated sensory fiber 

function unless there is also a degree of “learning” behavior, although this has not been 

commonly reported for the manual von Frey test.   

Table 2. Baseline characteristics in 8-month old male and female gp120 
overexpressing (gp120+ve) and wild type mice, segregated by sex.  
 

 

Table 2 Data Interpretation 

For this part of the study, data was initially analyzed independent of sex. 

Because of an imbalance in the sexes between the WT and gp120 tg mice, I 

segregated the sexes and repeated the data analyses to assess potential sexual 

dimorphism. In both WT and gp120 tg mice, male mice were significantly heavier than 

their female counterparts (both p<0.001) (Table 2). The gp120 tg male mice showed 

significant (p< 0.05) thermal hypoalgesia compared to their female counterparts (Table 

2). Though not statistically significant, a similar trend for thermal hypoalgesia in WT 

male mice compared to WT female mice were also observed (Table 2). There was no 
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sexual dimorphism for rotarod performance, MNCV and paw tactile response threshold 

for either WT or gp120 tg mice.  

 Expression of gp120 was associated with reduced body weight for both males 

(p< 0.05 vs WT males) and females (p< 0.05 vs WT females), and significant (p< 0.05 

vs WT females) MNCV slowing in female mice (Table 2). Gp120 expression did not 

have effect on rotarod performance, paw tactile response threshold and paw thermal 

latency in either sex (Table 2).  

Table 3. Summary of Indices of HIV-DSP in GP120 tg Mice 
 
GP120 tg mice age/ 
Indices of peripheral 
neuropathy 

MNCV Tactile Rotarod Thermal IENF CCM 

2-3 m GP120 tg vs WT 
(Keswani et al., 2006) 

- ND ND - - ND 

12 m GP120 tg vs WT 
(Keswani et al., 2006) 

ND ND ND ND Reduced ND 

8 m GP120 tg vs WT 
(unpublished data of 
Calcutt) 

Slow - ND Trend  
for 
Hypo 

ND Trend 
for 
reduction 

7-8m GP120 tg vs WT 
(Chapter 2.1, Baseline 
data, refer to Fig. 1) 

Slow - - Trend  
for 
Hypo 

ND Trend 
for 
reduction 

7-8m GP120 tg vs. WT 
(Chapter 2.2, Baseline 
data, refer to Table 1) 

Slow - - Hypo ND ND 

7-8 m GP120 tg male 
vs WT male 
(Chapter 2.2, Baseline 
data, refer to Table 2) 

Trend 
for 
Slow 

- - - ND ND 

7-8 m GP120 tg female 
vs WT female 
(Chapter 2.2, Baseline 
data, refer to Table 2) 

Slow - - - ND ND 

7-8 m GP120 tg female 
vs GP120 male 
(Chapter 2.2, Baseline 
data, refer to Table 2) 

- - - Male 
less 
sensitive 
than 
female 

ND ND 

ND= not determined, (-) = no significant difference 
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2.4 Discussion  
 A prior study did not observe peripheral neuropathy (MNCV, thermal sensation 

and IENF density) in 2-3 months old gp120 tg mice, but reported significant loss of IENF 

in 12-15 months old gp120 tg mice (Keswani et al., 2006). In an unpublished preliminary 

study of our lab, significant MNCV slowing, borderline significance for thermal 

hypoalgesia and trend for reduction of corneal nerves were observed in 8 months old 

gp120 tg mice (unpublished data, Katie Frizzi and Nigel Calcutt). Consistent with the 

preliminary data, we established that 7-8 months old gp120 tg mice developed indices 

of mild peripheral neuropathy with significant slowing of large fiber motor nerve 

conduction velocity, a trend for thermal hypoalgesia (a measure of small sensory fiber 

function) and trend for reduction of corneal nerve density (a measure of small sensory 

fiber structure) in the first part of chapter 2 (Fig. 1). Therefore, gp120 transgenic mouse 

model developed slow and mild progression of small fiber dysfunction and loss (thermal 

hypoalgesia, IENF loss, corneal nerve reduction) and significant large motor fiber 

dysfunction (MNCV slowing) from 8 months of age (as summarized in Table 3). These 

observations suggest that chronic exposure to gp120 may lead to a slowly developing 

peripheral neuropathy that impacts both large and small fibers.   

 Due to the loss of sex data in the study with PZ (chapter 2.1 of this thesis) and 

imbalance in the sexes between the WT and gp120 tg groups in the study described in 

chapter 1.1.2 of this thesis, the sexes were segregated in chapter 2.2, and statistical 

analyses were repeated for the data from baseline behavioral tests, which were 

performed before TDF administration (Table 1 and 2). The expression of gp120 was 

associated with MNCV slowing in both male (not significant) and female mice (p<0.05 

vs WT female mice), but not other indices of large and small fiber neuropathy (Table 2). 
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Sexual dimorphism combined with unequal distribution of sexes accounted for thermal 

hypoalgesia associated with gp120 expression (Table 2). 

