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SUMMARY

Over 1 million people in the United States are infected by Human
Immunodeficiency Virus (HIV; CDC, 2012), a virus that attacks the immune
system with devastating consequences. The development of combination anti-
retroviral therapy (cART) has changed the prognosis of HIV from a death
sentence to a chronic illness that must be managed. However, HIV patients still
suffer from a wealth of complications. Despite tight control of viral load by cART,
close to 30% of HIV patients develop distal sensory neuropathy (DSP), a
neuropathy that is marked by excruciating pain. The mechanism for the
development of DSP is still little understood, and there is a lack of effective
treatments.

DSP is a dying-back neuropathy that primarily targets unmyelinated axons
of dorsal root ganglion (DRG) neurons, with axonal degeneration that proceeds
distally to proximally. Another characteristic of DSP is its progressive nature,
with a gradual, late onset. These features of DSP are characteristic features of
dying-back neuropathies caused by impaired fast axonal transport (FAT).
Neurons, especially those with long axons such as sensory and motor neurons in
the peripheral nervous system (PNS), are highly dependent on FAT to transport
proteins that are synthesized in cell bodies to their needed locations in the axons.
Inhibition of FAT through aberrant phosphoregulation has been linked to a
number of progressive dying-back neuropathies, suggesting an underlying

mechanism for a class of these neuropathies, termed “dysferopathies”
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(Morfini et al., 2007; Morfini et al., 2009).

Might DSP be a dysferopathy as well? The experiments in this dissertation
were undertaken to address this question. Although the mechanism for DSP
remains little understood, the HIV glycoprotein gp120, which is overproduced
and shed, is neurotoxic to DRG neurons (Li et al., 2005; Mocchetti et al., 2012).
Experiments were designed to evaluate whether the mechanism of gp120’s
neurotoxicity might involve FAT.

First, we examined whether F11 cells, rat DRG neurons hybridized with
mouse neuroblastoma cells, internalized gp120. Gp120 was internalized in a
time-dependent manner that was partially independent of gp120 binding to its
coreceptor CXCR4. Immunocytochemical and pharmacological experiments
indicated that gp120 is not internalized through the common endolysosomal
pathway. Rather, results from experiments here indicate that gp120 was mainly
internalized in a cholesterol-dependent manner through lipid rafts, with a minor
fraction being internalized by fluid phase pinocytosis. Experiments using
compartmentalized microfluidic chambers revealed that after internalization,
gp120 is retrogradely transported from DRG axons to their cell bodies, but not in
the opposite direction. These studies define mechanisms of gp120 internalization
in the PNS and reveal that extracellular gp120 is retrogradely transported along
DRG axons.

With these results, we examined whether intra-axonal gp120 might alter
FAT regulation. Perfusing gp120 into squid axoplasm severely inhibited both

anterograde and retrograde FAT. Two divergent gp120 strains were perfused and
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exhibited similar impairments, demonstrating that this action of gp120 is
conserved across strains. Co-perfusing gp120 with various kinase inhibitors
mapped out the signaling pathways that gp120 activates to impair FAT. The
results suggested that gp120 activated the mitogen activated protein kinase
kinase kinase (MAP3K) Tak-1. This led to activation of the downstream targets:
protein phosphatase 1 (PP1), Inhibitor Kappa Kinase (IKK)-2, p38 mitogen
activated protein kinase (MAPK) and c-Jun N-terminal kinase (JNK). While it is
known that p38 MAPK and JNK can directly phosphorylate kinesin to inhibit
FAT (Morfini et al., 2006; Morfini, 2013 (submitted)), Tak-1-mediated activation
of PP1 and IKK-2 represents a novel regulatory signaling pathway for FAT.
Microtubule binding assays indicated that a mechanism for gp120-induced
impairment of FAT might also involve release of cytoplasmic dynein (CDyn) from
microtubules. These results define a novel mechanism for gp120-induced
neurotoxicity through inhibition of FAT and explain the progressive, dying-back

axonal degeneration in DSP.
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CHAPTER 1

INTRODUCTION

The most common neurological complication of HIV infection is sensory
neuropathy, with close to 30% of HIV patients developing sensory neuropathies
during the course of their disease (Ellis et al., 2010; Evans et al., 2011; Anziska et
al., 2012; Ghosh et al., 2012). Of these, the most common form of sensory
neuropathy is distal sensory neuropathy (DSP; Schifitto et al., 2005), which is
directly attributed to HIV infection. DSP is characterized by progressive distal to
proximal dying-back degeneration of unmyelinated axons from dorsal root
ganglion (DRG) neurons, causing debilitating pain (Keswani et al., 2002).
Patients suffer from a lack of treatment options (Phillips et al., 2010), and the
mechanism for DSP remains uncertain. However, a significant body of research
has documented the neurotoxicity of the HIV glycoprotein gp120 (Brenneman et
al., 1988; Toggas et al., 1994; Lannuzel et al., 1995; Meucci and Miller, 1996;
Hesselgesser et al., 1998; Meucci et al., 1998; Singh et al., 2005; Kaul et al., 2007;
Bachis et al., 2009), which is overproduced and shed (Schneider et al., 1986).
These observations suggest that gp120 might play a direct role in causing DSP.

DRG neurons are highly polarized with long axons, making them critically
dependent on fast axonal transport (FAT) of proteins synthesized in the cell body
for axonal maintenance and health. In fact, the dying-back axonal degeneration
seen in DSP is the same pattern of degeneration seen in “dysferopathies,” dying-

back neuropathies that are linked by the common mechanism of dysregulation of



phosphotransferase signaling pathways that control FAT (Morfini et al., 2009).
The experiments in this dissertation are designed to address whether a
direct mechanism of gp120 neurotoxicity gp120 might be through intra-axonal
gp120 interfering with signaling pathways that regulate FAT. I propose that
gp120 is internalized by DRG neurons, leading to impairment of FAT through
abnormal activation of intra-axonal kinases and phosphatases. This will be

addressed using the following specific aims:

Aim 1: To evaluate the mechanisms of internalization and
intracellular location of gp120.

Previous studies of gp120 neurotoxicity has focused on the extracellular
binding of gp120 to neurons to cause pathology; however, another possibility is
that intraneuronal gp120 can be toxic. I propose that gp120 is internalized by
DRG neurons and released into the axoplasm. The experiments in this aim
determine the mechanism of gp120 internalization and characterize its
intracellular actions. Mechanisms of gp120 internalization were evaluated by
immunofluorescence studies that quantitated and examined the specificity of
gp120 internalization. Additionally, the endocytic pathway through which gp120
was internalized was defined through colocalization studies. Further,
compartmentalized microfluidic chambers were used to identify the location of
gp120 internalization into DRG neurons, and to examine axonal trafficking of
gp120. I found that gp120 internalization was specific and partially dependent
on binding to its co-receptor CXCR4. Also, gp120 was internalized through lipid

rafts, with a minor fraction internalized through fluid phase pinocytosis.



Additionally, gp120 was internalized in the axon and transported to cell body.
Understanding the mechanisms of intracellular actions of gp120 will provide a

basis for future development of treatment targets.

Aim 2: To identify intra-axonal signaling pathways underlying gp120-
induced alterations in FAT.

The remarkable polarity, length and architecture of DRG neurons result in
a critical dependence on the precise regulation of FAT. It is established that FAT
is controlled through the activities of various kinases and phosphatases in the
axon; dysregulation of FAT leads to axonal degeneration in a dying-back pattern
(Morfini et al., 2009). I propose that gp120 alters signaling cascades for
regulation of FAT, leading to inhibition of FAT and axonal degeneration.
Preliminary evidence demonstrated a profound impairment of FAT by gp120.
The upstream signaling cascades induced by gp120 to impair FAT were identified
and their downstream effects on FAT were studied using both squid axoplasm
motility assays and biochemistry assays. Microtubule binding of kinesin and
dynein in response to gp120 treatment was assessed. We found that gp120
affects a signaling pathway that activates the kinase transforming growth
factor-p-activated kinase-1 (Tak-1), leading to downstream activation of c-Jun
N-terminal Kinase (JNK) and p38 Mitogen Activated Protein Kinase (p38) as
well as protein phosphatase 1 (PP1) and Inhibitor of Kappa B Kinase (IKK).
Each of these downstream kinases can affect FAT either directly or indirectly.
These studies characterize mechanisms through which gp120 affects intra-axonal

signaling pathways and disturbs the precise enzymatic regulation of FAT.



CHAPTERII

LITERATURE REVIEW

Berth, S., Morfini, G., Sarma T., Caicedo, H., Brady, S.T. (2015) Internalization and Axonal
Transport of the HIV Glycoprotein gp120. ASN Neuro 7(1): pii: 1759091414568186

1. Human Immunodeficiency Virus

1.1 Human Immunodeficiency Virus Overview

The human immunodeficiency virus (HIV) is a lentivirus that causes
compromised immune systems and opportunistic infections. Untreated, HIV
infection eventually leads to Acquired Immune Deficiency Syndrome (AIDS),
which is characterized by severe damage to the immune system. HIV infection is
a global epidemic, with over 34 million people infected by HIV
(WHO/UNAIDS/UNICEF, 2011). In the United States alone, over 1 million
inhabitants have HIV infections (CDC, 2012). Despite significant progress in
managing the disease, HIV remains incurable and a major public health
challenge.

AIDS was first recognized in the United States in 1981 (Greene, 2007). In
1983 and 1984, it was discovered that AIDS is caused by infection by the human
immunodeficiency virus (HIV) (Barre-Sinoussi et al., 1983; Gallo et al., 1983;
Gallo et al., 1984; Popovic et al., 1984; Schupbach et al., 1984), a retrovirus that is
a member of the lentivirus family. HIV is primarily transmitted through sexual
contact, but can also be transmitted perinatally and through blood products. HIV
directly infects cells of the immune system, including CD4+ T cells, macrophages
and dendritic cells, ultimately leading to death of the CD4+ T cells. When the

CD4+ count gets below 200/uL, the HIV infection has progressed to AIDS.
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HIV is a single-stranded, positive sense, enveloped RNA virus. To infect
cells, the envelope glycoprotein gp120 binds to CD4 (Kwong et al., 1998). This
triggers a conformational change in gp120 that induces the binding of gp120 to
its co-receptors CXCR4 or CCR5 (Kwong et al., 1998) allowing entry of HIV into
the cell. Although HIV internalization is generally thought to occur through
direct fusion with the plasma membrane (Stein et al., 1987; Blumenthal et al.,
2012), recently it was demonstrated with time-resolved imaging of single HIV
molecules that HIV undergoes endocytosis and then fuses with endosomes to
enter cells (Miyauchi et al., 2009). In fact, other studies have found that HIV
undergoes clathrin-mediated endocytosis (Daecke et al., 2005; Bosch et al.,
2008) or enters cells through lipid rafts and fluid phase pinocytosis (Liu et al.,
2002). Although this remains controversial, it is likely that HIV can use multiple
mechanisms to enter cells. Once inside the cell, HIV reverse transcribes its RNA
into double-stranding DNA and then the DNA is imported into the cell nucleus
where it is integrated into the host genome (Greene and Peterlin, 2002). Once
integrated, HIV can either be latent or be transcribed to produce new virus
particles (Greene and Peterlin, 2002).

In 1996, combination antiretroviral therapy (cART) for HIV was
introduced, transforming HIV from a lethal infection into a chronic disease.
Although cART can drastically reduce the amount of HIV in the plasma to
undetectable levels, it cannot eradicate HIV (Blankson et al., 2002). This is due
to the fact that latently infected cells maintain reservoirs of HIV in lymphoid
organs, the CNS and the genitourinary tract (Blankson et al., 2002). Despite the

development of successful strategies for managing HIV infections, some HIV-



related pathologies persist and generate quality of life issues for patients.

1.2 Animal Models of Human Immunodeficiency Virus

HIV infection is specific to humans and some primates, which poses a
challenge to study in the laboratory. Although chimpanzees can be infected with
HIV, they rarely progress to AIDS, making them useful mainly for vaccine studies
(Nath et al., 2000). However, several animal models have been used to overcome
this specificity. For example, some non-human primates and cats are susceptible
to Simian Immunodeficiency Virus (SIV) and Feline Immunodeficiency Virus
(FIV), respectively. Both SIV and FIV are lentiviruses that are similar to the HIV
virus; they also cause AIDS-like disease and replicate neuropathological changes
seen in AIDS (Maung et al., 2012). Chimeric SIV-HIV viruses have also been
created in an attempt to develop an even better primate model (Ambrose et al.,
2007). However, primate models are not always feasible for studying cell and
molecular mechanisms of HIV-related pathologies due to expense and ethical
concerns.

Although rodents are not susceptible to HIV or HIV-like viruses, they can
be manipulated to model HIV. For example, several transgenic mouse lines and
even a transgenic rat line have been created that express the HIV full genome or
certain HIV proteins that model aspects of HIV or AIDS (Toggas et al., 1994;
Hanna et al., 1998; Michaud et al., 2001; Reid et al., 2001). Other tools to
examine HIV in mice include chimera mutants in which gp120 was replaced with
gp80 from the murine leukemia virus to induce infection (Potash et al., 2005), in

addition to mouse strains reconstituted with human hematopoetic systems to



allow HIV infection (Van Duyne et al., 2009; Dash et al., 2011). Alternatively,
injection, perfusion or expression of a single HIV protein may also be useful to
determine the individual contributions of each protein to disease (Maung et al.,

2012).

1.3 Human Immunodeficiency Virus Interactions with the

Nervous System

Although HIV does not productively infect neurons, it has interactions
with both the central nervous system (CNS) and peripheral nervous system
(PNS). To enter the central nervous system, HIV uses a mechanism termed
“Trojan Horse” to cross the blood brain barrier (BBB; Peluso et al., 1985; Haase,
1986). HIV-infected leukocytes can enter the brain through the bloodstream.
Since the virus persists inside the leukocytes, it evades recognition and can pass
undetected across the BBB (Haase, 1986). Other pathways have been proposed
such as cell-free virus entry into the brain as well as transmission by infected
endothelial cells; however, these do not appear to be major pathways for entry of
HIV into the CNS (Kramer-Hammerle et al., 2005). Neuroinvasion occurs early
in HIV infection; HIV has been found within several areas of the brain after only
15 days of infection (Davis et al., 1992). The primary cells in the brain that are
infected by HIV are of mesodermal lineage (i.e. perivascular macrophages and
parenchymal microglia), with some evidence for restricted infection of astrocytes
(Kramer-Hammerle et al., 2005). Productive infection of neurons and

oligodendrocytes remains controversial (Kramer-Hammerle et al., 2005), but is



likely to be limited in scope.

In the PNS, HIV is found predominantly in infected macrophages and
satellite cells that surround dorsal root ganglion neurons (Brannagan et al.,
1997), although low levels of HIV have been detected within the DRG neurons of
HIV patients with neuropathy (Brannagan et al., 1997) and AIDS patients

(Nagano et al., 1996) (Yoshioka et al., 1994).

2. Neurological complications of Human Immunodeficiency Virus

HIV infection leads to a host of neurological complications. While cART
has decreased some of these complications, others remain prevalent among HIV
patients, including both CNS and PNS pathologies. In addition to loss of quality
of life, neurological complications also increase the risk of mortality
(Vivithanaporn et al., 2010), making these complications an important focus of

study.

2.1 Neurological Complications in the Central Nervous System

With the introduction of cART, the incidence rate of a host of neurological
complications such as toxoplasmosis, progressive multifocal
leukoencephalopathy, cryptococcal meningitis and CNS lymphoma has
drastically been reduced (Clifford, 2008). The incidence of HIV-associated
dementia (HAD), a severe form of HIV-associated neurocognitive disorders
(HAND), has also decreased dramatically since cART (McArthur, 2004).

However, milder forms of HAND, including asymptomatic neurocognitive



impairment (ANI) and mild neurocognitive disorder (MND), continue to be
common among HIV patients at a rate similar to that seen before cART (Clifford,
2008; Heaton et al., 2010). Neurological impairment was observed in at least
50% of HIV patients in the CHARTER study (Clifford, 2008). ANI is defined as
inferior performance in at least two domains of neuropsychological testing,
without impact on daily living (Antinori et al., 2007). In addition to poor
performance in neuropsychological testing, MND patients also report cognitive
decline that interferes to a minor degree with daily function (Antinori et al.,
2007). MND patients may also have motor impairments (McArthur et al., 2005).
HAD represents moderate to severe dementia, with marked impairment in daily
living (Antinori et al., 2007). Although prior to development of cART the
dementia in HAND was primarily subcortical, now patients are beginning to
show more learning and memory deficits, suggesting a shift in the brain regions
that are targeted in HAND (Kranick and Nath, 2012).

It is thought that the continued high prevalence of HAND may be due to
inadequate CNS penetration by anti-retroviral drugs, so the main focus with
treatment is to use anti-retroviral drugs that have improved access to the CNS
(Kranick and Nath, 2012). There has been limited success with other adjunctive
therapy (Tan and McArthur, 2012), although attention has begun to be turned to
psychiatric medicine such as selective serotonin reuptake inhibitors (SSRI) and
glycogen synthase kinase-3 f (GSK3-p) inhibitors (Ances et al., 2008). In
addition, the drug regimen itself may have secondary effects that have yet to be
recognized. Larger trials will be needed to determine if SSRI’s and GSK3-f3

inhibitors are effective in HAND treatment (Ances et al., 2008).
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2.2 Neurological Complications in the Peripheral Nervous

System

Neuropathies have remained common in HIV patients despite cART.
Although recent epidemiological studies report varying prevalence rates due to
differences in diagnostic tests (Ghosh et al., 2012), the general consensus is that
at least a third of HIV patients suffer from peripheral neuropathies (Ellis et al.,
2010; Evans et al., 2011; Anziska et al., 2012). Rare types of neuropathies caused
by HIV include inflammatory demyelinating polyneuropathies, mononeuritis
multiple and opportunistic infection-associated neuropathies (Pardo et al., 2001).

In the PNS, the two major neurological complications of HIV are distal
sensory polyneuropathy (DSP) and acute toxic neuropathy (ATN). These both
cause excruciating pain on the soles of the feet, as well as parasthesias, gait
instability and autonomic dysfunction (Pardo et al., 2001). DSP and ATN
primarily affect small unmyelinated sensory fibers in a “dying back” pattern
(Pardo et al., 2001; Keswani and Hoke, 2003).
Although they have clinically identical pathologies, ATN and DSP have distinct
etiologies. ATN is a dose-dependent consequence of treatment with the HIV
antiviral nucleoside reverse transcriptase inhibitors (NRTIs) (Moyle, 2000).
Discontinuation of NRTI treatment will gradually resolve the symptoms (Moyle,
2000). DSP, on the other hand, is attributed directly to HIV infection. Prior to
cART, DSP was associated with immune suppression, and viral load was
correlated with symptom severity (Simpson et al., 2002). However, since cART

was introduced this association has become diminished (Kranick and Nath, 2012)
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(Morgello et al., 2004). The prevalence of DSP is now primarily associated with
age, as well as low CD4+ nadir, diabetes mellitus (DM), height, cART use and
infections with hepatitis C (Ellis et al., 2010; Nakamoto et al., 2010; Evans et al.,
2011; Anziska et al., 2012). Although the etiology of DSP may be complex, the

impact of DSP on patients remains a major problem.

2.3. Distal Sensory Polyneuropathy Overview and Pathology

DSP is thought to be a slowly progressive complication, as evidence of
subclinical damage is common among HIV patients (Keswani et al., 2002). For
example, the recent CHARTER study found that out of the 57% of the HIV
patients that had detectable clinical signs of sensory neuropathies, only 38%
reported pain (Ellis et al., 2010). Virtually all AIDS patients show subclinical
signs of nerve damage (Keswani et al., 2002).

DSP is marked by dying back neurodegeneration of DRG distal axons, with
prominent involvement of small unmyelinated fibers (Keswani et al., 2002) that
can eventually spread to larger sensory and motor fibers as the disease progresses
(Dorsey and Morton, 2006). Patients have a decreased number of epidermal
nerve fibers, especially in distal sites (Holland et al., 1997). DRG’s are infiltrated
by nodes of Nageotte, macrophages, lymphocytes, and inflammatory cytokines
(Nagano et al., 1996).

Treatment options for DSP remain limited. A meta-analysis of randomly
controlled trials revealed a lack of efficacy by traditional drugs used to treat
neuropathic pain including gabapentin, amitriptyline, pregabalin, prosaptide,

peptide-T, acetyl-L-carnitine, mexilitine, lamotrigine and topical capsaicin
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(Phillips et al., 2010). The only treatments that were effective include high
concentration capsaicin (8%), smoked cannabis and recombinant human nerve
growth factor (thNGF; Phillips et al., 2010). Since rhNGF is unavailable to
patients and cannabis cannot be recommended for routine use, new treatments

need to be developed (Phillips et al., 2010).

2.4 Theories of Mechanisms for HIV-Associated Neurocognitive

Disorders and Distal Sensory Polyneuropathy

Given that HIV does not productively infect neurons, how might HIV
infection lead to HAND or DSP? Theories must also take into account the fact
that HAND and DSP persist despite cART, demonstrating that HAND and DSP
can develop even in the presence of tight control of viral load. The two major
theories posit that either HIV indirectly causes neurotoxicity through activation
of inflammatory pathways, or that HIV might itself possess neurotoxic properties

that cause HAND and DSP. Both are discussed in detail below.

2.4.1 Indirect mechanism of neurotoxicity

For the indirect mechanism of neurotoxicity, it thought that either
glial cells infected by HIV or activated glial cells in response to HIV infection
secrete neurotoxic and inflammatory factors, such as excitatory amino acids and
cytokines (Kaul et al., 2005; Kamerman et al., 2012). For example, neurotoxic
products produced by infected macrophages may cause neuronal death or inhibit
neurite growth (Giulian et al., 1990; Pulliam et al., 1991; Hahn et al., 2008).

Evidence for enhanced inflammation in HAD patients exists as well. Patients
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with HAD have a higher amount of activated CD14+ circulating monocytes,
soluble CD14 and lipopolysaccharide levels compared to HIV patients without
HAD (Pulliam et al., 1997; Ryan et al., 2001; Ancuta et al., 2008). In a Simian
Immunodeficiency Virus (SIV) model, animals with CNS functional impairment
had over 5 times more activated CD8+ T cells in the CNS compared to animals
without CNS impairment (Marcondes et al., 2001). In the PNS, inflammatory
cytokines such as tumor necrosis factor-o (TNF-a), interferon-y (IFN- y),
interleukin (IL)-1p, and IL-6 have been detected in dorsal root ganglia from AIDS
patients (Nagano et al., 1996). However, proving that these inflammatory
elements are causal for HAD has been problematic. For example, HIV viral
proteins may trigger an inflammatory action for cells in the vicinity of affected
neurons. In one such case, gp120 was linked to the innate immune system in a
study that found that gp120 binding to DRG neurons activated the complement
cascade leading to neuronal death (Apostolski et al., 1994).

Evidence has accumulated that the HIV glycoprotein gp120 induces the
release of certain cytokines, such as TNF-o. In the PNS, epineural application of
gp120 led to axonal swelling, increased TNF-a at the site of application in the
nerve trunk, and allodynia and hyperalgesia, suggesting that activation of TNF-a
might play in role in the production of symptoms of pain in DSP (Herzberg and
Sagen, 2001). Additionally, it was found that gp120 application to the sciatic
nerve caused an upregulation of TNF-a in glial cells of the spinal cord and

mechanical allodynia; intrathecal administration of TNF-a inhibitors attenuated

allodynia (Zheng et al., 2011). DRG neurons might also produce TNF-a
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themselves to cause neurotoxicity through autocrine regulation. The mechanism
that has been proposed for this is that gp120 binding to CXCR4 on Schwann cells
leads to release of the chemokine CCL5, which activates CCR5 receptors on DRG
neurons, inducing TNF-a activation in DRG neurons.

In the CNS, similar mechanisms have been proposed for indirect
neurotoxicity by HIV. For example, cognitively impaired HIV patients have an
increased amount of soluble TNF-a type II receptors in the plasma, suggesting
that TNF-a activation may also play a role in HAND (Ryan et al., 2001). TNF-a
activation and chemokines have been implicated in development of neurotoxicity,
with an involvement of astrocytes and microglia. In one study, gp120 activated
CXCR4 on astrocytes and microglia, leading to release of TNF-o and glutamate,
which had an excitotoxic effect on neurons (Bezzi et al., 2001).

The HIV protein tat may also activate inflammatory pathways in the CNS.
Tat can activate chemokines and matrix metalloproteinases in astrocytes, leading
to recruitment of activated T cells, macrophages and monocytes into the brain
(Kutsch et al., 2000; Johnston et al., 2001). In addition to gp120, tat can also
activate TNF-o in macrophages (Chen et al., 1997).

An assumption of the indirect theory is that activated macrophages and
microglia are responsible for neurotoxicity. However, the presence of activated
microglia is not sufficient to explain the pattern of synaptic, axonal and dendritic
loss seen in HAND patients (Masliah et al., 1997) and in rodent models of HIV
(Toggas et al., 1994; Dash et al., 2011; Rao et al., 2011; Mocchetti et al., 2012).

For example, an HIV transgenic rat model showed spatial memory deficits and
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synaptic loss in the hippocampus without the presence of activated microglia or
inflammatory cytokines (Rao et al., 2011; Mocchetti et al., 2012). Similarly,
injection of gp120 into the brain caused neuronal apoptosis days before microglia
infiltration (Ahmed et al., 2009). Additionally, activated microglia can be
neuroprotective. Macrophages in contact with apoptotic neurons suppress
inflammatory responses as they perform phagocytosis of some toxic species
(Lucas et al., 2006; Mocchetti et al., 2012). Activated microglia can also play a
supportive role in remyelination, and can internalize and degrade toxic
oligomeric proteins (Yong and Rivest, 2009). These data suggest that the
indirect mechanism for neurotoxicity may not completely explain neuropathology

caused by HIV.

2.4.2 Direct mechanism of neurotoxicity

Although HIV does not productively infect neurons, certain HIV proteins
have been shown to have direct neurotoxic effects. Even without productive
infection, viral proteins can interact with neurons in multiple ways, due to
exposure in the extracellular environment. Viral proteins can enter the
extracellular environment through formation of viral proteins during restricted
infection, formation of defective viral particles, viral protein loss from a
cytopathic infection, active release of viral proteins, shedding of viral coat
proteins and interactions by cell-to cell contact (Nath, 2002). The most evidence
for direct neurotoxicity involves the two HIV viral proteins tat and gp120, so the
focus will be on tat and gp120. However, other HIV viral proteins that have been

implicated in neurotoxicity include gp41, Vpr, Nef and Rev (Nath, 2002).
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2.4.2.1 Tat

Tat is an HIV protein with a primary function of activating transcription of
HIV double stranded DNA. However, it is also actively secreted from HIV-
infected cells, and is overexpressed by HIV-infected astrocytes (Nath, 2002). Tat
binds to the lipoprotein related protein receptor (LRP) on neurons (Liu et al.,
2000), and undergoes transport within neurons (Bruce-Keller et al., 2003).
Uptake of tat into neurons has been linked to calcium dysregulation (Haughey et
al., 1999; King et al., 2006) and ultimately leads to induction of apoptosis
(Kruman et al., 1998). Tat also activates the NMDA receptor (NMDAR), and this
activation has been linked to impairments in learning (Li et al., 2004) and
neurotoxicity (King et al., 2006). The areas in the brain that are primarily
affected by tat neurotoxicity include the hippocampus and the striatum (Nath,
2002). Little information exists on the effect of tat in the PNS, but a recent study
found that tat caused hyperexcitability in DRG neurons, leading to apoptosis that
appeared to involve activation of the cyclin-dependent kinase 5 (cdk-5; Chi et al.,

2011).

3. Gp120

3.1 Gp120 Overview

Gp120 is a highly glycosylated envelope protein that is responsible for
binding of the virus to the host cell. Gp120 exists on the virion surface as a
heterotrimeric “spike” bound to the transmembrane envelope protein gp41.

Typically, gp120 binds to the cell surface receptor CD4, triggering a
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conformational change that allows gp120 to bind to its coreceptor (either CXCR4
or CCRp). This binding allows viral entry into the host cell.

Gp120 is composed of 5 conserved and 5 variable regions (V1-V5). Of the
5 variable regions, the conserved region surrounding V4 is responsible for CD4
binding, while V3 interacts with coreceptors (Arrildt et al., 2012). Along with
heavy glycosylation, the highly variable nature of gp120 aids HIV in immune
evasion, with the gp120 coding domain changing at a rate of 1-2% a year (Leitner
et al., 1997; Arrildt et al., 2012). The high variability of gp120 allows for many
different strains to be produced; in fact, multiple strains of gp120 can be detected
in one patient at once. A major categorization of gp120 is co-receptor usage.
Typically in infection, patients are infected by a single strain of gp120 that binds
to the CCR5 co-receptor on CD4+ T cells (Keele et al., 2008; Isaacman-Beck et
al., 2009; Alexander et al., 2010). Over time, gp120 evolves into strains that can
productively infect macrophages, strains that utilize CXCR4, and dual-tropic
CXCR4 and CCR5 binding strains (Arrildt et al., 2012). Although it was thought
in the past that neurotropism was specific to CCR5-binding gp120 strains, a study
examining isolates from HIV patients with dementia or encephalitis found that
neurotropism is linked to the ability of gp120 strains to infect macrophages and
microglia, not to co-receptor usage (Gorry et al., 2001).

HIV productive infection is limited to cells of the immune system, but
gp120 can be shed during viral entry and overproduced and shed from infected
cells (Schneider et al., 1986). Since infected microglia and macrophages reside in
the CNS, and infected macrophages are present in dorsal root ganglia, infected

cells are in close proximity to neurons of the CNS and DRG neurons in the PNS
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respectively. This could lead to high local concentrations of gp120. While free
gp120 in the plasma has been measured to be between 2 pM and 0.8 nM (Gilbert
et al., 1991; Oh et al., 2001), measurements of gp120 in the plasma may be a poor
model of local concentrations of gp120. Local concentrations may remain high
due to binding to extracellular matrix components or to local glial swelling, which
decreases the volume of the extracellular compartment (Nath, 2002; Krathwohl
and Kaiser, 2004). Additionally, DSP is a slowly progressive complication that
takes decades to develop. Low levels of gp120 might be enough to gradually

cause neurotoxicity over a period of years or even decades.

3.2 Gp120 and HIV-Associated Neurocognitive Disorders

Gp120 has been highly implicated in neuropathogenesis of HAND. One
notable example comes from a study in which transgenic mice were developed
with gp120 expressed under a glial fibrillary acidic protein (GFAP) promoter
(Toggas et al., 1994). This manipulation was sufficient to induce neuropathology
similar to that in HAD, including loss of presynaptic terminals and dendrites,
vacuolization of dendrites, and marked astrocytosis (Toggas et al., 1994).
Another transgenic mouse model developed with gp160 (composed of both gp120
and gp41) under a neurofilament promoter to allow expression of gp160 in
neurons also developed gliosis and dendritic degeneration in addition to axonal
swellings and cytoskeletal abnormalities (Michaud et al., 2001). Application of
gp120 has been linked to memory impairment and long term potentiation (LTP)
impairment in several studies (Sanchez-Alavez et al., 2000; Dong and Xiong,

2006; Fernandes et al., 2007); demonstrating that gp120 may be sufficient for



19

the cognitive impairment seen in HAND.

3.3 Gp120 and Distal Sensory Polyneuropathy

An extensive amount of research provides support for the involvement of
gp120 in DSP. A model of DSP in mice was created that gave oral treatments of
didanosine (ddI), an anti-retroviral implicated in ATN, to mice transgenic for
gp120 under a GFAP promoter. This model replicated both the neuropathology
of distal degeneration of sensory axons and the symptom of pain. Because the
model required both gp120 and ddI to have these effects at a young age, the
authors proposed a “double hit” hypothesis, in which gp120 is needed to sensitize
the DRG neurons before ddI treatment (Keswani et al., 2006). The double-hit
hypothesis might be relevant for HIV patients — perhaps those that are prone to
developing ATN already have a subclinical amount of damage by gp120.
Additional evidence for gp120 involvement in DSP is that administration of
gp120 to rodents causes pain hypersensitivity, mimicking the symptoms of DSP

(Meucci et al., 1998; Milligan et al., 2000; Herzberg and Sagen, 2001).

3.4 Cellular Mechanisms of Gp120-Induced Neurotoxicity

The ability of gp120 to induce neuronal cell injury and death is well established
(Brenneman et al., 1988; Toggas et al., 1994; Lannuzel et al., 1995; Meucci and
Miller, 1996; Hesselgesser et al., 1998; Meucci et al., 1998; Singh et al., 2005;

Kaul et al., 2007). This chapter will review cellular mechanisms that have been

identified for gp120 to directly interact with and impair neurons.
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3.4.1. Gp120 Binding to Cells

Gp12o0 typically binds to CD4 before it can bind to its co-receptor.
However, there is ample evidence that gp120 binds to neurons, although they
lack CD4. How might this happen? For one thing, gp120 strains isolated from
the brain have a reduced dependence on CD4 for viral entry compared to strains
isolated from lymphoid tissue (Thomas et al., 2007). Additionally, gp120 might
use other methods for attachment to neurons. For example, gp120 has a strong
affinity for heparan sulfate proteoglycans (HSPG; Ugolini et al., 1999) with four
binding domains (Crublet et al., 2008), and HSPG’s are expressed on the surface
of neurons. In fact, gp120 attachment has been shown to be dependent on
binding to HSPG rather than to CD4 in several cell lines (Mondor et al., 1998;
Bobardt et al., 2004; Vidricaire et al., 2007), leading to the hypothesis that the
dependence of gp120 on CD4 for binding may be cell line specific (Mondor et al.,
1998). Regardless, gp120 binding to its co-receptors appears to be a critical first

step for neurotoxicity (Apostolski et al., 1993; Oh et al., 2001).

3.4.2 Gp120 and Lipid Rafts

Lipid rafts are small, mobile and specific microdomains in the plasma
membrane composed of clusters of sphingolipid and cholesterol that are
detergent-insoluble (Simons and Ikonen, 1997). Lipid rafts are thought to
function as platforms for cellular processes such as biosynthetic sorting,
signaling, endocytosis, and pathogen binding (Simons and Ikonen, 1997; Chazal
and Gerlier, 2003). Evidence has accumulated that gp120 associates with lipid

rafts for HIV internalization. Both CD4 and the coreceptor CCR5 reside in lipid
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rafts (Millan et al., 1999; Popik et al., 2002); removal of CD4 from lipid rafts
results in impaired HIV entry (Del Real et al., 2002). Gp120 binding to CD4
induces clustering of CD4, gp120 and its coreceptors (Nguyen et al., 2005).
Although the coreceptor CXCR4 is only partially located in lipid rafts (Manes et
al., 2000), gp120 promotes CXCR4 trafficking into lipid rafts, facilitating this
clustering of these receptors and coreceptors (Kamiyama et al., 2009).
Cholesterol depletion inhibits both this clustering and viral entry (Manes et al.,
2000; Liao et al., 2001; Popik et al., 2002; Viard et al., 2002), demonstrating that
gp120 association with lipid rafts is important for HIV infection. Notably, gp120
treatment of hippocampal neurons led to stabilized raft domains that NMDAR
clustered in, allowing enhanced NMDAR activity (Xu et al., 2011). These results
suggest that gp120 associates with and stabilizes lipid rafts, leading to altered
host cell signaling. However, the extent of gp120 association with lipid rafts in

neurons has not been elucidated.

3.4.3. Gp120 Activation of CXCR4 and Signaling Cascades

A number of studies have examined the binding of gp120 to CXCR4 as a
cause of neurotoxicity. Gp120 binding can activate CXCR4 and CCR5, both G
protein-coupled receptors (GPCR; (Davis et al., 1997). The activation of CXCR4
has been associated with neuronal injury to a greater extent than CCR5 (Zheng et
al., 1999); in fact, there is some evidence that CCR5 activation might be
neuroprotective (Kaul et al., 2007). Various mechanisms have been proposed for
neuronal injury associated with gp120 activation of CXCR4.

Gp120 activation of CXCR4 has been linked to the disruption of calcium
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homeostasis, leading to acute calcium increase within neurons (Pandey and
Bolsover, 2000) through mobilization of intracellular calcium stores (Medina et
al., 1999). CXCR4 activation by gp120 has also been linked to several signaling
cascades. First of all, gp120-induced disruption of intracellular calcium
homeostasis (Lannuzel et al., 1995) led to activation of RNA-activated protein
kinase (PKR), a kinase linked to an antiviral response, stress response and
activation of apoptosis through caspase-3 (Alirezaei et al., 2007). Gp120
activated the caspase-3 apoptotic cascade in several other studies as well (Bachis
et al., 2003; Singh et al., 2004) (Melli et al., 2006). Intriguingly, gp120 binding
to chemokine receptors and gp120 activation of a caspase pathway was localized
along DRG axons in compartmentalized chambers (Melli et al., 2006).