Previous studies have reported tactile allodynia upon direct injection of gp120 

protein into rat hind paw, and tactile allodynia and thermal hyperalgesia upon intrathecal 

administration of gp120 in rats (Milligan et al., 2000; Oh et al., 2001). However, in my 

studies gp120 tg mice developed mild thermal hypoalgesia and did not show any 

significant changes in paw tactile threshold (Fig. 1). Intrathecal gp120 administration 

and injection of gp120 into the rat hind paw may activate and stimulate more 

inflammation that can further induce neurotoxicity at the injection site compared to 

astrocyte mediated gp120 release in the gp120 tg mouse model (Keswani et al., 2003; 

Melli et al., 2006; Milligan et al., 2000, 2001). Secondary inflammation along with sexual 

dimorphism (Table 2) observed in my study might explain, in part, why expression of 

gp120 in gp120 tg mice did not lead to tactile allodynia and thermal hyperalgesia.   

Mild neuropathy and small animal group sizes (n< 10 in each group) meant that 

we were not able to identify any clear impact of PZ treatment in reversing indices of 

gp120 associated HIV-DSP. PZ might have potential effect on preventing MNCV 

slowing and paw thermal hypoalgesia in gp120 tg mice, but the current studies are 

inconclusive. It may be necessary to repeat this study with larger cohorts of mice to 

mitigate the mild nature of HIV-DSP. Another approach would be to develop a mouse 

model with more severe HIV-associated distal sensory polyneuropathy. The latter 

approach has previously been attempted by using gp120 tg mouse model with 

concurrent administration of an anti-retroviral drug (Keswani et al., 2006). This model is 

more relevant to conditions of HIV patients as it combines two major contributors of 
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peripheral neuropathy in HIV patients- the HIV-associated viral protein and the anti-

retroviral treatment. In a follow-up study, we therefore treated gp120 tg mice with a 

commonly used antiretroviral drug, tenofovir disoproxil fumarate (TDF). TDF caused 

indices of large (MNCV slowing) and small (thermal hyperalgesia) fiber neuropathy in 

both WT and gp120 tg mice (Fig. 2). Interestingly, TDF also showed prevention of 

cognitive function deficits in gp120 tg mice (Fig. 2).  

As mentioned earlier, a prior study did not observe peripheral neuropathy in 

younger gp120 tg mice (Keswani et al., 2006) but did induce small sensory fiber 

neuropathy characterized by thermal hyperalgesia and IENF loss by concurrent 

treatment with an antiretroviral drug DDI, (Keswani et al., 2006). We showed 

electrophysiological dysfunction, which is used as a reliable measure of functional 

peripheral neuropathy in human HIV patients, in older gp120 tg mice although the 

dysfunction is mild (MNCV= 44 m/s in WT mice vs. 39 m/s in gp120 tg mice) (Fig. 1). 

Due to the small dynamic range, we were not able to identify the efficacy of potential 

treatment with PZ against electrophysiological dysfunction (Fig. 1). The dynamic range 

of MNCV slowing in gp120 tg mice was amplified to approximately 30% of baseline 

values with concurrent treatment with the antiretroviral agent TDF, which itself also 

causes MNCV slowing in WT mice (Fig. 2). This TDF treated gp120 tg mouse model 

also exhibited thermal hyperalgesia, similar to the DDI treated gp120 tg mice (Keswani 

et al., 2006). To the best of my knowledge, our findings of TDF toxicity to peripheral 

neurons in an in vivo animal model of HIV are novel, as neurotoxic effects of TDF have 

not been explored. There are, however, a number of clinical reports suggesting 

neurotoxicity of TDF (Xu et al., 2017). 
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Ongoing studies will include histological and morphometric analyses of paw skin 

to determine whether thermal hyperalgesia seen in TDF-treated gp120 tg mice is 

associated with IENF loss, and of sciatic nerve to determine whether gp120 and/or TDF 

induced MNCV slowing is associated with reduced axonal caliber. In future studies, the 

efficacy of M1R antagonists in preventing and reversing peripheral neuropathy seen in 

this novel gp120/TDF mouse model of HIV-associated distal sensory polyneuropathy. 

We are hopeful that our model of HIV-DSP will provide an invaluable insight for 

screening and developing potential therapeutics against HIV-DSP. 

 Chapter 2, in part, has been submitted for publication of the material as it may 

appear in Scientific Reports, 2019, Fields, Jerel Adam; Swinton, Mary; Carson, Aliyah; 

Soontornniyomkih, Benchawanna; Lindsay, Charmaine; Han, May Madi; Sambhwani, 

Shrey; Murphy, Anne; Achim, Cristian L; Ellis, Ronald J; Calcutt, Nigel. “Tenofovir 

disoproxil fumarate induces peripheral neuropathy and neurotoxicity in the brain of 

mice.” The thesis author was the co-author of this paper. 

 I would like to acknowledge Dr. Nigel Calcutt and Katie Frizzi for letting me 

include unpublished data in part of the chapter 2. 
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Chapter 3: HIV-DSP in Mice exposed to Tat Eye Drop Treatment and in Transgenic 

Mice expressing HIV-Associated Tat protein  

3.1.  Introduction 

3.1.1. Tat eye drop study 

HIV-associated viral proteins are implicated in the pathogenesis of HIV-DSP, but 

majority of the research to date has focused on the HIV envelope glycoprotein protein 

gp120. Another viral protein that could be involved in HIV-DSP is HIV trans-activator of 

transcription (Tat) protein, which is essential for enhanced HIV viral replication (Kim et 

al., 2003). Tat is secreted by HIV-infected microglia, macrophages and astrocytes, and 

is known to induce apoptosis in cultured neurons (Maragos et al., 2003; New et al., 

1997; Rozzi et al., 2018). Tat protein levels are detectable both in the CSF and 

peripheral blood samples of HIV-patients (Bachani et al., 2013; Bellino et al., 2014). 