Stress-activated protein kinases (SAPK), including c-Jun N-terminal
kinase (JNK) and p38 mitogen activated protein kinase (p38 MAPK), were
implicated in activation of CXCR4 by gp120 across different cell types, in addition
to neurons (Kan et al., 2000; Misse et al., 2001; Kapasi et al., 2002; Trushin et
al., 2007; Liu et al., 2012).

In the CNS, gp120 treatment caused an increase in phosphorylation of
JNK in primary rat hippocampal neurons that was mediated by CXCR4 (Khan et
al., 2004). Also, inhibiting an upstream activator of JNK and p38 MAPK, mixed
lineage kinase-3 (MLK-3), prevented gp120-triggered apoptosis in hippocampal
neurons (Bodner et al., 2002). Activation of JNK or p38 MAPK may be cell-type
specific. For example, p38 MAPK but not JNK was activated by gp120 in mouse
striatal neurons, leading to neurite loss and neuronal death (Singh et al., 2005).

An increase in p38 MAPK in response to gp120 treatment has also been
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demonstrated in primary cerebrocortical neurons in addition to primary fetal
human neurons (Hu et al., 2005; Medders et al., 2010). In adult neural
progenitor cells, gp120 arrested cell cycle progression through a signaling
pathway involving p38 MAPK (Okamoto et al., 2007).

In the PNS, gp120 activation of CXCR4 was linked to hypernociception in
DSP (Bhangoo et al., 2009). Chronic treatment with gp120 led to DRG apoptosis,
which could be reversed using a MLK-3 inhibitor, pointing to a role for JNK
and/or p38 MAPK activation by gp120 (Bodner et al., 2004). In an in vivo study,
spinal application of gp120 led to an increase in phosphorylation of p38 in
adjacent DRG sections along with pain hypersensitivity (Wilkerson et al., 2012)
that was reversed using the cannabilactone AM1710. Systemic treatment with
the p38 MAPK inhibitor CNI-1493 prevented thermal hyperalgesia and
mechanical allodynia caused by intrethecal administration of gp120 (Milligan et

al., 2001).

3.4.4 Internalization of Gp120 by Neurons

Evidence has emerged that in addition to binding chemokine receptors
and activating signaling pathways, gp120 can also be internalized by neurons.
For example, gp120 was internalized by cerebellar granule cells in vitro (Bachis et
al., 2003). Injections of gp120 into the rat striatum and hippocampus also
demonstrated internalization of gp120 by neurons (Bachis et al., 2006).
Internalized gp120 has been linked to transport within neurons and activation of
caspase-3, although the mechanisms remain undefined (Bachis et al., 2003;

Bachis et al., 2006; Ahmed et al., 2009). Although both anterograde and
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retrograde transport of gp120 were observed in the CNS, injections of gp120 in
the sciatic nerve did not reveal any transport of gp120 in the PNS (Ahmed et al.,
2009). However, it is possible that the gp120 could have dispersed before
reaching the unmyelinated fibers from DRG neurons that are typically affected in

DSP.

4. Fast Axonal Transport

4.1 Fast Axonal Transport Background

The process of translocation of membrane proteins and lipid components
along axons of neuronal cells is collectively known as fast axonal transport (FAT;
(Morfini, 2006). This process is dependent on the integrity of axonal
microtubules (Kreutzberg, 1969), and the mechanochemical forces generated
from adenosine triphosphate (ATP) hydrolysis by microtubule-based molecular
motor proteins (Hirokawa and Noda, 2008). In axons, microtubules are
organized in such way that their plus ends point towards the periphery, whereas
the minus ends points towards the cell body (Baas and Ahmad, 1993). This
unique spatial organization allows for the bidirectional transport of molecular
components along axons.

Depending on the direction of movement, FAT can be divided into
anterograde and retrograde FAT (Grafstein and Forman, 1980; Lasek, 1982).
Anterograde FAT involves the transport of materials from their sites of synthesis
in the neuronal cell body towards the cell periphery, at rates of 200-400 mm/day
(Brady et al., 1985). On the other hand, retrograde FAT constitutes the movement

of materials from the cell periphery towards the neuronal cell body, proceeding at
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an average pace of 100-250 mm/day (Susalka et al., 2000). Anterograde FAT
provides newly synthesized components required for neuronal membrane
function and maintenance, and is mainly carried out by microtubule-dependent
molecular motors of the kinesin superfamily (Hirokawa and Noda, 2008).
Electron microscopic and biochemical studies indicate that the material moving
in anterograde FAT includes various membrane-bounded organelles (MBOs),
including synaptic vesicle and axolemma precursors, tubulovesicular structures,
mitochondria and dense core vesicles (Hirokawa et al., 1991). MBOs moving in
anterograde FAT are needed for supply and turnover of intracellular membrane
compartments, as well as the maintenance of axonal metabolism. Using video-
enhanced contrast-differential interference contrast (VEC-DIC) microscopy in
isolated squid axoplasm, conventional kinesin was first discovered (Brady, 1985)
and found to represent the most abundant microtubule-dependent molecular
motor protein in mature neurons (Wagner et al., 1989). Accumulative evidence
indicates that conventional kinesin is involved in the anterograde FAT of
mitochondria, synaptic vesicles and coated vesicles (Leopold et al., 1992).
Conventional kinesin is a heterotetrameric protein complex composed of a long,
coiled-coil rod that incorporates two kinesin heavy chains (kinesin-1s, KHCs) on
one end, and two kinesin light chains (KLCs), which form a fan-like structure
(Bloom et al., 1988). Recent studies indicate that conventional kinesin

holoenzymes are formed of KHC and KL.C homodimers (DeBoer et al., 2008).
KHCs contain both microtubule-binding and ATPase domains at their amino terminus,
and are responsible for processivity along microtubules along with energy generation for

this process (Bloom et al., 1988). KL.Cs on the other hand, bind (Stenoien and Brady, 1997)
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and target (Woznialé and Allan, 2006) conventéonal kinesin to selected MBOs,
through interactions involving their tandem repeat domain (Stenoien and Brady,
1997) and their alternati\(/aely spliced carboxy terminus (Cyr et al., 1991),
respectively. Appropriate neuronal survival and maintenance also requires
signaling complexes and MBOs containing degradation products to be
transported in the retrograde direction from synaptic terminals and axons to the
neuronal cell body (Ginty and Segal, 2002). The execution of retrograde FAT is
carried out by the minus end-directed microtubule-based molecular motor
cytoplasmic dynein (CDyn; (Paschal et al., 1987; Paschal and Vallee, 1987; Vallee
et al., 1988). In vivo, CDyn exists as a large (1.2 MD), multisubunit protein
complex formed by at least two heavy chains of 500 kDa (DHCs), two 74 kDa
intermediate chains (DICs), four 53-59 kDa light intermediate chains (LICs), and
several light chains (LCs; (Susalka and Pfister, 2000). A protein complex termed
dynactin also appears associated with a small fraction of total CDyn in cells
(Schroer, 2004). DHCs contain a motor protein domain and are responsible for
the ATPase and microtubule-binding activities of CDyn (Vallee et al., 1988).
Biochemically heterogeneous CDyn variants containing different DIC isoforms
are bound to specific MBO cargos (Susalka and Pfister, 2000; Ha et al., 2008).

Basic neuronal functions including synaptic transmission and survival all

depend upon the localized delivery of selected MBOs at specific neuronal and
axonal subdomains. For example, neurotransmitter-bearing synaptic vesicles

must be delivered in a regulated fashion to presynaptic terminals, whereas










  


27

vesicles carrying selected types of sodium channels need to be delivered to nodes
of Ranvier (Morfini et al., 2001). These observations imply the existence of
molecular mechanisms that allow for the regulation of MBO delivery to specific

axonal domains (Morfini et al., 2001).

4.2 Regulation of Fast Axonal Transport

What is the molecular basis of FAT regulation in vivo? In recent years, it
has become apparent that molecular motors are highly regulated by

phosphtransferase activity (Hollenbeck, 1993; Morfini et al., 2002). The
use of the squid axoplasm, a unique experimental model for the study

of intra-axonal events, was instrumental for these findings (Brady, 1990).

Multiple kinases and phosphatases that differentially affect conventional kinesin
have been identified (Morfini et al., 2001; Donelan et al., 2002; Morfini et al., 2002;
Morfini et al., 2004; Morfini et al., 2006; Morfini et al., 2007a) or CDyn (Dillman
and Pfister, 1994, 1995; Brill and Pfister, 2000; Morfini et al., 2007b) function.
These kinases can directly or indirectly modify specific subunits of molecular motors,
and regulate certain aspects of their functionality (Morfini et al., 2001; Donelan et al.,
2002; Morfini et al., 2002; Morfini et al., 2006), thus providing a molecular basis for
the regulation of FAT in vivo.

Discrete functional activities of conventional kinesin include enzymatic
(i.e. binding to microtubules and ATPase activity) and non-enzymatic activities
(i.e. attachment to the transported cargos). It was found that the interaction of

conventional kinesin with both cargos and microtubules is subject to regulation
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by specific protein kinases. Conventional kinesin detachment from MBOs was
found to be a process that involved the activities of chaperones and several

protein kinases (Tsai et al., 2000; Morfini et al., 2001; Morfini et al., 2002).
Because different cargos need to be targeted to specific axonal compartments,

it is thought that multiple pathways mediate delivery of certain MBO

subsets (Morfini et al., 2001). An example of such a pathway

for removing conventional kinesin from MBOs involves the activity of the protein
kinase glycogen synthase kinase 3 (GSK-3; Morfini et al., 2002). GSK-3
selectively phosphorylates KLC subunits and promotes detachment of
conventional kinesin from the transported cargo (Morfini et al., 2002; Pigino et
al., 2003). Both KHCs and KLCs can be phosphorylated by casein kinase 2 (CK2;
(Morfini et al., 2001; Donelan et al., 2002), and this kinase inhibits both
anterograde and retrograde FAT when introduced into isolated squid axoplasm
(Morfini et al., 2001).

Kinesin heavy chains (KHC) are also targeted by regulatory protein
kinases. For example, dephosphorylation of KHCs by the protein phosphatase
calcineurin is required for mobilization of secretory granules (Donelan et al.,
2002). On the other hand, phosphorylation of KHCs interferes with their binding
to microtubules, and thus with the overall processivity of conventional kinesin
(Morfini et al., 2006). Additional work has also helped delineating novel
signaling pathways that lead to localized activation of these kinases above
(Beffert et al., 2002; Morfini et al., 2004). For example, it was found that
activation of axonal GSK-3 is subject to regulation by a pathway involving the

activity of cyclin-dependent kinase 5 (CDK-5) and phosphatase 1 (PP1; Morfini et
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al., 2004). Based on these findings above, it was suggested that the local
activation of specific kinase pathways in axons allows for the delivery of specific
cargos to selected axonal subcompartments (Morfini et al., 2004; DeBoer et al.,
2008). Conventional kinesin-mediated cargo delivery thus depends upon precise
tuning of kinase activities in specific axonal subdomains.

Following the discovery of CDyn, it was found that differentially
phosphorylated pools of this molecular motor complex travel along axons. All
CDyn subunits appear to be phosphorylated in vivo (Brill and Pfister, 2000).
Metabolic labeling experiments in vivo showed that DHCs moving in the
anterograde direction are less phosphorylated than DHCs in cytoplasmic pools
(Dillman and Pfister, 1994), leading to the hypothesis that phosphorylation of
DHCs might play a role in the regulation of CDyn activity (Dillman and Pfister,
1994). Supporting this idea, neurotrophin-induced stimulation of tropomyosin
receptor kinase (Trk) receptors in cultured neurons induces phosphorylation of
DICs (Salata et al., 2001) and activation of CDyn-dependent retrograde transport
(Ha et al., 2008). Moreover, kinase-deficient forms of Trk fail to be retrogradely
transported, again suggesting that Trk-induced kinase activity regulates CDyn
function (Heerssen et al., 2004). Although the identity of kinases regulating
CDyn in vivo is uncertain, experiments in both isolated squid axoplasm and the
squid giant synapse indicate that Protein Kinase C (PKC) activation increases

CDyn-dependent retrograde FAT (Mortfini et al., 2007b; Serulle et al., 2007).

4.3 The Role of Fast Axonal Transport in Dying Back

Neuropathies
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Basic neuronal functions including growth, information processing and
survival all depend upon exquisite compartmentalization and transport of
membrane proteins, which is achieved by FAT. Supporting this idea, several loss-
of-function mutations in conventional kinesin (Reid et al., 2002) and CDyn
subunits (Hafezparast et al., 2003; Puls et al., 2005) have been found to cause
inherited human neuropathologies, such as Hereditary Spastic Paraplegia (HSP)
and various forms of sensory or motor neuron diseases. Interestingly, these
diseases proceed following a dying back pattern of neurodegeneration (Griffin,
1995; Deluca et al., 2004; Fischer et al., 2004). Thus, genetic evidence
demonstrates that even modest decrements in FAT can suffice to produce
degeneration of specific neuronal populations (Roy et al., 2005). Additionally,
alterations in regulatory mechanisms of FAT have also been implicated in
neurodegeneration. Highlighting the importance of FAT regulation for neuronal
function, recent experimental evidence indicates that alterations in kinase-
dependent regulatory pathways for FAT can lead to neuronal degeneration
(Mandelkow and Mandelkow, 2002; Pigino et al., 2003; Morfini et al., 2005;
Morfini et al., 2006; Lazarov et al., 2007; Morfini et al., 2009). Abnormal
patterns of protein phosphorylation have long been recognized in most human
neurodegenerative diseases, and specific alterations in kinase and phosphatase

activities have been reported in several animal models of these diseases.
However, the targets of kinases and their relation to disease pathogenesis
remain unknown.

A common link between certain neurodegenerative diseases that progress

by dying-back axonal degeneration is abnormalities in the activity of kinases



31

regulating FAT, leading to the coinage of the term “dysferopathies” to describe
these neurodegenerative diseases exhibiting dysfunction of vesicle transport and
associated loss of synaptic function (Morfini et al., 2007b; Serulle et al., 2007;
Mortfini et al., 2009). Various human neurodegenerative conditions fall in this
category. For example, abnormal activation of JNK by pathogenic,
polyglutamine-expanded forms of huntingtin and androgen receptor
polypeptides results in increased phosphorylation of kinesin-1, and inhibition of
anterograde FAT (Szebenyi et al., 2003; Morfini et al., 2006). Similarly, neurons
expressing familial Alzheimer’s Disease (AD)-linked mutations in presenilin-1
(PS1) showed increased activation of GSK-3, and a concomitant reduction in
conventional kinesin-based motility (Pigino et al., 2003). Supporting these later
findings, nerve ligation studies showed reductions in anterograde FAT in mice
expressing FAD-linked PS1 mutations, and this reduction correlated with motor
neuron deficits (Lazarov et al., 2007).

Alterations in FAT have also been found in association with Parkinson’s
Disease (PD). For example, analysis of postmortem brains from sporadic PD in
addition to analysis of a genetic rat model of PD found a marked decrease in
kinesin at early stages of disease, with reductions of CDyn occurring later in the
disease (Chu et al., 2012). In a MPP+ model of PD, increased CDyn-mediated
motility that depended upon abnormal activation of axonal and synaptic PKC was
observed (Morfini et al., 2007b). The above observations might be explained by
an activation of retrograde transport in response to axonal damage co-existing
with a reduction of anterograde transport due to loss of kinesin, leading to

defective axonal transport (Chu et al., 2012). Additionally, multiple familial
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amyotrophic lateral sclerosis (ALS) superoxide dismutase 1 (SOD1) mutations
inhibited anterograde FAT through a p38 MAPK pathway (Morfini et al.
submitted). This inhibition was replicated in oxidized SOD1 samples from
patients that had suffered sporadic ALS, indicating a common mechanism (Bosco
et al., 2010). In fact, in vivo studies revealed that p38 MAPK can phosphorylate
kinesin to inhibit kinesin’s motility (Morfini, 2013 (submitted)). These findings
above provide a mechanistic explanation for the early degeneration of axons and

synaptic dysfunction observed in these neurodegenerative diseases.

4.4 Gp120 and Fast Axonal Transport

DSP shares a similar phenotype to the dysferopathies outlined above, with
axonal degeneration progressing in a dying-back manner. Additionally, distal
axons of peripheral nerves of simian immunodeficiency virus (SIV) infected
macaques showed an accumulation of damaged mitochondria (Lehmann et al.,
2011), indicating FAT impairments. The activation of p38 MAPK and JNK by
gp120, both kinases that regulate fast axonal transport, also signals a possible
mechanism for DSP that involves FAT inhibition. However, it is unknown
whether a link exists between gp120 and reduction of FAT.

Here we report a novel mechanism for DSP pathogenesis through the
dysregulation of FAT. The studies described in this dissertation were designed to
determine the effect that gp120 might have on regulation of FAT. Accordingly,
internalization of gp120 and localization within the axon were assessed in F11
cells and primary DRG neurons. The mechanisms for endocytic internalization of

gp120 were determined to involve fluid phase pinocytosis and internalization
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through lipid rafts with partial dependence on CXCR4 binding, and transport of
gp120 along DRG axons was revealed. Further, intra-axoplasmic gp120
profoundly impaired anterograde and retrograde FAT, through a signaling
cascade causing activation of TAK-1, leading to activation of JNK, p38 MAPK and

PP1.



CHAPTER III

MATERIALS AND METHODS

Berth, S., Morfini, G., Sarma T., Caicedo, H., Brady, S.T. (2015) Internalization and Axonal
Transport of the HIV Glycoprotein gp120. ASN Neuro 7(1): pii: 1759091414568186

1. MATERIALS

1.1 Antibodies and Reagents

Antibodies and reagents were used according to protocols provided by

manufacturers. Table I summarizes the fluorescent conjugates used, and Table II

summarizes the antibodies used in this dissertation research.

Table 1. Fluorescent conjugates used

Conjugate Fluorescent tag | Concentration | Manufacturer

gp120 FITC 70 nM Immunodiagnostics
1001-F

Dextran 10,000 Rhodamine B 200 pg/mL Invitrogen D1824

MW, neutral

Cholera toxin B Alexa Fluor 594 500 ng/mL Invitrogen C34777

Transferrin Alexa Fluor 594 50 ug/mL Invitrogen T13343

1.2 Inhibitors Used in Axoplasm Studies

Table III outlines the following inhibitors used for studies in isolated squid

axoplasm.

34
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Table I1. Antibodies Used

Name Antigen | Species | Dilution Manufacturer
H2 KHC Mouse 1:1000K - ECL Developed by Brady
1:1000 -Typhoon | lab

p38 Total p38 | Rabbit 1:2000 Cell Signaling 9212

p-p38 Phospho- | Rabbit 1:1000 Cell Signaling 9215
p38

DIC 74-1 DIC Mouse 1:500 Santa Cruz sc-13524

DM1A a-tubulin | Mouse 1:100K-ECL Sigma Aldrich T9026

1:1000- Typhoon
EEA1 EEA1 Rabbit 1:400 Cell Signaling 3288
LAMP2 LAMP2 Rabbit 1:1000 Thermo Scientific
PA1-655

HRP- Mouse Goat 1:20K Jackson Immuno 111-

conjugated IgG 035-062

secondary

HRP- Rabbit Goat 1:20K Jackson Immuno 111-

conjugated IgG 035-144

secondary

Cys-tagged Mouse Goat 1:2500 Amersham PA45010

secondary IgG

Alexa Fluor Mouse Goat 1:400 Invitrogen A11032

594-tagged | IgG

secondary

Alexa Fluor Rabbit Goat 1:400 Invitrogen A11037

594-tagged | IgG

secondary

1.3 F11 Cells

F11 cells were obtained from Richard Miller (Northwestern University,
Molecular Pharmacology and Biological Chemistry). Fi1 cells are rat DRG
neurons hybridized with mouse neuroblastoma cells. These cells have similar
properties to DRG neurons, with the advantange that they can be passaged like

neuroblastoma cells.




1.4 Squid Loligo peali

The squid Loligo peali was used as a model organism for axoplasm

studies. The Marine Biological Labs (MBL) in Woods Hole, MA provides fresh

caught squid from the wild four days out of the week. Squids are typically used

within a day of being caught.

Table III. Inhibitors Used in Isolated Squid Axoplasm

Name Concentration Source Catalog
Number

SB203580 10 UM Calbiochem 559389
Okadaic acid 200 nM Calbiochem 495620
MWo01-2-069A- 10 UM Gift from Martin N/A
SRM Watterson,

Center for Molecular

Innovation and Drug

Discovery
SP600125 500 nM Calbiochem 420119
I-2 50 nM Calbiochem 14-162
DVD peptide 20 uM Brady lab N/A
ING-135 100 nM ‘Gift from Allen N/A

Kozikowski. UIC

College of Pharmacy
(5Z)-7- 50 nM Calbiochem 499610
Oxozeaenol
IKK Inhibitor XII | 500 nM Calbiochem 401491
IKKb 50 nM Signal Chem I03-10BG-05
CEP-11004 200 nM a gift from Cephalon N/A
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2. METHODS

2.1 F11 Cell Culture

F11 cells (a generous gift from Dr. Richard Miller) were grown in high glucose
DMEM media (Invitrogen), supplemented with 10% fetal bovine serum, 10%
glutamax, 10,000 U/ml penicillin-streptomycin. 6 channel p-slides from Ibidi
were coated with 0.1 ug/ml poly-L-lysine (Sigma) and then rinsed 4 times with
autoclaved, deionized water for half an hour each. 300 cells were added to each
channel. Cells were maintained at 37°C in 5% CO. and 95% O.. To differentiate
the F11 cells, 24 hours after plating the amount of fetal bovine serum was reduced
to 5%, and then 24 hours after that the cells were treated with 0.5 mM dibutryl-

cAMP (Sigma) in media with 0.5% fetal bovine serum for 4 days.

2.2 Analysis of Gp120 Internalization by Confocal Microscopy

Differentiated F11 cells were treated with fluorescein-conjugated gp120
ITIB (Immunodiagnostics) for varying time points. For heat-inactivation, gp120
ITIB was boiled for 1 hour prior to treating with F11 cells. For AMD3100 (NIH
AIDS Reference & Reagent Program) pre-treatment experiments, F11 cells were
incubated with 2 uM AMD3100 for 1 hour, then co-treated with 2 yM AMD3100
and 70 nM fluorescein-gp120 for a 2 hour time course. For methyl-f-cyclodextrin
(CD) pre-treatment experiments, F11 cells were incubated with 5 mM CD (Sigma)
for 20 minutes, washed three times with media, then incubated with 70 nM
fluorescein-gp120 for a 2 hour time course. To examine the effect of CD pre-

treatment on transferrin internalization, differentiated F11 cells were treated with
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either 5 mM CD or washed with media for 20 min at 37°C, then incubated with
50 pg/mL transferrin on ice for 15 minutes, then washed and incubated at 37°C
for 15 min. For co-treatments with dextran, the F11 cells were co-treated with 70
nM fluorescein-gp120 and 200 pg/mL dextran. For colocalization analysis with
cholera toxin B, the F11 cells were treated with 500 ng/mL cholera toxin B on ice
for 15 minutes, washed, then treated with 70 nM fluorescein-gp120 at 37°C for a
time course.

After treatments, F11 cells were washed with PBS, fixed with 4%
paraformaldeyde and 0.01% glutaraldehyde in PBS for 10 minutes, and quenched
with 50 mM ammonium chloride in PBS. Mounting media with DAPI
(Vectashield) was dropped into wells. The DM1A antibody was used to visualize
the F11 cells and their neurites. For the DM1A antibody, F11 cells were quenched
and fixed as described above, permeabilized with 0.1% triton-X-100 for 10
minutes, then blocked with 5% milk in phosphate-buffered saline for 1 hour.
Cells were incubated with DM1A antibody at room temperature for 1 hour, and
then incubated with Alexa Fluor 594 secondary antibody for 45 minutes.
Mounting media with DAPI (Vectashield) was dropped into wells. For
endocytosis experiments using the early endosome antigen-1 (EEA1) and
lysosome-associated membrane protein 2 (LAMP2) antibodies, after quenching
the F11 cells were permeabilized and blocked with 5% normal goat serum (Santa
Cruz) and 0.25% triton-X-100 in phosphate buffered saline for 1 hour, incubated
with primary antibody for 1 hour at room temperature, then incubated with Alexa
Fluor 594 secondary antibody for 1 hour. Mounting media with DAPI

(Vectashield) was dropped into wells. Cells were imaged using a Zeiss LSM 510
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laser scanning confocal microscope with a 100X objective. 1 um thick z-stacks of
the cells were obtained, with at least 10 cells per condition analyzed for each time
point.

2.3 Image Analysis

Images were deconvolved and analyzed using Volocity software (Perkin
Elmer). To quantitate the amount of internalized gp120, Z-stacks of cells were
cropped to remove the bottom and top slices of the cells. The inner boundary of
each cell was traced, and the average fluorescence unit was determined within
that ROI using Volocity. For colocalization analysis, ROI’s were obtained as
described as above. The Pearson’s correlation coefficient, which calculates the
correlation between intensities of different channels, was obtained for each cell.
Additionally, the Colocalization Coefficient M1 (green channel) and
Colocalization Coefficient M2 (red channel) were also calculated. These
coefficients provide further insight into colocalization by calculating the fraction
of each channel that overlaps with the other channel. The student’s t-test was
used for statistical analysis. Quantitative data was expressed as mean + SEM and
significance was determined at p<0.05. A one-way analysis of variance (ANOVA)
followed by the post-hoc Tukey’s honest significance test (HSD) for multiple
comparisons was performed to determine the difference between the amount of
gp120 internalized between the gp120 only group, the heat-inactivated gp120

group, and the AMD3100 pre-treated group. The p value was set at 0.05.

2.4 Compartmentalized Microfluidic Devices

Microfluidic devices can be used to compartmentalize axons through
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nanofabricated microgrooves that are small enough (length of 900 ym and a
width of 8 um) that only axons can grow through from the somatodendritic
compartment (SDC) to the axonal terminal compartment (ATC). Fluidic
isolation of a compartment is maintained by volume differences of 200 pl, as well
as through a perpendicular central channel 23 mm long and 50um wide, so that
the pressure gradient overcomes diffusion. The microfluidic chambers were
fabricated using photolithography and replica molding techniques, as described
in (Caicedo et al 2013, in preparation). Briefly, patterned layers of
polydimethylsiloxane (PDMS) chips were exposed to plasma generated by a
laboratory corona treater (BD-20AC, Electro-Technic Products, Inc., Chicago,
IL), as were glass coverslips. The plasma-treated surfaces were then immediately
placed in conformal contact and incubation of the whole setup at 80° C overnight
resulted in irreversible bonding. The compartments were loaded with 70%
ethanol for 30 minutes, rinsed with autoclaved water 4 times, and treated with
0.1% triton in PBS to remove bubbles from the microgrooves if needed.
Afterwards compartments were washed with autoclaved water 3 times for 5
minutes each.

The devices were incubated overnight with 0.5 mg/mL poly-L-lysine
(Sigma) in 0.1M Borate buffer pH 8.5, and then washed with autoclaved water 4
times for half an hour each. Then the devices were incubated overnight with 10
pg/mL laminin (Invitrogen) in Neurobasal media (Invitrogen) at 37°C prior to

plating the DRG neurons.

2.5 Primary Dorsal Root Ganglion Neuron Cell Culture
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All experiments involving animals were conducted according to the
protocols approved by the Institutional Animal Care and Use Committee at
University of Illinois-Chicago. E15 Dorsal root ganglion (DRG) neurons were
dissected from pregnant Sprague-Dawley rats, as described in (Hall, 2006), and
placed into ice-cold 1X Hank’s balanced salt solution. Trypsin was added to
0.25%, and the cells were incubated at 37°C. To stop the reaction, fetal bovine
serum was added to 10%. Cells were collected by centrifugation at 600g for 6
minutes. Next cells were resuspended in serum-free Neurobasal media
(Invitrogen) with 2% B-27 (Invitrogen), 1% glutamax (Invitrogen), and 0.5%
penicillin/streptomycin (10,000 U/mL each, Invitrogen) with 2.5S nerve growth
factor (NGF; 20 ng/mL, Invitrogen). 90,000 cells were added to the SDC of the
prepared microfluidic devices (30,000 cells per SDC compartment). The ATC
compartment used the same media but with 50 ng/mL 2.5S NGF to maintain a
gradient to attract DRG axons into the ATC. Half of the cell media was replaced
with fresh media every other day. 10 um of 5-Fluoro-2’-dexyuridine was added to

the cell media every other time the media was replaced to kill non-neuronal cells.

2.6 Cell Lysates

F11 cells were differentiated in 100 mm petri dishes, following the
protocol above. After 4 days of 0.5 mM dibutryl-cAMP (Sigma) treatment, cells
were treated with 5 nM gp120 (Immunodiagnostics) for either 5, 15 or 30
minutes. For pre-treatment with AMD3100, cells were first treated with 2 uM
AMD3100 for 1 hour at 37°C prior to treatment with 5 nM gp120 for 5, 15 or 30

minutes. Treatment with PBS, the diluent, was used as a negative control. After
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the treatments, cells were scraped and collected in 700 pL lysis buffer (1% sodium
dodecyl sulfate (SDS) in phosphate-buffered saline, pH 7.4) and sonicated for two
short, 3 second bursts each. Cells were spun at 14,000 rpm at 4°C in a Beckman
tabletop centrifuge. Protein concentration of the clarified supernatants was
determined using a bicinchoninic acid assay kit (Pierce). Sample buffer was
added to the clarified supernatants, and the samples were placed in the -80° C

freezer prior to analysis via SDS-PAGE.

2.7 SDS-Polyacrylamide Gel Electrophoresis (PAGE) and

Immunoblotting:

Protein samples loaded onto a 4-12% bis/tris gradient gel (Invitrogen) and
separated using 35 mAmps/gel for 2 hours. Proteins from the gels were
transferred (at 4°C) to Immobilon-P transfer membranes (PVDF, Millipore) at
0.4 Amps for 2 hours in 1X Tobin buffer. After transfer, the membranes were
stained with Ponceau red to visualize proteins, then cut as needed. Membranes
were blocked at room temperature for 60 minutes with 5% milk in PBS. Primary
antibodies in 1% BSA were added overnight at 4°C with gentle rocking. Primary
antibodies were washed 3 x 10 minutes with PBST (0.25% Tween), and secondary
antibodies were added for 1 hour at 4°C with gentle rocking. Membranes were
again washed 3 x 10 minutes and visualized with ECL (Amersham) and exposed
on film (Kodak) for HRP secondary. Since ECL is semi-quantitative, band
intensities in the linear range were quantitated and analyzed using Quantity One
software. For more precise quantitation, we used fluorescent secondary

antibodies. Membranes were washed 3 x 10 minutes with 0.1% triton-PBS after
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incubation in the dark. After drying overnight, the membranes were visualized
via a Variable Mode Imager Typhoon 8600 (Amersham Pharmacia Biotech.

ImageQuant software (GE) was used to quantify the band intensity.

2.8 Vesicle Motility Assays in Isolated Axoplasm

"Axoplasms were extruded from giant axons of the squid Loligo pealii
(Marine Biological Laboratory) as described previously" (Brady et al., 1993; Morfini
et al., 2013). "Gp12o0 IIIB or gp120 BaL were diluted into X/2 buffer (175 mM
potassium aspartate, 65 mM taurine, 35 mM betaine, 25 mM glycine, 10 mM HEPES,
6.5 mM MgCl., 5 mM EGTA, 1.5 mM CacCl., 0.5 mM glucose, pH 7.2) supplemented
with 2-5 mM ATP and 20 ul added to perfusion chambers. Preparations were
analyzed on a Zeiss Axiomat with a 100X, 1.3 n.a. objective, and DIC optics.
Hamamatsu Argus 20 and Model 2400 CCD camera were used for image
processing and analysis. Organelle velocities were measured with a Photonics
Microscopy C2117 video manipulator (Hamamatsu)." (Morfini et al. 2009) All
experiments were repeated at least 3 times. The data from 30-50 min time points were
pooled and statistically analyzed by one way ANOVA followed by the post-hoc Tukey’s HSD

for multiple comparisons. Quantitative data was expressed as mean + SEM and

significance was determined at p<0.05.

2.9 Primary Mouse Cortical Neuron Cultures

Cortices were dissected from C57BL6 mouse embryos at gestation day 17.
Tissues were dissociated in 0.25% Trypsin in 1x Hank’s Balanced Salt Solution

(Invitrogen) for 10 minutes in a 37°C water bath. Cells were counted and plated at
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80~100,000 cells/cm2 on Poly-L-Lysine (0.1mg/ml) coated plates. Cells were
initially plated in MEM media containing 0.6% D-Glucose, 100U/ml Pen-Strep,
and 5% fetal bovine serum. After 2-4 hours, culture media was changed to MEM
media containing 0.6% D-Glucose, 100U/ml Pen-Strep, N2 and B27 supplements
(Invitrogen), and culture was maintained under humidified atmosphere
containing 5% CO2 at 37C. One-third of the culture media was replaced every 3-

4 days.

2.10 Microtubule Binding Assays

Microtubule binding assays were performed as described before (Morfini
et al., 2006) with slight modifications. Primary mouse cortical neurons were
scraped in HEPES80 (8omM HEPES, pH6.8, imM EGTA, 1uM Staurosporine,
50nM Okadaic Acid, 200nM Microcystin, and 1/100 protease inhibitor cocktail
for mammalian tissue), and homogenized by passing the lysate through a 27G
needle attached to a syringe three times and through a 30G needle twice. The
lysate was centrifuged first at 14,000 RPM in a tabletop centrifuge for 1 minute at
4°C and then at 55,000RPM in Optima TL centrifuge (Beckman for 5 minutes at
4°C. The clarified lysate was incubated with 0o.smM adenylyl imidodiphosphate
(AMP-PNP; Sigma), polymerized porcine tubulin, 20uM Taxol, and the
appropriate effector for 30 minutes at 37°C. The mixture was then loaded onto a
20% sucrose cushion and centrifuged at 50,000RPM for 20 minutes at 37°C. The
resulting supernatant and microtubule enriched pellet were analyzed with

immunoblotting for kinesin and dynein.



CHAPTER IV

RESULTS

Berth, S., Morfini, G., Sarma T., Caicedo, H., Brady, S.T. (2015) Internalization and Axonal
Transport of the HIV Glycoprotein gp120. ASN Neuro 7(1): pii: 1759091414568186

1. Determination of the Mechanisms of Internalization and

Intracellular Location of Gp120.

1.1 Gp120 is Internalized by F11 Cells Over a Distinct Time

Course.

Although it is commonly thought that gp120’s neurotoxicity is due to binding to
its coreceptor CXCR4 (Kaul et al., 2005), internalization of gp120 by certain
neurons of the central nervous system was recently discovered (Bachis et al.,
2003; Bachis et al., 2006). However, gp120 uptake by PNS neurons has not been
established. As a result, this novel interaction of gp120 with neurons has not yet
been examined in the context of DSP. Examining the mechanism of gp120
internalization by sensory neurons could lead to a new understanding of sensory
neuron responses to gp120 in HIV infection, and provide insight to the
development of DSP. To address this, F11 cells, which are rat DRG neurons
hybridized with mouse neuroblastoma cells, were differentiated with dibutryl-
cAMP (Ghil et al., 2000) and then treated with 70 nM fluorescein-conjugated
gp120 IIIB. F11 cells were chosen due to their similar properties to DRG neurons,
their ability to proliferate and differentiate, and to avoid heterogeneity of cell
types observed in primary cultures. Z-stack images demonstrated that gp120

accumulated within the cell (Fig. 1a-c). A time-course study (Fig. 2a-e) indicated

45
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Figure 1

Figure 1. Gp120 is internalized by F11 cells.

Representative z-stack from a confocal microscopic analysis of F11 cells treated with fluorescein-gp120 for two hours,
showing the bottom of the cell (a), middle of the cell (b), and top of the cell (¢). Fluorescein-gp120 (green) accumulated
in the perinuclear region of the middle slices of the cell, demonstrating that gp120 was internalized. Cells were also stained
for tubulin (red). The scale bar denotes 10 um.
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Figure 2. F11 cells internalize gp120 with a distinct time course. F11
cells were treated with fluorescein-gp120 (green) for o minutes (a), 15 minutes
(b), 30 minutes (¢), 60 minutes (d) and 120 minutes (e). Arrows in (b) and
(c) point to fluorescein-gp120 that has accumulated at the cell membrane and
processes. By 30 minutes, gp120 begins to accumulate in perinuclear areas of the
cell (¢), with the amount of perinuclear gp120 increasing at later time points (d)
and (e). Cells were stained for tubulin (red). The scale bar denotes 10 um. Z-
stacks were taken of at least 10 cells per time point on a laser scanning confocal
microscope, and images were deconvolved and analyzed in Volocity for average
fluorescence within each cell. Box plots were generated for each time point (f).
The amount of fluorescence significantly increased by 15 minutes of treatment
(*p<0.0001), and continued to increase for the duration of the treatment (f). that
F11 cells began to internalize gp120 after 30 minutes (Fig. 2¢) and internalized
most gp120 by two hours (Fig. 2e). Gp120 was first localized within neuritic
processes, and at later time points accumulated in the perinuclear region of the
cell bodies. Gp120 internalization was quantitated from 0 minutes to 2 hours
(Fig. 2f). A student’s two-tailed t-test revealed that the amount of average
fluorescence in each cell significantly increased after 15 minutes of treatment
(p<0.0001), and continued to increase for the duration of the treatment, for up to
two hours.
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that F11 cells began to internalize gp120 after 30 minutes (Fig. 2¢) and
internalized most gp120 by two hours (Fig. 2e). Gp120 was first localized within
neuritic processes, and at later time points accumulated in the perinuclear region
of the cell bodies. Gp120 internalization was quantitated from 0 minutes to 2
hours (Fig. 2f). A student’s two-tailed t-test revealed that the amount of average
fluorescence in each cell significantly increased after 15 minutes of treatment
(p<0.0001), and continued to increase for the duration of the treatment, for up to

two hours.