Interestingly, higher level of Tat antibody levels are associated with slower disease 

progression (Bellino et al., 2014; Rezza et al., 2005).  

Tat may cause neurotoxicity by direct excitation of neurons and increased levels 

of intracellular calcium levels (Cheng et al., 1997). Tat is also associated with reduced 

neurite outgrowth via downregulation of miR-132 in brain neurons and astrocytes 

(Rahimian & He, 2016). Intracerebral injection of Tat is lethal in mice (Sabatier et al., 

1991), and stereotaxic injection of Tat protein into the mouse brain induced increased 

infiltration of monocytes/macrophages and astrogliosis, which are commonly seen in the 

brains of HIV patients (Rappaport et al., 1999). Neonatal intrahippocampal injection of 

Tat in rats caused deficits in pre-attentive processes and spatial memory in adulthood 

(Fitting et al., 2008). In a Tat transgenic mouse model, Tat expression induced deficits 
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in spatial learning and memory measured by Barnes maze test and deficits in novel 

object recognition that measure learning and memory performance (Carey et al., 2012). 

These data suggest that Tat may play a key pathogenic role in the CNS of HIV-infected 

patients. 

Similar to gp120 protein, Tat induces production of proinflammatory cytokines, 

such as TNF-α and IL-6, by macrophages and astrocytes (Mayne et al., 1998). 

Increased levels of proinflammatory cytokines are observed in the brains of HAND 

patients and can elicit pain behaviors such as tactile allodynia and thermal hyperalgesia 

in rodents (Nuovo et al., 1996; Wesselingh et al., 1993; Zhang & Jianxiong, 2007). In 

addition, TNF-α may mediate neuronal apoptosis and axonal degeneration (Sanjay C. 

Keswani, Polley, et al., 2003; Zhang & Jianxiong, 2007). Therefore, Tat may be involved 

in HIV-DSP pain by inducing cytokine release of glial cells.  

In addition to neuroinflammation and glial activation, Tat has been implicated in 

disrupting mitochondrial function in the CNS (Fields et al., 2016). Tat is associated with 

mitochondrial depolarization, an increase in mitochondrial fission, smaller mitochondrial 

size and rapid release of reactive oxygen species (ROS) in neurons (Rozzi et al., 2018). 

Similar mitochondrial functional and morphological abnormalities have been observed in 

the brains of HAND patients (Jerel Adam Fields et al., 2016). Tat-associated neuronal 

mitochondrial function and dynamics may lead to energy deficits in neurons, 

contributing to neuronal dysfunction, neuronal apoptosis and neuropathic pain including 

the mechanical allodynia seen in HIV patients (Bennett et al., 2015).  

Although the role of Tat has been extensively studied in the CNS, its 

neuropathogenic role in the PNS has not been explored. Since gp120 protein delivery to 
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the eye induced neurite retraction in the corneal sub-basal nerve plexus of healthy mice 

and this deficit was both prevented and reversed with subsequent treatment of a 

specific M1R antagonist, MT7 (Calcutt et al., 2017), we decided to replicate this 

experimental design as a pilot study for further exploration of the role of Tat in HIV-DSP. 

3.1.2. Tat/PZ study  

In an effort to better understand the pathogenic role of Tat in HIV in the context of 

the whole organism, a transgenic mouse model that expresses Tat protein under the 

control of both the astrocyte-specific glial fibrillary acidic protein (GFAP) promoter and a 

doxycycline (DOX)-inducible promoter has been developed (Kim et al., 2003). This Tat 

tg mouse model expresses Tat protein in astrocytes upon DOX treatment (Kim et al., 

2003). In the presence of DOX treatment, Tat-expressing astrocytes secrete Tat as an 

extracellular protein, allowing the protein to interact with neurons and glial cells (Kim et 

al., 2003). This mouse model has shown CNS neuropathologies similar to those seen in 

HIV patients such as astrogliosis, loss of dendritic spines, neuronal apoptosis, 

increased infiltration of activated monocytes and T-lymphocytes, and progressive loss of 

cerebellum and cortex (Kim et al., 2003). Behavioral deficits such as hunched posture 

tremor, ataxia, seizures, slow cognitive and motor movement were also observed in the 

Tat tg mice following induction by DOX treatment (Kim et al., 2003). In addition, Tat 

expression induced deficits in spatial learning and memory measured by Barnes maze 

test, and deficits in novel object recognition that measure learning and memory 

performance (Carey et al., 2012). 

Although the Tat transgenic mouse model mentioned above regulates the 

expression of Tat under the astrocyte-specific GFAP promoter, GFAP is also expressed 
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in Schwann cells of the PNS. However, the expression of Tat by Schwann cells and the 

consequences for the PNS has not been investigated in this mouse model. It is 

important to note that the secretion of Tat protein is not attenuated by cART treatment 

(Mediouni et al., 2012). Persistent Tat secretion may partly explain why the prevalence 

of HIV-DSP has not decreased in the cART era (Schütz & Robinson-Papp, 2013). This 

indicates the urgent need for studies that investigate the neuropathogenic role of Tat 

protein in the PNS within the whole organism context.  I therefore determined to 

measure indices of HIV-DSP in HIV Tat tg mouse model. Since Tat protein is also 

implicated in mitochondrial dysfunction, we also decided to investigate the efficacy of a 

selective M1R antagonist, PZ, in preventing indices of HIV-DSP by ameliorating 

mitochondrial dysfunction. 

3.2. Methods 

 All laboratory methods have been published in technical detail (Jolivalt et al. 

2016) and all behavioral tests have been described in general methods section.  

Animals/ Study Design 

Mice from Tat/PZ study were provided by Dr. Jerel Adam Fields of the Department 

of Psychiatry at University of California San Diego School of Medicine. All animal 

procedures were approved by the Institutional Animal Care and Use Committee at 

University of California San Diego. 

3.2.1. Tat eye drop study 

A total of 50 seven-week old female Swiss Webster mice were used. They 

were distributed into five groups with ten mice in each group; vehicle, TAT, TAT+ 

PZ (P, prevention), TAT+PZ (R, reversal) and TAT+MT7 (R, reversal).   



	 40 

The mice were treated once daily with either vehicle (25µl 0.1M NaPO4 

buffer) or Tat protein (25µl of 2.5ng/ml solution in 0.1M NaPO4 buffer) to the left 

eye for 8 weeks.  They were also treated with either vehicle (20µl 0.1M NaPO4 

buffer), pirenzepine (PZ: 20µl of 2% solution in 0.1M NaPO4 buffer) or MT7 (20µl 

of 25ng/ml solution in 0.1M NaPO4 buffer).   PZ was given either from onset of 

Tat treatment (prevention) or after 4 weeks of TAT treatment (reversal).  MT7 

was given after 4 weeks of Tat treatment (reversal). 

After 6 weeks of treatment, systemic behavioral (rotarod, manual von Frey 

test and thermal sensitivity test) and neurophysiological (MNCV) functions were 

performed as described earlier in this thesis. At the end of the study, after 8 

weeks of treatment, nerve density in the corneal sub-basal nerve plexus and 

stroma was measured by CCM. 

3.2.2 Tat/PZ study 

In this study, 7-8 months old mice were distributed into five groups; 

C57BL/6J wild type mice treated with vehicle (n=9, abbreviated as WT), 

C57BL/6J wild type mice treated with doxycycline (n=8, abbreviated as 

WT+DOX) , inducible Tat tg mice treated with vehicle (5 males and 3 females, 

abbreviated as TAT), inducible Tat tg mice treated with doxycycline (4 males and 

3 females, abbreviated as TAT+DOX) and inducible Tat tg mice treated with 

doxycycline and pirenzepine (4 males and 3 females, abbreviated as 

Tat+DOX+PZ).  The WT and WT+DOX groups consisted of a mix of males and 

females, but the exact number of males and females was lost.  
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Inducible Tat transgenic (tg) mice were acquired by crossbreeding Teton-

GFAP mice and TRE-Tat86 mice (Kim et al., 2003). These mice expressed Tat 

following doxycycline (DOX) treatment. DOX was administered at 80 mg/kg via 

intraperitoneal (i.p.) injection once daily five times per week for a total of two 

weeks. For the Tat+DOX+PZ group, Pirenzepine (PZ) was administered at 10 

mg/kg via subcutaneous injection once daily five times per week for a total of 2 

weeks, and PZ treatment was initiated on the same day as DOX to assess 

neuroprotection. For vehicle treatment, 0.9% saline was used and administered 

via subcutaneous and intraperitoneal injection.  

After 2 weeks of treatment, systemic behavioral function (rotarod, manual 

von Frey test and thermal sensitivity test), neurophysiological (MNCV) function 

and CCM were performed were measured as described earlier in this thesis. At 

sacrifice, mice hind paw foot skin was collect for assessment of intraepidermal 

nerve fiber density.  

3.3.  Results 

3.3.1. Tat eye drop study 
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Figure 3. Effect of Tat, PZ (selective M1R antagonist) and MT7 (specific M1R 
antagonist) eye drop treatments in WT mice. A: Corneal sub-basal nerve plexus 
density (as percentage of occupancy), B: Corneal stroma density (as percentage of 
occupancy), C: Large fiber motor nerve conduction velocity (MNCV), D: Paw tactile 
withdrawal threshold, E: Paw thermal withdrawal threshold and F: Rotarod performance. 
All data are group mean ± SEM of N=10/group.  * =p<0.05 and ** = p<0.01 for vehicle 
vs. other groups by one-way ANOVA with Dunnett’s post-hoc test. (P)= prevention 
where PZ was initiated on the same day as Tat, (R)= reversal where either PZ or MT7 
was initiated after 4 weeks of Tat treatment. 
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Figure 3 Data Interpretation 
 
 In a prior study, administration of gp120 protein by eye drop in WT mice resulted 

in significant corneal nerve loss in the sub-basal nerve plexus, and this corneal sensory 

nerve deficit was both prevented and reversed with concurrent treatment of specific 

M1R antagonist MT7 (Calcutt et al., 2017). I therefore investigated whether Tat protein 

delivered by eye drop would induce similar corneal sensory nerve toxicity. Tat eye drop 

treatment for 8 weeks did not affect corneal nerve density in either the sub-basal nerve 

plexus or stroma, and there was no impact with concurrent treatment of PZ or MT7 (Fig. 