1.2 Gp120 Internalization is Specific and Partially Dependent on

Binding to CXCRg

To evaluate whether gp120 internalization was specific, fluorescein-gp120
was heat-inactivated by boiling for 1 hour, then used to treat F11 cells.
Significantly, internalization was abrogated by heat-inactivation of gp120 (Fig.
3b,d,e), demonstrating that internalization of gp120 is activity-dependent. Since
T-tropic gp120 binds to its coreceptor CXCR4 on DRG neurons (Apostolski et al.,
1993; Oh et al., 2001), the necessity of this binding for internalization was
evaluated. Immunocytochemistry experiments confirmed the presence of CXCR4
on the surface of F11 cells (data not shown). Fi1 cells were pre-treated with 2 pM
AMD3100, a small molecule inhibitor of gp120 binding to CXCR4 (De Clercq et
al., 1994; Donzella et al., 1998); then a time course experiment was performed
using fluorescein-gp120. Pre-treatment of F11 cells with AMD3100 markedly
reduced the amount of internalized gp120 (Fig. 3c,d,e) compared to no pre-

treatment (Fig. 3a), although not to the extent that heat inactivation did (Fig.
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3d,e). A one-way ANOVA was performed to determine the difference between
the amount of gp120 internalized between the gp120 only group, the heat-
inactivated gp120 group, and the AMD3100 pre-treated group. The p value was
set at 0.05. The groups were found to be significantly different (p<0.0001), so a
Tukey HSD test was performed to compare each group to each other. Each group
was found to be statistically significantly different from each other (p<0.0001 for
each comparison), confirming that AMD3100 pre-treatment partially reduces
gp120 internalization, as opposed to heat-inactivation of gp120, which abrogates
gp120 internalization. This indicates that a fraction of gp120 is internalized into

F11 cells independently of binding to its co-receptor CXCR4.

1.3 Mechanisms of Gp120 Internalization

The highly punctate staining of fluorescein-conjugated gp120 (Fig. 1)
suggested gp120 internalization through an endocytic mechanism. To evaluate
this possibility, F11 cells were treated with fluorescein-conjugated gp120 for a
time course over 4 hours, and then stained with antibodies recognizing markers
of the early (EEA1) and late (LAMP2) endosomal/lysosomal compartment.
However, Gp120 did not colocalize with either EEA1 (Fig. 4) or LAMP2 (Fig. 5)
throughout the entire time course, ruling out the common endolysosomal
pathway for internalization. To analyze colocalization, the Pearson’s correlation
coefficient was used to quantify the intensity of correlation between red and
green channels (Table IV). Colocalization Coefficient M1 and Colocalization

Coefficient M2 were calculated to determine the fraction of green that overlapped
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Figure 3. Gp120 internalization is abolished by heat inactivation and
reduced by AMD3100 treatment. Time courses were performed on F11 cells
that had been treated with heat-inactivated (h.i.) gp120 or pre-treated with 2 ym
AMD3100 for 1 hour. A representative image of a cell treated with heat-
inactivated fluorescein-gp120 for 2 hours is shown in (b). Heat inactivation
prevented internalization of fluorescein-gp120 by F11 cells, demonstrating that
internalization is specific to gp120’s activity. To determine if gp120
internalization was dependent on gp120 binding to its coreceptor CXCR4, F11
cells were pre-treated with 2 ym AMD3100 for one hour to block gp120 binding
to its co-receptor CXCR4 before the time course of treatment with fluorescein-
gp120 was performed. A representative image of a F11 cell pre-treated with
AMD3100, then co-treated with fluorescein-gp120 and AMD3100 for 2 hours is
shown in (¢). AMD3100 treatment reduced gp120 internalization,
demonstrating that internalization of gp120 is dependent on binding to CXCR4.
However, the partial reduction of internalization indicates that gp120 is
internalized through a mechanism independent of CXCR4. A representative
image of a F11 cell that was not pre-treated or heat-inactivated and treated with
fluorescein-gp120 for 2 hours is shown in (a) for comparison. Cells were stained
for tubulin (red). The scale bar denotes 10 um. Z-stacks were taken of at least 10
cells per time point on a laser scanning confocal microscope, and images were
deconvolved and analyzed in Volocity for average fluorescence within each cell
(d). Each circle denotes an individual measurement. The time course of heat-
inactivated gp120 (light gray) is compared to the time course of gp120 pre-
treated with AM3100 (dark gray) and fluorescein-gp120 treatment (black) in (d).
The box plots show quantitation of gp120 internalization after two hours of
treatment. Both AMD3100 pre-treatment and heat inactivation of gp120
significantly reduced the amount of gp120 internalization to varying extents (e).
*p<0.005, #p<0.0001.
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with red (Colocalization Coefficient M1; Table V), and the fraction of red that
overlapped with green (Colocalization Coefficient M2; Table VI; Manders, 1993).
These three colocalization variables were obtained for all colocalization
experiments.

Next, fluid phase pinocytosis was assessed as a mechanism for gp120
internalization. To this end, differentiated F11 cells were treated with
fluorescein-gp120 and rhodamine-dextran (MW 10,000), a marker of fluid phase
pinocytosis. Significantly, partial colocalization between gp120 and dextran was
observed (Fig. 6, Tables IV-VI), indicating that at least a small fraction of
extracellular gp120 is internalized into F11 cells through fluid phase pinocytosis.

Since gp120 did not internalize through the common endolysosomal
pathway and fluid phase pinocytosis only accounted for a fraction of total gp120
internalized, we hypothesized that gp120 is also internalized through lipid raft-
mediated endocytosis, another non-clathrin-mediated process (Lajoie and Nabi,
2010). Gp120 and its receptors cluster in lipid rafts (Popik et al., 2002), and this
clustering is important for HIV infection (Kamiyama et al., 2009). Consistent
with this possibility, internalized fluorescein-gp120 was found to colocalize with
cholera toxin B (Fig. 7, Tables IV-VI).

To further evaluate this possibility, cholesterol was depleted with 5 mM
methyl-f-cyclodextrin (CD) for 20 minutes to disrupt lipid rafts in differentiated
F11 cells, and a 2 hour time course of fluorescein-gp120 internalization was

performed. CD significantly decreased the amount of gp120 internalization after
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Figure 4. Gp120 does not colocalize with EEA1. A time course of
fluorescein-gp120 internalization by F11 cells was performed, and cells were
stained with an antibody for EEA1. The scale bar denotes 10 pm. A
representative image of a F11 cell treated for two hours is shown in (a-c). Note
noncolocalization in (c) between green and red channels. Z-stacks were taken of
at least 10 cells per time point on a laser scanning confocal microscope, and
images were deconvolved and analyzed for colocalization in Volocity. The
Pearson’s correlation coefficient (d), Colocalization coefficient M1 (green
channel; (e)) and Colocalization coefficient M2 (red channel; (f)) all show very
low values, demonstrating that fluorescein-gp120 does not colocalize with EEA1.
Since EEA1 is a marker of early endosomes in the common endosomal pathway,
this demonstrates that gp120 is not internalized through the common endosomal
pathway.
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Figure 5. Gp120 does not colocalize with LAMP2. A time course of
fluorescein-gp120 (green) internalization by F11 cells was performed, and cells
were stained with an antibody for LAMP2 (red). The scale bar denotes 10 um. A
representative image of a F11 cell treated for two hours is shown in (a-c). Note
the lack of colocalization in (¢) between green and red channels. Z-stacks were
taken of at least 10 cells per time point on a laser scanning confocal microscope,
and images were deconvolved and analyzed for colocalization in Volocity. The
Pearson’s correlation coefficient (d), Colocalization coefficient M1 (green
channel; (e)) and Colocalization coefficient M2 (red channel; (f)) all show very
low values, demonstrating that fluorescein-gp120 does not colocalize with
LAMP2. Since LAMP2 is a marker of lysosomes in the common endosomal
pathway, this indicates that gp120 is not internalized through the common
endosomal pathway.
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Figure 6. Gp120 partially colocalizes with dextran. Fi1 cells were co-
treated with fluorescein-gp120 (green) and rhodamine-dextran (red), and a time
course of internalization was performed. The scale bar denotes 10 pm. A
representative image of a F11 cell treated for two hours is shown in (a-c). Note
the partial colocalization in (¢) between green and red channels. Arrows in (¢)
point to colocalized puncta. Z-stacks were taken of at least 10 cells per time point
on a laser scanning confocal microscope, and images were deconvolved and
analyzed for colocalization in Volocity. The Pearson’s correlation coefficient (d),
Colocalization coefficient M1 (green channel; (e)) and Colocalization coefficient
M2 (red channel; (f)) all show values indicative of partial colocalization between
gp120 and dextran. Since dextran is a marker of fluid phase pinocytosis, this
demonstrates that a component of gp120 is internalized through fluid phase
pinocytosis.
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Figure 7. Gp120 partially colocalizes with cholera toxin B. F11 cells
were co-treated with fluorescein-gp120 (green) and Alexa Fluor 594-cholera
toxin B (red), and a time course of internalization was performed. The scale bar
denotes 10 um. A representative image of a F11 cell treated for two hours is
shown in (a-c¢). Note the colocalization in (c¢) between green and red channels.
Arrows in (¢) point to colocalized puncta. Z-stacks were taken of at least 10 cells
per time point on a laser scanning confocal microscope, and images were
deconvolved and analyzed for colocalization in Volocity. The Pearson’s
correlation coefficient (d), Colocalization coefficient M1 (green channel; (e)) and
Colocalization coefficient M2 (red channel; (f)) all show values indicative of
colocalization between gp120 and cholera toxin B, especially by 2 hours
treatment. Since cholera toxin B is a marker of internalization through lipid
rafts, this indicates that gp120 is also internalized through lipid rafts.



Table IV. Comparison of Average Pearson’s Correlation Coefficient

for Gp120 and Various Endocytic Markers
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Treatment time | EEA1 LAMP2 Dextran CTxB
0 min 0.004 -0.010 0.030 0.111

15 min 0.098 0.012 0.114 0.230
30 min 0.067 0.026 0.325 0.404
60 min 0.058 0.002 0.309 0.488
120 min 0.015 0.009 0.288 0.641
240 min 0.001 0.006 0.384 0.662

Table V. Comparison of Average Colocalization Coefficient M1 for
Gp120 and Various Endocytic Markers

Treatment time EEA1 LAMP2 Dextran CTxB
O min 0.126 0.295 0.046 0.500
15 min 0.198 0.304 0.115 0.695
30 min 0.203 0.295 0.146 0.725

60 min 0.058 0.294 0.203 0.713

120 min 0.015 0.326 0.241 0.784
240 min 0.001 0.224 0.328 0.810

Table VI. Comparison of Average Colocalization Coefficient M2 for

Gp120 and Various Endocytic Markers

Treatment time | EEA1 LAMP2 Dextran CTxB
O min 0.074 0.058 0.035 0.178

15 min 0.172 0.146 0.207 0.380
30 min 0.138 0.171 0.273 0.584
60 min 0.182 0.238 0.359 0.593
120 min 0.155 0.250 0.372 0.705
240 min 0.220 0.115 0.489 0.771
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30 minutes (Fig. 8b-d) compared to untreated cells (Fig. 8a,c,d). In a concurrent
experiment, CD treatment did not decrease the amount of transferrin that was
internalized (Fig. 8e), demonstrating that this effect was specific to lipid rafts and
did not impair clathrin-mediated internalization. Taken together, these
experiments indicated that the major mechanism for gp120 internalization is

through lipid raft-mediated endocytosis.

1.4 Gp120 is Transported Retrogradely, but not Anterogradely,

Along Dorsal Root Ganglion Neuron Axons

A number of viral proteins have the capability to highjack the host axonal
transport machinery to travel and access different compartments within the cell
(Berth et al., 2009). Having established internalization of gp120 by DRG
neurons, and considering the extreme degree of polarization that is characteristic
of these cells, we examined axonal transport of gp120 using compartmentalized
microfluidic devices as described in (Caicedo et al, in preparation). These devices
connect chambers using nanofabricated microgrooves small enough such that
only axons can grow through. Primary neurons are plated in the somatodendritic
compartments (SDC), and then their axons grow through the microgrooves into
the axonal terminal compartment (ATC). These devices exhibit fluidic isolation,
due to the central channel and 2 rows of microgrooves. Also, volume differences
to create a pressure gradient to allow fluidic isolation are easily maintained, since
one chamber is larger than the other. This leads to a volume difference of 200 pL

between each compartment.
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Figure 8. Cyclodextrin treatment reduces internalization of gp120.
F11 cells were pre-treated with 5 mM methyl-f-cyclodextrin (CD) for 20 minutes
to disrupt lipid rafts, and then a time course of internalization of fluorescein-
gp120 was performed. The scale bar denotes 10 um. Representative images of
cells treated with fluorescein-gp120 for two hours with or without CD pre-
treatment are shown (a-b), with DM 1A staining for tubulin to show the outline of
the cell. Compared to F11 cells that were not pre-treated (a), F11 cells pre-treated
with cyclodextrin had a reduced amount of gp120 internalization (b). Z-stacks
were taken of at least 10 cells per time point on a laser scanning confocal
microscope, and images were deconvolved and analyzed in Volocity for average
fluorescence in each cell. Pre-treatment of 5 mM CD for 20 minutes was
sufficient to disrupt internalization through lipid rafts, as evidenced by the
decreased amount of cholera toxin B internalization after two hours (c¢).

*p<0.05. Each measurement of individual cells is plotted in (¢), with gray
denoting pre-treatment with CD and black denoting no pre-treatment. Box plots
demonstrate that internalization of gp120 was significantly reduced at the 30, 60
and 120 minute timepoints, further confirming that gp120 is internalized through
lipid rafts (d). Pre-treatment of 5 mM CD for 20 minutes was insufficient to
disrupt internalization through the clathrin-mediated pathway, as evidenced by
the lack of inhibition of transferrin internalization after pre-treatment with CD

(e).
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Primary DRG neurons were seeded in SDC compartment to fluidically
isolate the cell bodies and dendrites from the axonal compartment. After this, 70
nM fluorescein-gp120 was added to the ATC compartment of mature DRG
neurons for 4 hours. Neurons were then fixed, stained with the DM1A antibody,
and the microfluidic grooves and SDC were examined for fluorescein-gp120. As
shown in Fig. 9a, fluorescein-gp120 was found along axons in the microfluidic
grooves and within cell bodies in the SDC, demonstrating that gp120 had been
internalized and retrogradely transported along axons into neuronal cell bodies.
Further, the time course of the experiment indicate that gp120 was transported
by fast, and not slow axonal transport, a microtubule motor-dependent process
(Morfini, 2006). Anterograde transport was examined by adding 70 nM
fluorescein-gp120 for 4 hours to the SDC compartment. As shown in Fig. 9b, the
microfluidic grooves and ATC compartment lacked fluorescein-gp120, revealing

that gp120 does not undergo anterograde transport in DRG neurons.



Figure 9
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Figure 9. Internalized gp120 utilizes retrograde but not anterograde
transport along DRG axons. Primary DRG neurons were grown in
compartmentalized microfluidic devices. To examine retrograde transport, DRG
neurons were seeded in the larger compartment to fluidically isolate cell bodies. The
ATC compartment was treated with 70 nM gp120 for 4 hours, and then the cells were
fixed and stained with DM1A for tubulin (a). The left panel of (a) is a schematic of the
devices, and the images to the right are representative images of DRG neurons. The
scale bar denotes 15 uM. Note that after 4 hours of treatment, gp120 is apparent within
the microfluidic grooves as well as cell bodies in the SDC, demonstrating that gp120 has
been transported from the ATC to the SDC. Next, DRG neurons were seeded in the
smaller compartment to fluidically isolate their axons. The SDC was treated with 70 nM
gp120 for 4 hours, and then the cells were fixed and stained with DM1A for tubulin (b).
The left panel of (b) is a schematic of the devices, and the images to the right are
representative images of DRG neurons. Fluorescein-gp120 was not detected in the
microfluidic grooves or in the ATC, revealing that gp120 was not transported in the
anterograde direction from the SDC to the ATC.
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2. Identification of Intra-axonal Signaling Pathways Underlying Gp120-

induced Alterations in Fast Axonal Transport.

2.1 CXCR4 Involvement in the Activation of p38 MAPK by Gp120

Previous studies of DSP have indicated that gp120 binding to CXCR4 activates
signaling cascades, including ones that lead to activation of JNK and p38 MAPK
(Bodner et al., 2004) (Wilkerson et al., 2012). The interpretation has been that gp120
binding leads to activation of CXCR4, a GPCR, thus leading to activation of signaling
cascades (Oh et al., 2001). We chose to further explore the mechanism of activation of
p38 MAPK. To do so, a time course was performed in which differentiated F11 cells
were treated with 5 nM gp120. It was found that gp120 activated p38 MAPK in
differentiated F11 cells after 5 minutes of treatment, which was subsequently deactivated
at the later time points of 15 minutes and 30 minutes (Fig. 10). Next, to examine the
role of CXCR4 activation, differentiated F11 cells were pre-treated with 2 uM AMD3100,
a small molecule bicyclam that inhibits binding of gp120 to CXCR4 (De Clercq et al.,
1994; Donzella et al., 1998), for 1 hour at 37°C prior to performing the same time course
with 5 nM gp120 and 2 uM AMD3100. The AMD3100 pre-treatment abolished
activation of p38 MAPK after treatment of differentiated F11 cells with gp120 for 5
minutes, demonstrating that activation of p38 MAPK after 5 minutes of treatment is due
to CXCR4 activation (Fig. 10). Intriguingly, in F11 cells that had been pre-treated with
AMD3100, activation of p38 MAPK was increased after 30 minutes of treatment (Fig.