3A, B). 

 Peptides delivered to the eye such as insulin have been reported to have 

systemic effects, presumably by entry to the blood via the lacrimal (tear) gland (Chiou, 

1991). We therefore measured a variety of indices of peripheral nerve function to 

establish any impact of Tat treatment. Topical Tat did not affect sensorimotor function 

(rotarod performance), paw withdrawal threshold to tactile or thermal sensation and 

MNCV (Fig. 3C-F).  In contrast, Tat eye drop treatment in conjunction with eye drop 

delivery of either PZ (both prevention (p<0.05 vs Vehicle) and reversal (p<0.01 vs 

Vehicle)) or MT7 (p<0.05 vs Vehicle) resulted in significant paw tactile allodynia (Fig. 

3D). This is a novel finding as there have not been studies that explored the systemic 

effect of either Tat protein or M1R antagonist delivery to the eye.  

3.3.2.  Tat/PZ study 

 

  



	 44 

 
 
Figure 4. Effect of pirenzepine (10 mg/kg/day s.c.) on peripheral nerve in Tat 
transgenic mice. A: Rotarod performance, B: Large fiber motor nerve conduction 
velocity (MNCV), C: Paw tactile withdrawal threshold, D: Paw thermal withdrawal 
threshold, E: Corneal sub-basal nerve plexus density, F: Paw IENF density. All data are 
group mean ± SEM of N=6-9/group.  * =p<0.05, ** = p<0.01 and ***=p<0.001 for WT vs. 
other groups by one-way ANOVA with Dunnett’s post-hoc test. WT: wild type mice, 
TAT: Tat transgenic mice, DOX: Doxycycline injection (80 mg/kg/day i.p.), PZ: 
Pirenzepine injection (10 mg/kg/day s.c.). 
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Figure 4 Data Interpretation  

 The transgenic mouse model used in this study requires doxycycline (DOX) 

treatment to induce Tat protein expression and thus requires appropriate control groups. 

The Tat transgene could “leak” in the absence of DOX treatment exposing the animals 

to potential neurotoxic Tat proteins, while DOX is known to have anti-inflammatory 

effects (Krakauer & Buckley, 2003). Three separate control groups, C57BL/6J WT mice 

(as Tat tg mice came from the C57BL/6J background), WT+DOX and TAT (Tat tg mice 

without doxycycline) were used with the intent of comparing the latter two groups to the 

WT group to identify any effect that DOX injection or potential transgene “leak” may 

have on neurons.  

 DOX was administered daily for 2 weeks, as behavioral deficits arising from 

transgene expression occur within 7 days of DOX treatment (Kim et al., 2003). Neither 

DOX, TAT nor Tat expression (TAT+DOX) affect sensorimotor function as measured by 

rotarod performance (Fig. 4A). MNCV was similar in all 3 control groups, so neither 

DOX nor the presence of the Tat transgene impacted large motor fiber function (Fig. 

4B). Induction of Tat expression by DOX for 2 weeks resulted in significant MNCV 

slowing (p< 0.05 vs WT), which was prevented by concurrent PZ treatment (Fig. 4B). 

 Significant tactile allodynia was observed in both the TAT+DOX (p<0.001 vs WT) 

and TAT+DOX+PZ (p<0.001 vs WT) groups (Fig. 4C). However, DOX also induced 

significant tactile allodynia in WT mice (p<0.001 vs WT, Fig. 4C). Therefore, we cannot 

conclude that Tat expression induced tactile allodynia. These data suggest that daily i.p. 

injection of DOX may have neurotoxic effects on large myelinated sensory fiber 

function. In contrast, paw withdrawal threshold to heat was similar in all 3 control 
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groups. DOX-induced Tat expression resulted in significant thermal hypoalgesia 

(p<0.001 vs WT), which was prevented by concurrent PZ treatment (Fig. 4D).  

Corneal nerve density in the sub-basal nerve plexus was similar in all 3 control 

groups, but TAT mice showed a trend for lower values (p=0.1 by one-way ANOVA with 

Dunnett’s post-hoc test when comparing to WT, but p<0.05 in an exploratory 

retrospective analysis vs WT by unpaired t test) (Fig. 4E). This suggests impact of 

potential transgene leak or other genetic manipulations required to produce TAT mice 

on corneal sensory nerves.  Tat expressing mice (TAT+DOX) also showed reduced 

corneal nerve density but with statistically significance (p<0.05 vs WT: Fig. 4E). that was 

fully prevented by concurrent PZ treatment (Fig. 4E).  

TAT+DOX mice showed a trend for lower IENF density in hind paw skin 

compared to TAT or TAT+DOX+PZ (Fig. 4F). However, we cannot interpret this data in 

the absence of IENF values for WT and WT+DOX groups, and this assay will have to be 

repeated with inclusion of tissues from all 5 groups.  