10), demonstrating a CXCR4-independent activation of p38 MAPK by gp120 treatment.
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Figure 10. Activation of p38 MAPK by gp120 treatment.

(a) Representative Western blot of F11 of cell lysates of differentiated F11 cells treated
with 5 nM gp120. A phospho-specific antibody for p38 (Cell Signaling #9215)
demonstrated an increased phosphorylation of p38 at 5 minutes, which subsequently
decreased in future time points. AMD3100 pre-treatment blocked the phosphorylation
of p38 at 5 minutes, demonstrating that this quick activation of p38 was due to CXCR4
activation. However, in the AMD3100 pre-treatment condition, the amount of
phosphorylation of p38 significantly increased after 30 minutes of treatment,
unmasking an activation of p38 at a later time point. H2 (a KHC antibody) was used as
a loading control. The negative control was treatment with the same volume of diluent,
and 0.5M treatment of F11 cells with sorbitol was used as a positive control. The chart
(b) shows the result of quantification of phospho-p38 levels, which were expressed as a
ratio to total p38 levels. Values are the mean + SEM; n = 16 independent experiments.
The student’s t-test was used to determine significance. * denotes p<0.05; ** denotes
P<0.0001
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2.2 Gp120 Impairs Fast Axonal Transport in Isolated Squid Axoplasm

Since AMD3100 treatment unmasked the activation of p38 MAPK in F11 cells, we
hypothesized that intracellular gp120 that had been internalized in a pathway
independent of CXCR4 might be responsible for the kinase activation. Because DSP has
the same phenotype of dying-back neuropathy as seen in dysferopathies, we chose to
test whether intracellular gp120 might also cause dysregulation of FAT.

The use of axoplasm from the squid Loligo peali is instrumental in defining the
signaling pathways that regulate fast axonal transport rates (Brady et al., 1985; Brady et
al., 1993). Axoplasms can be extruded from individual axons onto a coverslips with
glass spacers, creating a perfusion chamber for addition of various proteins and
inhibitors. Then video enhanced contrast-differential interference contrast (VEC-DIC)
microscopy is performed, and fast axonal transport is tracked using a calibrated cursor.

Perfusion of 10 nM gp120 profoundly impaired FAT, both in anterograde and
retrograde directions (Fig. 11b). To examine whether this effect was specific to gp120’s
activity, gp120 was heat-inactivated by boiling at 100 degrees Celsius for one hour, and
then 10 nM of heat-inactivated gp120 was perfused into squid axoplasm. The heat-
inactivated gp120 had no inhibitory effect on transport (Fig. 11a). Statistical
comparison between 10 nM gp120 and 10 nM heat-inactivated gp120 revealed a

significant difference between both anterograde and retrograde FAT velocities (Fig. 11e).
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Next, 100 pM of gp120 was perfused to see if a lower, more physiologically relevant
concentration of gp120 might still have an effect on FAT (Figure 11c). In fact, 100 pM
gp120 also impaired FAT in both directions compared to heat inactivated gp120 (Figure
11c,e).

There have been some studies that suggest that neurotoxicity differs between
gp120 strains that prefer the co-receptor CXCR4 and those that prefer the co-receptor
CCR5 (Bachis et al., 2009; Bachis et al., 2010), so we chose to compare the inhibition of
FAT between gp120 I1IB, which binds to CXCR4, and gp120 BaL, a CCR5-preferring
strain. 10 nM gp120 BaL showed similar impairments of FAT to 10 nM gp120 IIIB
(Figure 11d,e) compared to heat inactivated gp120, demonstrating that the ability to

inhibit of FAT is conserved across gp120 strains.

2.3 Gp120 Activates p38 MAPK and JNK to Impair Fast Axonal

Transport

Previous work has established that FAT is regulated by phosphotransferases
(Morfini et al., 2002; Morfini et al., 2006; Morfini et al., 2009), so it was hypothesized
that gp120 might impair FAT through altering regulatory enzymatic activity. To define

which signaling pathways that gp120 activated to impair fast axonal transport,
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Figure 11. Gp120 impairs fast axonal transport. (a-d) "Vesicle motility assays

in isolated squid axoplasm. Individual velocity (um/sec) rate measurements

(arrowheads) are plotted as a function of time (minutes). Dark arrowheads and lines

represent anterograde, conventional kinesin-dependent rates. Grey arrows and lines

represent retrograde, CDyn-dependent FAT rates." (Morfini et al. 2013) While heat-inactivated
gp120 IIIB (a) had no effect on FAT velocities, 10 nM gp120 I1IB (b) profoundly impaired FAT
in both anterograde and retrograde directions. Perfusion of 100 pM gp120 IIIB (¢), a more
physiologically relevant concentration of gp120, also severely reduced FAT. Bal,

another strain of gp120 that uses a different coreceptor CCR5, also profoundly impaired

FAT with the same curve as gp120 IIIB (d). Statistical analysis of the impairment by

100 pM gp120 I11B, 10 nM gp120 I1IB, and 10 nM gp120 BaL 10 nM gp120 IIIB revealed

that these impaiments all similarly impaired FAT in both directions compared to heat-
inactivated gp120 IIIB (e), *p<0.0001. These data indicate that gp120 specifically and
severely impairs FAT in both anterograde and retrograde directions.
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gp120 IIIB was co-perfused with various inhibitors of FAT regulatory kinases and
phosphatases to search for an inhibitor that would prevent the reduction of FAT velocity
caused by 10 nM gp120 IIIB. The first to be targeted were kinases that inhibit both
anterograde and retrograde transport, which are p38p MAPK, JNK3, CK1 and CK2.
Inhibition of CK1 and CK2 had no effect (data not shown). However, 5 uM of the p38
MAPK and JNK inhibitor SB203580 (Calbiochem; IC50 p38: 5-500 nM; IC50 JNK: 3-
40 uM) partially prevented the impairment of FAT (Fig. 12a). Quantitative analysis
revealed that this rescue was statistically significant compared to 10 nM gp120 alone.
However, the rescue did not completely inhibit gp120’s impairment of FAT; although
retrograde velocities were restored to buffer control levels, anterograde FAT velocities
were still significantly lower than buffer control values. To narrow down whether p38
MAPK or JNK specifically were activated to impair FAT, 10 uM of the specific p38
inhibitor MW01-2-069A-SRM (069A; Munoz et al., 2007) was co-perfused with 10 nM
gp120 (Fig. 12b). Additionally, 500 nM of the specific JNK inhibitor SP600125
(Calbiochem) was co-perfused with 10 nM gp120 to test the involvement of the JNK
pathway (Fig. 12¢). Quantitative analysis revealed that coperfusion of each of these
inhibitors with gp120 significantly protected FAT to the same extent compared to 10 nM
gp120 alone. However, the velocities remained significantly lower than buffer control to
varying extents. These data demonstrate that gp120 activates signaling pathways

involving both p38 and JNK to impair FAT.
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Figure 12
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Figure 12. Gp120 activates p38 MAPK and JNK to impair fast axonal
transport.

(a-c) "Vesicle motility assays in isolated squid axoplasm. Individual velocity (um/sec)
rate measurements (arrowheads) are plotted as a function of time (minutes). Dark
arrowheads and lines represent anterograde, conventional kinesin-dependent rates.
Grey arrows and lines represent retrograde, CDyn-dependent FAT rates." (Morfini et
al. 2013) Co-perfusion of 10 nM gp120 with SB203580, an inhibitor of both p38 MAPK
and JNK, partially protected FAT (a). To narrow down the kinase involvement further,
gp120 was co-perfused with the JNK-specific inhibitor SP600125 (b) or the p38 MAPK
specific inhibitor 069A (¢). Both of these inhibitors showed partial protection,
demonstrating that both p38 MAPK and JNK are activated by gp120 to impair FAT.
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2.4 Gp120 Activates PP1 to Impair Fast Axonal Transport

The partial rescue of FAT by inhibiting p38 and JNK led us to postulate that
gp120 activates multiple regulatory pathways for FAT, so other inhibitors were tested.
200 nM okadaic acid (OA), a serine/threonine phosphatase 1, 2A and 2B inhibitor
(IC50: 10 nM), also reduced the decrement of FAT caused by gp120 IIIB (Fig. 13a). This
rescue was statistically significant compared to 10 nM gp120 alone; however, this rescue
was not complete either, as the anterograde FAT velocities remained significantly lower
than buffer control.

To narrow down which phosphatase was activated by gp120 to inhibit FAT, 50
nM of the specific PP1 inhibitor I-2 was co-perfused with 10 nM gp120 IIIB (Fig. 13c).
Co-perfusion of squid axoplasm with gp120 and I-2 also partially protected FAT, with
velocities remaining significantly lower than buffer control (Fig. 13c).

Since it has previously been shown that PP1 can impair FAT through activation of

GSK3p (Morfini et al., 2004), we co-perfused axoplasm with gp120 and 100 nM of the

specific GSK3p inhibitor ING-135 to test the role of GSK3p in gp120-induced FAT
impairment. In fact, ING-135 did not protect FAT from the effects of gp120 (Fig. 13d),
disproving our hypothesis that the downstream target of PP1 activated by gp120
perfusion was GSK3p.

To test whether the activation of PP1 in addition to p38 and JNK activation was
sufficient to cause the FAT impairment by gp120, squid axoplasms were perfused with
SB203580 and okadaic acid in addition to 10 nM gp120 IIIB (Fig. 14b). This treatment
completely rescued the impairment of FAT caused by gp120 IIIB. This rescue was

statistically significant compared to 10 nM gp120 alone, but not significantly different
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Figure 13
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Figure 13. Gp120 activates a novel PP1 regulatory pathway to impair fast

axonal transport. (a-d) "Vesicle motility assays in isolated squid axoplasm.

Individual velocity (um/sec) rate measurements (arrowheads) are plotted as a function

of time (minutes). Dark arrowheads and lines represent anterograde, conventional
kinesin-dependent rates. Grey arrows and lines represent retrograde, CDyn-dependent

FAT rates." (Morfini et al., 2013) Co-perfusion of gp120 with okadaic acid, a
serine/threonine phosphatase 1, 2A and 2B inhibitor, also partially protected FAT (a);
adding both okadaic acid and SB203580 to 10 nM gp120 had an additive effect to completely
protect FAT (b), demonstrating that the activation of a phosphatase is through a separate
pathway from p38 and JNK. Coperfusing the PP1-specific inhibitor PP1 with gp120 replicated
the partial inhibition of okadaic acid (¢), demonstrating that PP1 is the phosphatase that is
activated by gp120 to impair FAT. However, this PP1 activation did not cause the

activation of GSK3-f to impair FAT, since coperfusion with gp120 and ING-135, a

GSK3-p inhibitor did not protect FAT (d). This led to the hypothesis that PP1 activates

a novel regulatory pathway to impair FAT.
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from buffer control. These data indicate that gp120 activates a signaling pathway that
activates p38, JNK and PP1 to impair FAT. Further, the activation of PP1 is likely to be
in a parallel pathway to p38 and JNK since coperfusion of the two different inhibitors

completely rescued FAT.

2.5. Gp120 Activates a Taki Pathway to Impair Fast Axonal Transport

Next the upstream activator of p38 and JNK by gp120 IIIB was investigated.
First the mixed lineage kinase (MLK) pathway upstream of both JNK and p38 MAPK
was tested using the pharmacological inhibitor CEP-11004. MLK’s are a family of
serine-threonine MAPK kinase kinases (MAP3K). MLK’s are one of several potential
upstream activators of JNK, with some evidence for activation of p38 MAPK as well
(Gallo and Johnson, 2002; Kim et al., 2004). Co-perfusing 10 nM gp120 with 200 nM
CEP-11004 did not prevent the reduction of FAT by gp120 (Fig. 14a), demonstrating
that the pathway activated by gp120 to impair FAT does not include activation of MLK’s.

Some MAP3K’s other than MLK’s, including Tak-1 and Ask-1, can also activate
both p38 and JNK (Gallo and Johnson, 2002), so we next targeted these. First gp120
was co-perfused with the DVD peptide, a peptide that blocks the conserved docking
domain for certain MAP3K’s (Takekawa et al., 2005), and found partial protection (Fig.
14b). This led us to narrow down which MAP3K was activated by gp120 to impair FAT.
Next 50 nM of the selective Tak-1 inhibitor (5Z)-7-Oxozeaenol was co-perfused with
gp120 (Fig. 14¢), leading to complete protection of FAT velocities, indicating that Tak1 is
the upstream kinase responsible for gp120 induced-impairment of FAT. Notably, since
the Tak-1 inhibitor (5Z)-7-Oxozeaenol completely protected FAT, activation of PP1 must

occur in a pathway downstream of Tak-1.
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We searched for known downstream pathways activated by Tak-1, and found that
PP1 has been demonstrated to mediate activation of the Inhibitor of Kappa B kinase
(IKK) complex by Tak1, which leads to IKK-2 induced activation of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB; Mitsuhashi et al., 2008). To
test this pathway, first recombinant IKK-2 (Signal Chem) was perfused into the
axoplasm to determine if IKK-2 had an effect on transport. In fact, IKK-2 inhibited both
anterograde and retrograde FAT (Fig. 14d), demonstrating that IKK-2 can have a role in
regulation of FAT.

Co-perfusing gp120 with the IKK-2 inhibitor XII (Calbiochem) resulted in a
partial protection of FAT (14e), demonstrating that IKK-2 is a downstream target of PP1
to impair FAT. These axoplasm results map out a novel pathway through which intra-
axonal gp120 can cause dysregulation of FAT. Gp120 activates a pathway leading to
Tak1 activation. Taki then activates p38 and JNK through MAP2Ks and activates IKK-2

through PP1, ultimately impairing FAT.
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Figure 14. Gp120 activates a NFkB pathway downstream of Tak1 to impair
fast axonal transport. (a-d) "Vesicle motility assays in isolated squid axoplasm.
Individual velocity (um/sec) rate measurements (arrowheads) are plotted as a function

of time (minutes). Dark arrowheads and lines represent anterograde, conventional
kinesin-dependent rates. Grey arrows and lines represent retrograde, CDyn-dependent
FAT rates." (Morfini et al. 2013) Squid axoplasms were tested for upstream activators of
p38 MAPK, JNK and PP1. First, upstream activators of p38 MAPK and JNK were targeted.
The mixed lineage kinase inhibitor CEP-11004 did not protect FAT velocities when
co-perfused with gp120 (a), demonstrating that mixed lineage kinases are not activated by
gp120. Next, squid axoplasms were co-perfused with gp120 and the DVD peptide, a
peptide that blocks the conserved docking domain of several MAP3K’s. FAT measurements
showed partial protection (b), indicating that a MAP3K is activated by gp120 upstream

of p38 MAPK and JNK. To narrow down which MAP3K, next a specific inhibitor (5Z)-7-
Oxozeaenol of the MAP3K Tak1 was co-perfused with gp120. This co-perfusion led to
complete protection of FAT (c¢), indicating that Tak1 is upstream of PP1 in addition to

p38 MAPK and JNK. To test whether the activation of PP1 occurred through a NfkB
pathway downstream of Tak1, recombinant IKK-2 was perfused in axoplams, leading to
inhibition of FAT (d). Next, the co-perfusion of the IKK-2 inhibitor XII with gp120
partially rescued FAT impairment (e), demonstrating that the activation of PP1
downstream of Tak1 is linked to IKK-2 activation.
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2.6 The Effect of Gp120 on Kinesin and Cytoplasmic Dynein Microtubule

Binding

One method for regulation of kinesin and CDyn is through phosphorylation,
which causes them to detach from microtubules (Morfini et al., 2009). To examine
whether gp120 utilizes this method to impair FAT, microtubule binding assays were
performed. Differentiated F11 cells were treated for 2 hours with gp120 or with the
diluent as a control, and then processed for microtubule binding assays. An
immunoblot analysis was performed to examine the effect of gp120 treatment on the
amount of kinesin and CDyn in the microtubule enriched pellets. To examine kinesin,
an antibody for kinesin heavy chain (KHC) was used, and to examine CDyn an antibody
for dynein intermediate chain (DIC) was used. DM1A, an antibody for tubulin, was also
used to demonstrate that tubulin had successfully polymerized into microtubules and
was thus concentrated in the microtubule-enriched pellet. ATP treatments released the
majority of kinesin and CDyn into the supernatant, verifying the ATPase activity of
kinesin and CDyn. AMP-PNP, a non-hydrolyzable analogue of ATP, causes kinesin to
remain attached to microtubules. If gp120 had caused phosphorylation of kinesin and
dynein to release them from microtubules, then it would be expected that less kinesin
and dynein would be in the microtubule-enriched pellet in the AMP-PNP condition.

Figure 15a shows a representative immunoblot from the microtubule binding
assay. Analysis of the immunoblots revealed that gp120 caused a significant decrease in
the amount of DIC in the microtubule-enriched pellet in AMP-PMP conditions (Figure
15¢; pP<0.05), demonstrating that DIC had been released from dynein heavy chain
(DHC), which binds to microtubules. Although there may be a slight trend for gp120 to

cause the reduction of kinesin in the pellet, (Figure 15c¢) this was not
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Figure 15. Microtubule binding assays indicate that gp120 induces
detachment of cytoplasmic dynein, but not kinesin, from microtubules.
Representative Western blot of microtubule binding in mouse primary cortical neurons
(a). H2 is used as an antibody for kinesin, DIC for CDyn, and DM1A is used as an
antibody for tubulin. In conditions with ATP added, kinesin and CDyn were released
into the supernatant (SN), serving as a control for their ATPase activity. DMIA staining
revealed that tubulin remained in the microtubule pellet. When AMP-PNP (AMP), a
non-hydrolyzable analogue of ATP was present, then kinesin and CDyn remained within
the microtubule pellet. Quantitative analysis with a student’s t-test revealed that
although gp120 does not significantly decrease the amount of kinesin associated with
microtubules in the AMP-PNP condition (b), it does significantly decrease the amount
of CDyn attached to microtubules (c); these results indicate that gp120 treatment
releases CDyn from microtubules. *p<0.05.
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statistically significant. It is possible that the microtubule binding assay was not

sensitive enough to detect kinesin release from microtubules in this model.