 
3.4. Discussion 
 
 HIV-1 infection is implicated with neurological dysfunction both in the CNS and 

PNS. HIV infects glial cells such as microglia, macrophages and astrocytes, and affect 

neuronal survival and function via HIV-infected glial cells that secrete neurotoxic 

molecules such as inflammatory cytokines/chemokines and HIV viral proteins. In this 

chapter of the thesis, the role of HIV viral protein Tat in the pathogenesis of HIV-

associated distal sensory polyneuropathy (HIV-DSP) was explored in vivo without the 

presence of HIV virus.  

 Although gp120 eye drop treatment caused corneal nerve loss in the sub-basal 
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nerve plexus and MT7 prevented and reversed this deficit (Calcutt et al., 2017), Tat eye 

drop treatment at the same dose did not affect corneal nerve density in either the sub-

basal nerve plexus or stroma, and concurrent MT7 or PZ did not impact corneal nerve 

density (Fig. 3A, B). This suggest that Tat may not share the same neurotoxic effects of 

gp120. Alternately, higher doses of Tat may be required to cause detectable nerve 

damage as previous studies have reported that Tat at lower concentration is not 

neurotoxic (Kim et al., 2003).  Future studies will repeat this design using a wider range 

of Tat concentrations and longer durations of treatment. 

 Interestingly, significant paw tactile allodynia was observed upon administration 

of Tat eye drops accompanied by concurrent treatment of PZ or MT7 (Fig. 3D). A 

systemic effect of peptide delivered to the eye is not unprecedented, as prior studies 

have shown that delivery of insulin to the eye can result in systemic distribution of this 

peptide hormone (Chiou, 1991). My data suggests that relatively low concentrations of 

M1R antagonists delivered to the eye can promote increased sensitivity to light touch. The 

tactile allodynia seen here may be related to the capacity of M1R antagonists to increase 

mitochondrial respiration in primary sensory neurons in culture and upregulate 

mitochondrial proteins and function in vivo (Calcutt et al., 2017). M1R antagonists also 

activate ERK/CREB signaling in sensory neurons (Sabbir et al., 2018), which is reported to 

be inhibited by Tat protein leading to subsequent neurite retraction (Santerre et al., 2019). 

Activation of ERK/CREB signaling promotes microtubule polymerization and mitochondrial 

trafficking in sensory neurons and subsequently enhances neurite outgrowth (Sabbir et al., 

2018). However, it should also be noted that M1R antagonists have been shown to prevent 

allodynia in STZ-diabetic rats (Calcutt et al., 2017 )– an opposite effect to the one described 

here. Future studies should determine whether the concurrent presence of Tat protein is 
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necessary for PZ or MT7 to produce tactile allodynia by treating WT mice with either PZ or 

MT7 eyedrops without concurrent Tat treatment. The present study should also be repeated 

with measurement of Tat protein level in peripheral sensory neurons and systemic plasma 

M1R antagonist level over time post-delivery to assess the pharmacokinetic/ 

pharmacodynamic (PK/PD) parameters of this ocular delivery route. Studies could also be 

repeated using other routes of M1R antagonist delivery such as oral, topical to the paw and 

systemic injection to determine the systemic concentration range that triggers this allodynic 

effect. 

 In Tat tg mice, DOX-stimulated Tat expression resulted in significant MNCV slowing, 

indicating the neurotoxic effect of Tat on large myelinated motor neurons that was 

prevented by PZ (Fig. 4B). This is consistent with effects of PZ on MNCV slowing on other 

peripheral neuropathies (Calcutt et al., 2017). However, it remains plausible that PZ 

impacted doxycycline-induced Tat expression in astrocytes rather than the neurotoxic 

effects of Tat on peripheral sensory neurons. Future studies must address this concern by 

measuring Tat protein levels in the brain, DRGs and sciatic nerves before the therapeutic 

effect of PZ is established. This is very important as Tat expression in the Tat tg mouse 

model was intended to be brain specific (Kim et al., 2003) and Tat expression levels in the 

peripheral nerves of this Tat tg mouse model remains unexplored.   

 Significant tactile allodynia was observed in WT+DOX, TAT+DOX and 

TAT+DOX+PZ mice (Fig. 4C). In this case, it cannot be concluded that Tat expression 

induces allodynia and it appears that daily injection of DOX may cause allodynia. A study 

published during the course of my studies reported tactile allodynia in a similar Tat tg 

mouse model where Tat expression was induced with DOX in drinking water for 4 weeks 

(Wodarski et al., 2018). DOX is a widely used antibiotic that has anti-inflammatory 
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properties, and it has been shown to inhibit tactile allodynia following intraperitoneal 

injection at 50mg/kg and 100 mg/kg in other rodent models of inflammatory pain (Bastos et 

al., 2007; Krakauer & Buckley, 2003). As Tat is associated with increased pro-inflammatory 

cytokine release in vitro (Mayne et al., 1998), tactile allodynia is not expected with 

administration of DOX.  Therefore, the mechanism of how daily intraperitoneal injection of 

DOX at 80mg/kg might induce allodynia in this Tat tg mouse model remains to be 

determined. 

 Significant thermal hypoalgesia was observed in Tat tg mice treated with DOX (Fig. 