CHAPTER V

DISCUSSION

Berth, S., Morfini, G., Sarma T., Caicedo, H., Brady, S.T. (2015) Internalization and Axonal
Transport of the HIV Glycoprotein gp120. ASN Neuro 7(1): pii: 1759091414568186

1. Dying back neuropathies

Dying back neuropathies are a class of neurodegenerative disorders
characterized by development of synaptic dysfunction and axonal transport
abnormalities, leading to progressive distal-to-proximal dying-back axonal
degeneration (Figure 16; Coleman, 2005). Dying back neuropathies are
characteristic of a variety of CNS and PNS diseases, including Alzheimer’s
disease, amyotrophic lateral sclerosis (ALS), polyglutamine expansion diseases,
prion disease, diabetes mellitus, and HIV to name a few (Coleman, 2005).
Neuronal cell death occurs as an end stage response to synaptic and axonal
dysfunction. Although neuronal cell death has been the focus of much research
in these disorders, the end stage nature of apoptosis as a programmed response
to axonal degeneration is not disease specific and occurs late in the disease
process. As a result, targeting cell death has not been found to be effective at
ameliorating disease in dying-back neuropathies. For example, attempts to
rescue neurodegeneration in a pmn model of axonal degeneration by crossing
pmn mice with anti-apoptotic Bcl-2 expressing mice did not rescue axonal
degeneration or improve survival, although motor neuron cell body death was
prevented (Sagot et al., 1997). Other studies using Bax knockouts to prevent
apoptosis in both a prion protein (PrP) disease model and a ALS disease model in
transgenic mice had similar results, with a rescue of the neuronal cell bodies
affected in these diseases, but with little to no improvement in axonal

88
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Figure 16. gp120-induced dying back neuropathy. In the initial stages of
HIV infection, DRG neurons remain healthy (A). As the disease progresses, DRG
neurons begin to exhibit signs of synaptic and axonal dysfunction (B), which
underlie the neurodegeneration observed within the PNS. A prominent
degeneration of unmyelinated nociceptive C fibers is seen, which progresses as a
“dying-back neuropathy”. This pattern of neuronal degeneration is marked by
early synaptic loss (or nerve end degeneration in the case of DRGs) and distal
axon degeneration that gradually progresses in the retrograde direction (towards
the cell body) (C). Neurons fail to sustain proper synaptic connections with their
target cell, gradually losing their trophic support. The sequence of events above
(B to C) ultimately results in neuronal cell death, typically by activation of
apoptotic pathways (D).
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degeneration and disease phenotype (Chiesa et al., 2005; Gould et al., 2006).
These studies highlight the importance of examining events upstream to

apoptosis to define the mechanism of dying back neuropathies.

1.1 Evidence that Distal Sensory Polyneuropathy is a Dying-Back

Neuropathy

DSP is characterized by dying-back axonal degeneration of primarily
small, unmyelinated sensory neuron axons (Keswani et al., 2002). This axonal
degeneration progresses distally to proximally in a “stocking and glove” fashion
(Keswani et al., 2002). Reduced epidermal nerve fiber density is more prominent
in the distal then proximal leg, demonstrating the dying-back nature of DSP
(Holland et al., 1997). Centrally directed axons in the gracile tracts also exhibit
dying-back neurodegeneration (Rance et al., 1988). DSP is prominently marked
by axonal degeneration, with minimal apoptosis in DRG neurons in AIDS
patients (Bradley et al., 1998).

However, the induction of apoptosis in neurons by gp120 has been the
parameter most commonly studied. For example, several studies examined the
activation of caspase-3 leading to apoptosis in neurons in response to gp120
treatment (Bachis et al., 2003; Singh et al., 2004; Singh et al., 2005).
Additionally, perineural treatment of gp120 led to activation of caspase-3 in 25%
of DRG neurons (Wallace et al., 2007). Further, certain inhibitors have been
used to block apoptosis induced by HIV. For example, in one study human

neurons and rat cerebellar neurons were treated with HIV virions or with gp120
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itself, and then apoptosis was measured using the terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL) assay. Treatment with
HA1004, a nonselective kinase inhibitor of several pathways, prevented apoptosis
(Zheng et al., 1999). In another study, the inhibitor CEP-1347, which primarily
inhibits a MLK pathway that activates JNK, was found to rescue rat DRG neurons
from apoptosis caused by gp120 (Bodner et al., 2004). However, examining the
mechanism for gp120 induction of apoptosis may have limited meaning for DSP,
because apoptosis is not a major feature of the disease. Additionally, this
approach fails to address pathogenic mechanisms for DSP, since prevention of
cell death has not been demonstrated to improve symptoms or axonal

degeneration in dying-back neuropathies.

1.2 Gp120 Causes Axonal Degeneration in Distal Sensory

Polyneuropathy

Several studies have linked gp120 to events upstream of apoptosis in
dying-back neuropathies. For example, a transgenic mouse model that expressed
gp120 in astrocytes exhibited synaptic loss and reduced synaptodendritic
complexity (Toggas et al., 1994). In another study using these mice to examine
signs of DSP, aged mice that were 12-15 months old had decreased intra-
epidermal nerve fiber density in the plantar footpad (Keswani et al., 2006). This
late onset replicates what is seen in humans, with DSP taking decades to develop
and age being a primary risk factor. Another transgenic model that expressed
gp160 (which is composed of gp120 and gp41) in neurons exhibited degeneration

of synapses, dendrites and axons along with axonal swellings (Michaud et al.,
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2001). Humanized mice infected with HIV demonstrated reduction in synaptic
architectures, as evidenced by decreased microtubule-associated protein 2
(MAP2), synaptophysin and neurofilaments (Dash et al., 2011).

Other DSP studies utilizing gp120 treatment of rodents also found axonal
pathology. For example, perineural application of gp120 to the rat sciatic nerve
led to a painful neuropathy in addition to axonal swellings (Herzberg and Sagen,
2001). Another study used Campenot chambers to compartmentalize rat DRG
neurons from their axons, and found that treating only axons with gp120 caused
axonal degeneration, as evidenced by decreased axonal length (Melli et al.,
2006). Blocking gp120 binding to axons with antibodies for CXCR4 and CCR5
was able to prevent this degeneration, pointing to a role for the chemokine
receptors in axonal degeneration (Melli et al., 2006). An additional study that
used human fetal DRG neurons primarily composed of nociceptive fibers found
that gp120 treatment caused a decrease in neurite length without neuronal cell
death (Robinson et al., 2007), further demonstrating that gp120 is sufficient to
induce axonal degeneration that models the dying-back neuropathy phenotype
seen in DSP. These studies provide evidence that links gp120 to events upstream
of apoptosis in DSP, indicating that gp120 might activate a disease-specific

mechanism leading to dying back neuropathy.

2. Dying Back Neuropathies and Fast Axonal Transport

Evidence has accumulated that impaired FAT is an early step in dying
back neuropathies; in fact, impairments of FAT can directly cause dying-back

neuropathies. Loss of function mutations in the motor proteins kinesin and
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CDyn lead to dying-back neurodegeneration, as does misregulation of signaling

pathways that affect these motors and FAT.

2.1 Loss of Function of Kinesin Causes Dying Back Neuropathies

One such case of loss of function of kinesin leading to dying-back
neurodegeneration is Hereditary Spastic Paraplegia (HSP), a collection of
inherited neurodegenerative diseases marked by a profound dying-back
degeneration of distal corticospinal tracts (Roy et al., 2005). A missense
mutation of KHC (Kif5A) in the genetic locus SPG10 was discovered in a family
that suffered from HSP; only family members that had HSP or were
presymptomatic exhibited this mutation (Reid et al., 2002). In fact, a
homologous mutation in yeast demonstrated impaired ATPase activity by
kinesin, providing a mechanism of direct impairment of FAT by kinesin that
leads to HSP (Song and Endow, 1998). Since that discovery, several other point
mutations of Kif5a have been found to be responsible for HSP (Fichera et al.,
2004; Blair et al., 2006; Lo Giudice et al., 2006), confirming that loss of function
mutations of kinesin cause some forms of HSP. All four of these Kifsa mutations
demonstrated impaired motility through either reduced gliding velocity or
impaired microtubule binding, or both (Ebbing et al., 2008).

Recently, whole exome sequencing coupled to disease network-analysis
linked a mutation in another kinesin family member, Kif1A, to HSP in a family as
well (Erlich et al., 2011). A truncating mutation of Kif1A has also been linked to
hereditary sensory and autonomic neuropathy type 2, another familial group of

sensory neuropathies marked by peripheral nerve degeneration and profound
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distal sensory loss (Riviere et al., 2011). Evidence also exists for mutated kinesin
in Charcot-Marie-Tooth (CMT) disease, a familial group of neuropathies with
both sensory and motor components (Roy et al., 2005). Mutations in KifiBf
have been reported to be causative for CMT type 2a, a type of CMT marked by
axonal degeneration (Ben Othmane et al., 1993; Zhao et al., 2001). In fact,
heterozygous knockouts of KifiBf in mice reproduced the phenotype of CMT type
2a (Zhao et al., 2001), demonstrating that the loss of function of one allele of a
kinesin isoform is sufficient to cause peripheral neuropathy. However, this study

has not been replicated, so further examination is needed.

2.2 Loss of Function of Cytoplasmic Dynein Causes Dying Back

Neuropathies

Evidence has accumulated that the retrograde motor for FAT, CDyn, also
needs to properly function to prevent dying-back neuropathies. For example,
missense mutations of CDyn heavy chain 1 led to progressive sensory
neuropathies in mice (Dupuis et al., 2009). A mutation in CDyn heavy chain 1
has also recently been reported in a family suffering from CMT type 2a (Weedon
et al., 2011). The presence of both kinesin and CDyn mutations that are causative
of CMT type 2a provides converging evidence that impaired FAT is responsible
for the development of CMT type 2a.

A missense mutation in p1508lted, a subunit of dynactin responsible for
binding to CDyn, was linked to a family suffering from hereditary progressive
motor neuron disease (Puls et al., 2003). Upon autopsy of several of these

affected family members, inclusions of dynactin and CDyn were found in motor
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neuron cell bodies and their dendrites, which is suggestive of impairments of FAT
in the motor neurons (Puls et al., 2005). Several mutations in p1508'ued have also
been linked to ALS (Munch et al., 2005), demonstrating that impairment of
dynactin-CDyn coupling may progress to multiple types of dying-back
neuropathies.

The role that loss of function mutations of kinesin and CDyn play in the
development of progressive neuropathies with slow onset is indicative that
impaired FAT causes dying-back neurodegeneration of axons. However, many
dying-back neuropathies are sporadic, and mutations in kinesin and CDyn are
rare. A common feature of many of these dying-back neuropathies is the
accumulation of axonally transported proteins such as amyloid precursor protein
(APP) in axonal swellings and spheroids, due to faulty FAT (Coleman, 2005).
Because of this evidence, the regulation of kinesin and CDyn has been focused on
to determine how impairments of FAT lead to dying-back degeneration of axons.
It is now understood that phosphorylation of kinesin and CDyn changes the rate
of FAT, through causing dissociation of cargo from the motors or dissociation of
the motor from the microtubules (Morfini et al., 2009b). Accordingly, abnormal
activation of certain signaling pathways that regulate FAT exists in a multitude of
dying-back neuropathies, including Alzheimer’s disease (Pigino et al., 2009;
Kanaan et al., 2012), Parkinson’s disease (Morfini et al., 2007; Chu et al., 2012),
ALS (Bosco et al., 2010), and Huntington’s disease (Morfini et al., 2009a). In
fact, these dying-back neuropathies are linked by a common mechanism for
neuropathogenesis, causing the coinage of the term “dysferopathies” for dying-

back neuropathies in which impaired FAT has a prominent role (Morfini et al.,
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2007). The studies in this dissertation were undertaken to elucidate if HIV-
associated DSP is a dysferopathy as well, by examining whether the neurotoxic

HIV glycoprotein gp120 impairs FAT.

3. Internalization of Gp120 and Distal Sensory Polyneuropathy

Combination anti-retroviral treatment has dramatically improved HIV
patient mortality and decreased a number of HIV complications (Greene, 2007;
Clifford, 2008). However, the prevalence of DSP continues unabated (Ghosh et
al., 2012), making this an important disease complication that requires
treatment. Since HIV does not productively infect neurons, the mechanism for
HIV-induced peripheral nerve damage is believed to involve indirect
mechanisms. These include neurotoxicity by secretion of inflammatory factors,
cytokines, and viral proteins such as gp120 (Kaul et al., 2005). Gp120 binds to its
coreceptor CXCR4 on DRG neurons (Apostolski et al., 1993), and it has been
thought that this binding causes the activation of signaling cascades leading to
pain hypersensitivity (Oh et al., 2001; Bhangoo et al., 2009), axonal
degeneration, and apoptosis (Melli et al., 2006). However, a new possibility for
gp120 neurotoxicity was discovered in experiments that demonstrated that gp120
is internalized by neurons of the CNS (Bachis et al., 2003; Bachis et al., 2006). It
has remained unclear whether neuronal uptake of gp120 might occur in sensory
neurons affected by DSP, and whether this might be a pathogenic mechanism for
DSP.

Results from these experiments indicate that F11 cells, a neuroblastoma

cell line hybridized with DRG neurons, and primary DRG rat neurons both
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internalized gp120 in a time-dependent manner. Imaging analysis showed that
the majority of gp120 was located within the cells after 2 hours of incubation with
recombinant gp120. The highly punctate nature of the intracellular gp120
staining is consistent with that reported for other cell types (Cefai et al., 1992),
including CNS neurons (Bachis et al., 2003). Additionally, the heat-inactivation
and AMD3100 pre-treatment experiments demonstrate that this internalization
is specific to gp120.

Pharamacological experiments with the inhibitor AMD3100 indicated that
this internalization was partially dependent on gp120 binding to its coreceptor
CXCR4. This observation provides a basis for an alternative mechanism of
gp120 toxicity to DRG neurons. Although previously this binding was proposed to
cause neurotoxicity through CXCR4 activation of signaling cascades (Oh et al.,
2001; Trushin et al., 2007), it is also possible that this binding is an initial step
for gp120 internalization, and intra-neuronal gp120 directly causes toxicity.

Colocalization studies with markers of different endosomal pathways
defined the pathways through which gp120 is internalized. The lack of gp120
colocalization with the EEA1 and LAMP2, markers of early endosomal
compartment and late endosomal/lysosomal compartment, respectively,
demonstrated that gp120 is not internalized through the common endolysosomal
pathway. Rather, colocalization analysis of gp120 with cholera toxin B and
dextran indicated the bulk of gp120 was internalized through lipid rafts, with a
minor fraction being internalized through fluid phase pinocytosis. Accordingly,
disrupting lipid rafts through CD treatment decreased the amount of internalized

gp120. These observations were consistent with previous research showing that



98

gp120 clustering with its co-receptors in lipid rafts is important for HIV infection
(Manes et al., 2000; Liao et al., 2001; Popik et al., 2002). Moreover, gp120 was
shown to induce CXCR4 clustering into lipid rafts for HIV entry (Kamiyama et
al., 2009). Based on these results, it is plausible that gp120 binds to CXCR4 in
association with lipid rafts for internalization. Although gp120 has been shown
to co-internalize with CXCR4 in T-cells (Misse et al., 1999), this is unlikely to
happen in sensory neurons since it has been demonstrated that internalized
CXCR4 localizes to EEA1 and recycling endosomes in hematopoetic progenitor
cells (Zhang et al., 2004). However, this possibility cannot be ruled out since
neuronal cells might utilize a different pathway to internalize CXCR4 than
hematopoietic cells.

What is the fate of internalized gp120 in DRG neurons? If internalization
occurs within axons, then gp120 would not be immediately degraded, since
degradation of endocytosed protein by lysosomes occurs in the perinuclear region
of the neuron (Parton et al., 1992; Tai and Schuman, 2008). In fact, gp120 was
transported in the retrograde direction from isolated DRG axons to their
fluidically isolated cell bodies. Retrograde transport of gp120 is consistent with
time course studies in F11 cells, since gp120 appeared in the neurites during early
time points, and as time progressed began accumulating in perinuclear regions.
Further, colocalization studies rule out a lysosomal destination for gp120, since
there was no colocalization between gp120 and LAMP2, a lysosomal marker.
Intriguingly, gp120 was not transported in the anterograde direction from the cell

body to the periphery. This is consistent with selective retrograde transport of
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viruses and viral proteins that has been previously reported (Leopold and Pfister,
2006; Berth et al., 2009).

It is unclear why the main bulk of gp120 was internalized through lipid
rafts, with a small fraction internalized through fluid phase pinocytosis.
However, the fraction of gp120 that taken up by fluid phase pinocytosis may be
due to the non-selectivity of the process (Lim and Gleeson, 2011). Additionally,
these two mechanisms have been found concurrently in the internalization of
HIV in brain microvascular endothelial cells (Liu et al., 2002), demonstrating
that both lipid raft internalization and fluid phase pinocytosis might mediate
gp120 and/or HIV virion internalization in multiple types of cells. These data
suggest that targeting lipid raft internalization and fluid phase pinocytosis
through cholesterol lowering drugs such as statins along with inhibitors of fluid
phase pinocytosis such as sodium proton exchange inhibitors like dimethyl
amiloride, respectively, might have beneficial effects by preventing gp120
internalization. Further studies are needed to evaluate these possibilities.

Understanding the mechanism of internalization and intracellular actions
of gp120 may be crucial for defining mechanisms underlying the toxic effect of
gp120 to DRG neurons. The majority of research examining direct gp120
neurotoxicity in DSP has focused on its binding to CXCR4 and subsequent
activation of signaling cascades (Kamerman et al., 2012). However, the transient
nature of activation of p38 MAPK in cell lysates by CXCR4 illustrates that other
mechanisms, such as intracellular actions of gp120, may also play a role in the
development of dying-back neurodegeneration. For example, the location of

gp120 within axons may affect regulatory pathways for fast axonal transport that
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are critical for maintaining neuronal health (Berth et al 2009, Morfini et al
2009). Defining mechanisms for gp120 internalization and identifying
intracellular effects of this protein within axons may provide important
information that leads to the development of novel therapeutic treatments for
HIV-related DSP. Determining the intracellular targets of gp120 could provide
more selective treatment targets than inhibitors of fluid phase pinocytosis and

lipid raft internalization, allowing fewer side effects.

4. Gp120 Activates Phosphotransferases to Impair Fast Axonal

Transport

Since we had found that F11 cells and DRG neurons internalized gp120,
our next step was to assess the possibility of intracellular toxicity caused by
gp120. Since DSP is a dying-back neuropathy, we chose to determine whether

intracellular gp120 might interfere with kinase regulation of FAT.