4D). DOX treated wild type mice also exhibited a trend for thermal hypoalgesia, but a prior 

study reported that DOX did not impact thermal sensation in a rodent model of inflammatory 

pain (Bastos et al., 2007). It is likely that the DOX-induced expression of Tat induced 

thermal hypoalgesia in the Tat tg mice (Fig. 4D). Future studies should still investigate the 

role of DOX in sensory nerve function of Tat tg mice.  The study published during my 

research reported no difference in thermal sensation in their Tat tg mouse model, which 

expresses one copy of the tat gene (Wodarski et al., 2018). Since our Tat tg mouse model 

expresses 3-10 copies of the tat gene (Kim et al., 2003), it is possible that a more severe 

small fiber neurotoxicity is presented in the model I used. Thermal hypoalgesia observed in 

Tat-expressed tg mice were prevented with concurrent treatment of PZ (Fig. 4D) which is 

consistent with previously reported efficacy of PZ in other models of peripheral neuropathy 

(Calcutt et al., 2017). 

There was a trend for lower IENF density in the TAT+DOX group compared to either 

the TAT or the TAT+DOX+PZ groups (Fig. 4F). We cannot conclude that Tat expression 

induced this mild IENF deficit due to the lack of data from WT and WT+DOX groups. 

Analysis of IENF density will need to repeat with all 5 groups. It should also be noted that 
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the recent study comparing Tat (-) and DOX treated Tat (+) mice found reduced IENF in Tat 

(+) after 6 weeks, but not 8 days of DOX exposure (Wodarski et al., 2018). 

Tat-expressing mice showed a significant reduction of small sensory nerves in the 

corneal sub-basal nerve plexus (Fig. 4D). Though not statistically significant, similar trend 

for reduction of corneal nerve was observed for Tat tg mice without concurrent DOX 

treatment (Fig. 4D). This might suggest Tat transgene leak, consistent with the prior report 

of mild transgene leak in the absence of DOX treatment in the same tg mouse model (Kim 

et al., 2003). PZ was able to ameliorate the significant corneal nerve reduction in Tat-

expressing mice treated with DOX (Fig. 4E). This is consistent with the efficacy of PZ in 

promoting neurite outgrowth in cultured sensory neurons, and with the efficacy of another 

M1R antagonist MT7 in preventing and reversing loss of corneal sensory nerves in a model 

of direct gp120 neurotoxicity (Calcutt et al., 2017). Unpublished studies from the Calcutt 

laboratory also show that PZ induces corneal nerve growth in models of diabetes and 

chemotherapy (Calcutt et al. unpublished data). These data indicate that the ability of PZ to 

promote nerve regenerative growth appears to be independent of disease phenotype. Thus, 

PZ efficacy in the Tat-expressing mice need not represent specific intervention against a 

mechanism of Tat neurotoxicity but may represent a reflection of general nerve growth-

promoting properties of PZ.  

In summary, we showed that Tat expression in doxycycline-induced Tat transgenic 

mouse model induced corneal nerve loss in the sub-basal nerve plexus and dysfunction of 

large motor nerve fibers (significant MNCV slowing) and small sensory fibers (significant 

thermal hypoalgesia). All of these deficits were prevented by a selective M1R antagonist, 

Pirenzepine (PZ). In addition, concurrent eye drop treatment of Tat with either PZ or MT7 

induced tactile allodynia in wild type mice.   
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General Discussion 

In a 2-month old gp120 tg mouse model, neurotoxic effects of gp120 protein 

similar to the neuropathology seen in HIV patients were observed in the CNS (Toggas 

et al., 1994), but not in the PNS (Keswani et al., 2006). These data suggest that this 

model might not be ideal for studying the involvement of gp120 protein in HIV-DSP. 

However, in chapter 2 of this thesis we identified symptoms of peripheral neuropathy 

such as slowing of MNCV and a trend for corneal small sensory nerve loss (Fig. 1) in 7-

8 month old gp120 tg mice. Therefore, older gp120 tg mice might still be useful to study 

the role of gp120 protein in HIV-DSP. Although thermal hypoalgesia, representing small 

sensory fiber dysfunction, observed in gp120 tg mice was thought to be associated with 

IENF loss reported in 12-month-old mice (Keswani et al., 2006), we identified sexual 

dimorphism of thermal responses in both WT and gp120 mice (Table 2). This might be 

due to hormonal differences between male and female animals (LaCroix-Fralish et al., 

2005). However, to the best of my knowledge sexual dimorphism in thermal sensation 

has not been reported in either WT or gp120 tg mice. As there was imbalance in the 

distribution of sexes in some groups of mice used in this thesis, indices of HIV-DSP in 

this gp120 tg mouse model will have to be repeated with larger cohorts of male and 

female animals to further investigate the role of sex in the thermal sensation test.   

Older nucleoside reverse transcriptase inhibitors (NRTIs) used as part of the 

cART treatment, such as DDC, DDI and d4T, are known to cause mitochondrial 

dysfunction and subsequent neuronal and axonal damage (Dalakas et al., 2001; Gabbai 

et al., 2013; Keswani et al., 2006; Kuo et al., 2019; Lehmann et al., 2011). Due to their 

well-studied mitochondrial toxicity and neurotoxic effects, they have been replaced in 
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clinical use with the less neurotoxic and mitochondrial toxic drug TDF (Birkus et al., 

2002; Labarga, 2015; Robertson et al., 2012). Despite this, TDF has been implicated in 

reducing neural progenitor cell proliferation, leading to neuronal damage in the CNS (Xu 

et al., 2017). TDF treatment is also associated with abnormal mitochondrial membrane 

potential and dendritic beading in cultured CNS neurons (Robertson et al., 2012), and 

mitochondrial apoptosis associated with renal damage (Coca & Perazella, 2002; 

Ramamoorthy et al., 2019; Verhelst et al., 2002). In chapter 2.2 of this thesis, 

administration of TDF in both WT and gp120 tg mice resulted in significant small 

sensory fiber dysfunction (thermal hyperalgesia) and large motor nerve fiber dysfunction 

(MNCV slowing). These data suggest that TDF may induce neuronal mitochondrial 

toxicity and subsequent neurotoxicity in the PNS. Potential neuroprotective effects of 

TDF in the CNS of gp120 tg mice were also suggested by protection of rotarod 

performance from the impact of gp120. These interesting data suggest the importance 

for need of further studies on the impact of TDF in neurons and neuronal mitochondria 

and the interaction of TDF with HIV viral proteins including gp120 and Tat.  

The HIV-associated gp120 and Tat proteins seem to have different effects on 

corneal small sensory nerves. Although application of gp120 protein to the eye of WT 

mice induced significant corneal small sensory nerve loss (Calcutt et al., 2017), there 

was no effect on these nerves when Tat protein was administered as an eyedrop to WT 

mice. The difference between gp120 and Tat and the interaction between these two 

proteins will need to be further investigated to understand the pathogenesis of HIV-DSP 

in HIV patients.  
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As shown in chapter 3.2, the expression of Tat protein in tg mouse model is 

associated with dysfunction of small sensory fibers (thermal hyperalgesia) and large 

motor nerve fibers (motor nerve conduction velocity). To the best of my knowledge, this 

is the first study that has measured these indices of peripheral neuropathy in Tat tg 

mice. The presence of peripheral nerve dysfunction suggests that this is a viable model 

with which to study the role of Tat protein in HIV-DSP. The Tat tg mouse model has 

shown neuronal dysfunction and damage in the CNS that resembles features reported 

in HIV patients, while transgene leak and DOX administration did not seem to have 

substantial effects in the CNS (Carey et al., 2012; Kim et al., 2003). However, in my 

study, there was a potential transgene leak effect on corneal small sensory nerves and 

an effect of DOX on large myelinated sensory fibers (measured by manual von Frey 

test). Therefore, Tat expression and the pharmacokinetics of DOX in this Tat tg mouse 

model will need to be investigated before further use of this model to study HIV-DSP. 

 In this thesis, three models of HIV-DSP were established. All three mouse 

models, aged gp120 tg, gp120 tg treated with TDF and Tat tg, exhibited dysfunction of 

larger fiber motor nerve fibers, shown by slowing of motor nerve conduction velocity. 

Electrophysiological tests including measurements of motor nerve conduction velocity 

(MNCV) and sensory nerve conduction velocity (SNCV) were commonly used for 

diagnosing peripheral neuropathy in HIV patients before the early 2000s (Fuller et al., 

1991; Leger et al., 1989; Ronchi et al., 1992; Tagliati et al., 1999). However, 

discrepancies in electrophysiological data prompted quantification of IENF (small 

sensory fibers) to become widely accepted as a clinical structural marker for HIV-DSP 

(Obermann et al., 2008; Polydefkis et al., 2002; Zhou et al., 2007). Nevertheless, HIV 
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viral proteins are associated with MCNV slowing. Electrophysiological testing may 

therefore be implemented again in patients as an early marker of peripheral neuropathy. 

This way, if patients present abnormal electrophysiological results, therapeutics can be 

initiated as a preventive strategy against HIV-DSP. 

 The M1R antagonist, PZ, prevented large motor fiber dysfunction, small sensory 

fiber dysfunction and the corneal small sensory nerve deficit in the Tat tg mouse model. 

As our lab has previously shown that PZ has the ability to enhance neurite outgrowth 

via increasing mitochondrial function in rodents with diabetic and chemotherapy-induced 

peripheral neuropathies (Calcutt et al., 2017), PZ may be used to treat neural damage 

associated with mitochondrial dysfunction in any disease phenotypes - including HIV-

DSP. The ability of PZ to prevent and/or reverse gp120 associated neural damage in 

vivo will need to be study further with gp120 tg mice of older age as these mice only 

started to develop HIV-DSP symptoms beginning 8 months of age.  

 In summary, 3 mouse models of HIV DSP (older gp120 tg, gp120 tg treated with 

TDF and Tat tg) were established in this thesis. Even in the absence of HIV virus, 

gp120 and Tat proteins showed neurotoxic effects on peripheral nerves. Therefore, it is 

plausible that the HIV viral proteins are implicated in the pathogenesis of HIV-DSP. 

These mouse models may provide invaluable insight into the pathogenesis of HIV-DSP 

and future development of therapeutic treatments against HIV-DSP. 
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