4.1 Gp120 Activates p38 MAPK Independently of CXCR4

First, we examined abnormal activation of regulatory kinases for FAT by
gp120 in F11 cells. Previously, gp120 treatment had been found to activate JNK
(Bodner et al., 2004; Khan et al., 2004) and/or p38 MAPK in neurons (Hu et al.,
2005; Singh et al., 2005; Medders et al., 2010), both of which regulate FAT
(Morfini et al., 2006; Bosco et al., 2010). The interpretation of these experiments
had been that gp120 binding to its coreceptor CXCR4 was responsible for
activating CXCR4, leading to activation of kinase signaling cascades. However,

we questioned whether intracellular gp120 might have the capability of activating
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signaling cascades directly. To test this, differentiated F11 cells were treated with
5nM gp120, and a quick activation of p38 MAPK was observed after 5 minutes,
which subsequently decreased by 15 minutes. It is not known why
phosphorylation of p38 MAPK decreased after the five minutes of treatment, but
this pattern has been seen in other studies (Singh et al., 2005) and may be caused
by a feedback mechanism that provides a protective response for the cells to
abnormal activation. Blocking gp120 binding to CXCR4 using the small molecule
inhibitor AMD3100 abolished the early increase of phosphorylation of p38 MAPK
after 5 minutes, confirming that this early activation of p38 MAPK was likely due
to CXCR4 activation. However, elimination of the CXCR4 response with
AMD3100 pretreatment unmasked a slower activation of p38 MAPK after 30
minutes of gp120 exposure. How might this phosphorylation of p38 MAPK occur
with no CXCR4 activation? Previously we had found that a portion of gp120
internalization is in fact independent of CXCR4 binding. We hypothesized that
this later activation of p38 MAPK, which corresponds to the time point that
gp120 begins to get internalized, could be due to the activation of signaling
cascades by intracellular gp120. This activation would be masked by CXCR4
activation, since it causes such a strong and quick response of p38 MAPK

phosphorylation, which is then quickly quenched by the neuron.

4.2 Gp120 Impairs Fast Axonal Transport in the Squid Axoplasm

Perfusing proteins of interest into extruded squid axoplasm and then
measuring FAT velocity is a useful way to determine how proteins might

modulate FAT. With the previous results in mind, we chose to test the effect that



102

intra-axoplasmic gp120 might have on FAT. Gpi20 profoundly impaired both
anterograde and retrograde transport, in a manner specific to gp120’s activity
since heat-inactivation of gp120 abolished this effect. The divergent strains T-
tropic gp120 IIIB and the M-tropic gp120 BaL inhibited FAT in a similar manner
to each other, demonstrating that this effect on FAT is likely to be conserved
across strains. The effects of gp120 on FAT remained even after decreasing the
concentration of perfused gp120 to 100 pM.

The conservation of neurotoxicity of gp120 across strains is in contrast to
some past studies that found that T-tropic gp120 was more neurotoxic than M-
tropic gp120 (Zheng et al., 1999; Frost et al., 2009; Bachis et al., 2010). However,
other studies found that T-tropic and M-tropic gp120 strains have similar
neurotoxic profiles (Yi et al., 2004; Kaul et al., 2007). An intriguing explanation
for seeing similar neurotoxic effects between the two strains is that the squid
axoplasm is a membrane-free preparation, so any effects are independent of co-
receptor activation. Consistent with this, some studies reported that CCR5 has a
neuroprotective effect (Kaul et al., 2007), so reduced gp120 neurotoxicity in
CCR5-binding strains might be due to activation of CCR5 that compensates for
the neurotoxicity induced by internalized gp12o0.

Since the amount of free gp120 in plasma has been determined to be in the
low picomolar to low nanomolar range (Gilbert et al., 1991; Oh et al., 1992), 100
pM gp120 was perfused to determine if a lower, more physiological relevant
concentration might still have an effect on transport. In fact, 100 pM gp120
impaired FAT to a similar extent as 10 nM gp120. Local concentrations of gp120

around DRG neurons are likely to be higher than plasma concentrations due to
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the close proximity of infected cells, binding to extracellular matrix components
or local glial swelling (Nath, 2002; Krathwohl and Kaiser, 2004). However, the
local concentration of gp120 around DRG neurons has not been directly
measured. One important point to take into account is that DSP takes decades to
develop, although subclinical signs are commonly manifested in HIV patients. It
is quite possible that the effect of even the much smaller amounts of gp120
internalized by DRG neurons could gradually compromise neuronal function over
decades to cause FAT impairments in DRG neurons.

It is highly unlikely that gp120 produced inhibition of FAT through direct
interactions with motor proteins or microtubules. Since the concentration of
kinesin is 0.5 uM and tubulin is 25 pM in squid axoplasm (Morris and Lasek,
1984; Brady et al., 1990), the concentration of perfused gp120 was not enough to
cause sequestration of kinesin or impair FAT through binding to microtubules
(Brady et al., 1990). Further, gp120 perfusion did not alter microtubule structure
in the squid axoplasm (data not shown). Therefore, it is much more plausible
that the severe effect on FAT by gp120 at the low concentrations perfused is due

to amplification through enzymatic signaling cascades that regulate FAT.

4.3 Gp120 Impairs Fast Axonal Transport Through

Phosphotransferase Activation

To determine which regulatory signaling pathways were activated by
gp120 to impair FAT, gp120 was co-perfused with inhibitors of enzymes known to
regulate FAT in an attempt to rescue FAT. Since gp120 impaired FAT in both

anterograde and retrograde directions, kinases that are known to inhibit both
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directions of FAT (p38p MAPK, JNK3, CK1 and CK2) were targeted initially.
While CK1 and CK2 inhibition did not prevent FAT inhibition (data not shown),
the p38 and JNK2/3 inhibitor SB203580 exhibited partial protection of FAT
velocities. Next, the specific p38 MAPK inhibitor MW01-2-069A-SRM and the
specific JNK inhibitor SP600125 also partially protected FAT. These results
suggest that both p38 MAPK and JNK are activated by gp120 to impair FAT.

The activation of p38 MAPK confirms results from treating F11 cells.
However, in F11 cell treatments, activation of JNK by gp120 treatment was not
detected (data not shown). As the p38 MAPK inhibitor showed stronger
protection than the JNK inhibitor, it is possible that JNK is activated to a lesser
extent, and that this activation was not detected in the F11 cells. Another
potential reason is that 10 isoforms of JNK exist (Waetzig and Herdegen, 2005);
the JNK isoform that was activated in axoplasm may not be expressed in F11
cells.

Because SB20350 only partially protected FAT, it was postulated that
gp120 might activate additional signaling pathways that also impair FAT. More
inhibitors were co-perfused with gp120 to identify other signaling pathways
activated by gp120. Okadaic acid, an inhibitor of serine-threonine phosphatases,
also displayed partial protection of FAT when co-perfused with gp120. In fact,
co-perfusion of axoplasm with gp120, SB203580 and okadaic acid completely
protected FAT. Since the protective effects of SB203580 and okadaic acid were
additive, this suggests that the activation of phosphatases is in a parallel pathway

not related to the activation of JNK and p38.
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To narrow down which phosphatase had been activated, I-2, an inhibitor
of PP1, was co-perfused with gp120 and found to partially protect FAT as well. A
regulatory FAT pathway has been established in which PP1 activates GSK3-f} to
phosphorylate KL.Cs and decrease FAT velocity (Morfini et al., 2002; Morfini et
al., 2004). To test this pathway, a specific inhibitor of GSK3-f3, ING-135, was
coperfused with gp120 but did not change the effect of gp120 on transport.
These results ruled out activation of GSK3-f by PP1 as a component in inhibition
of FAT, meaning that the activation of PP1 by gp120 to impair FAT involves a
novel regulatory pathway for FAT.

Next, upstream activators of JNK and p38 MAPK were tested for their
involvement in gp120-induced inhibition of FAT. First, mixed lineage kinases, a
family of MAP3K’s that activate both JNK and p38 MAPK (Gallo and Johnson,
2002), were targeted. However, the MLK inhibitor CEP-11004 failed to decrease
the inhibition of transport caused by gp120, ruling out MLK’s as the upstream
activators of p38 MAPK and JNK. To examine other MAP3K’s the DVD peptide,
which blocks the conserved docking domains of certain MAP3K’s (Takekawa et
al., 2005), was coperfused with gp120 and found to partially protect FAT. This
narrowed down the MAP3K activated by gp120 to those targeted by the DVD
peptide, including MTK1 (MEKK4), Ask-1, Tak-1, TAO2, MEKK1, and Raf-1
(Takekawa et al., 2005). Of these, both Ask-1 and Tak-1 can activate both JNK
and p38 MAPK, narrowing down the list of candidate MAP3Ks. Co-perfusion of
axoplasms with gp120 and the Tak-1 inhibitor (5Z)-7-Oxozeaenol completely
protected FAT. This result not only identified the MAP3K activator to be Tak-1,

but also demonstrated that Tak-1 is upstream of both PP1 activation and p38
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MAPK/JNK activation, since the Tak-1 inhibitor was able to abolish FAT
inhibition by gp120. It is unclear why (5Z)-7-Oxozeaenol showed complete FAT
protection, while the DVD peptide only partially protected FAT. Since they both
targeted Tak-1, they would be expected to both protect FAT to the same extent. It
may be that the DVD peptide was less effective at Tak-1 inhibition than the
specific Tak-1 inhibitor (5Z)-7-Oxozeaenol. Alternatively, the action of Tak-1 on
the phosphatase pathway may be independent of MAPKK.

Since Tak-1 is likely to be upstream of PP1 based on the ability of (5Z)-7-
Oxozeaenol to completely protect FAT, downstream signaling cascades of Tak-1
were examined for PP1 involvement. Tak-1 is well defined as a regulator of
inflammatory and immune signaling pathways through activation of the NF-xB
pathway (Sakurai, 2012). To do so, Tak-1 activates the IKK complex, which is
composed of IKK-1, IKK-2 and NF-kB essential modulator (NEMO; Sakurai,
2012). Activation of the IKK complex through phosphorylation then triggers
phosphorylation of Inhibitor of Kappa B (IkB) by IKK-2 (Karin, 1999). IkB
normally exists bound to NF-«B to inhibit its translocation into the nucleus;
phosphorylation of IkB by IKK-2 targets it for proteasomal degradation (Hacker
and Karin, 2006). This releases NF-kB, allowing it to traffic to the nucleus and
stimulate transcription of target genes (Hacker and Karin, 2006).

Recently it was found that PP1 interacts with the IKK complex to positively
regulate IKK-2 activation (Mitsuhashi et al., 2008). Based on this evidence, we
chose to examine whether this pathway might be activated by gp120 treatment.

Perfusing axoplasm with IKK-2 inhibited FAT in both anterograde and
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retrograde directions, demonstrating that IKK-2 may also regulate FAT. Next,
co-perfusion of axoplasm with gp120 and the IKK-2 inhibitor XII exhibited
partial protection, indicating that gp120 activates IKK-2 to inhibit FAT.

These results define a novel role for IKK-2 in regulation of FAT, which is
outside of its role in activating NF-kB. In fact, accumulations of both IKK-2 and
phosphorylated IkBa have been detected in axons, primarily in initial segments
and nodes of Ranvier extending into paranodes (Schultz et al., 2006; Politi et al.,

2008). Phosphorylated IxkBa was associated with microtubules (Politi et al.,

2008), placing it in an appropriate location to regulate FAT. IxBa has also been
associated with dynein light chain (DLC) through a yeast two-hybrid screen,
coimmunoprecipitation in cell lines, and colocalization in immunofluorescence
(Crepieux et al., 1997). However, the mechanism for IKK-2 or IxBa regulation of
motor proteins remains to be defined. Future experiments will need to be
completed to determine whether IKK-2 or IkBa might directly phosphorylate
kinesin or dynein, or if they activate a downstream kinase that phosphorylates
either of the motor proteins to regulate FAT.

The gp120 in the axoplasm experiments was intra-cytoplasmic, and it is
unknown whether gp120 gets released into the cytoplasm. Although an iodixanol
flotation assay was performed to address this question, the assay did not separate
the cytoplasm sufficiently well from vesicle markers to be useful. Subcellular
fractionation is another experiment that should be done in the future to examine
whether internalized gp120 has access to the cytoplasm. However, evidence has

accumulated that proteins in the surrounding environment may have greater
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access to the cytoplasm of neurons than had previously been thought. For
example, in epilepsy cases Immunoglobulin G (IgG) has been found to cross the
blood brain barrier and accumulate in the cytoplasm of certain neurons (Rigau et
al., 2007; Michalak et al., 2012). Albumin also enters the cytoplasm of neurons
in response to cryogenic brain lesions (Loberg et al., 1992). In fact, a study
examining brains sections of rabbits, mice and rats detected IgG in within the
cytoplasm of certain neurons, demonstrating that IgG can accumulate in the
cytoplasm even in healthy neurons (Yoshimi et al., 2002).

Other non-plasma, extracellular proteins might also accumulate in the
cytoplasm of neurons, despite the fact that they were long believed to remain
within endolysosomal compartments until degradation by lysosomes (Ren et al.,
2009). For example, it was discovered that fetal neurons transplanted into two
individuals with Parkinson’s disease developed Lewy bodies in the cytoplasm,
indicating that a-synuclein from the recipient had access to the cytoplasm of the
transplanted neurons (Li et al., 2008). In addition, treating cultured cells with
polyglutamine aggregates led to an accumulation of the aggregates in the
cytoplasm of the cells, as demonstrated by deep-etch transmission electron
microscopy and colocalization of the aggregates with cytoplasmic quality control
proteins (Ren et al., 2009). In another study, homogenized brains from
transgenic mice for a human tau mutant that forms aggregates were injected into
transgenic mice expressing tau that does not form aggregates, leading to tau
aggregation and spreading to other brain regions (Clavaguera et al., 2009). In
order for this to occur, it was postulated that tau aggregates can be internalized

into neurons and seed new tau aggregates (Clavaguera et al., 2009). In fact, this
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was shown to be the case in cultured cells that were treated with extracellular tau
aggregates, leading to internalization of tau into intracellular cytoplasmic
compartments and development of tau aggregates (Frost et al., 2009). Similarly,
oligomeric amyloid p (AB), an extracellular neurotoxic peptide in Alzheimer’s
disease, has been found to have an intracellular effect on FAT through
dysregulation of certain regulatory kinases (Pigino et al., 2009) and there is
considerable evidence for the presence of cytoplasmic Af oligomers in neurons of
Alzheimer’s patients. Taken together, these studies demonstrate that
extracellular proteins may enter cytoplasm of neurons to a much greater extent
than had previously been thought. It is not implausible that extracellular gp120
might have access to the cytoplasm as well.

Here we defined the enzymatic pathway that gp120 can activate to inhibit
FAT (Figure 17). Intra-axoplasmic gp120 activates Tak-1. This activation may be
direct or through an upstream activator of Tak-1. Tak-1 activation leads to
activation of two separate signaling pathways that regulate FAT: one that
activates p38 MAPK and JNK, and another that activates PP1 and IKK-2. Both
p38 MAPK and JNK directly phosphorylate kinesin (Morfini et al., 2006;
Morfini, 2013 (submitted)) to inhibit FAT. The role of IKK-2 in regulation of FAT
has not been examined before and remains a promising area of research to define
new mechanisms of FAT regulation. Future studies that can improve our
understanding of gp120’s effects on FAT include the determination of which
domain of gp120 is responsible for activating the Tak-1 signaling cascade,
whether upstream activator(s) of Tak-1 exist, and elucidation of downstream

targets of IKK-2 to impair FAT.



110

Figure 17
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Figure 17. Schematic for the regulatory kinase signaling pathways activated by
gp120 to impair FAT. Gp120 activates a signaling cascade leading to Tak-1
activation. This upstream activation remains to be defined. Tak-1 then activates
PP1, IKK-2, JNK and p38 MAPK to impair FAT. While both JNK and p38 MAPK
are known to directly interact with KHC to inhibit binding to microtubules, the
role for IKK-2 in impairment of FAT remains to be determined. PP1 exists in a
complex with IKK-2 and activates IKK-2 downstream of Tak-1 to enhance IKK-2
activity.
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4.4 Gp120 Treatment Reduces Dynein Intermediate Chain Association

with Microtubules

To examine whether gp120 treatment decreases the amount of kinesin and
CDyn that are bound to microtubules, a microtubule binding assay was
performed. Although gp120 treatment caused a slight decrease in kinesin
binding to microtubules, this decrease was not statistically significant. However,
gp120 treatment did reduce the amount of DIC in the microtubule pellet. This
indicates that gp120 treatment either released the CDyn complex from
microtubules or uncoupled DIC from DHC, which remained bound to
microtubules. Further studies are needed to determine the precise mechanism
for changes in DIC association with microtubules in response to gp120 treatment.
Since gp120 had activated p38 MAPK and JNK in the squid axoplasm, and it is
known that p38 MAPK and JNK phosphorylate KHC’s to release kinesin from
microtubules (Morfini et al., 2006; Morfini, 2013 (submitted)), it was surprising
that we did not see a significant decrease in kinesin binding to microtubules. The
microtubule binding assay may not have been sensitive enough to detect changes.
Also, although multiple treatment times were tested, the appropriate timing
and/or concentration of gp120 may not have been used. Future studies to
directly examine phosphorylation of kinesin in response to gp120 treatment
would be beneficial.

The phosphoregulation of CDyn is still little understood. In one study,
increased phosphorylation of DHC and DIC in rat hepatocytes inhibited CDyn
ATPase activity (Runnegar et al., 1999). However, it has also been demonstrated

that the PKC catalytic subunit actually enhances CDyn-mediated FAT, which can
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be deleterious to neuronal function by depleting synaptic vesicles from
presynaptic terminals (Morfini et al., 2007). Therefore, phosphorylation of CDyn
might impair FAT by either activating or inhibiting CDyn functions. Intriguingly,
it was recently found that the kinase CK2 causes uncoupling of DHC from DIC, as
shown in microtubule binding assays in which CK2 caused DIC to be released
from the microtubule pellet, although DHC remained in the microtubule pellet
(unpublished data, Brady lab). It is still not known how CDyn is inhibited by
gp120 treatment, but examination of the uncoupling of DIC to DHC might shed
some light on the direct effects on CDyn. The inhibition of retrograde FAT seen
by gp120 could be either a direct or indirect response to gp120 treatment. For
example, the monoclonal antibody H2 that inhibits kinesin can also decrease
retrograde FAT (Brady et al., 1990), demonstrating that retrograde transport can
be decreased in response to inhibited anterograde transport. An alternative
possibility is that IKK-2 or phosphorylated IkBa might regulate CDyn-mediated
transport. Future experiments need to be done to parse out the role of

dysregulation of CDyn in gp120-mediated FAT inhibition.

5. Implications for the role of gp120 in Distal Sensory Polyneuropathy

We have described a novel direct pathway of neurotoxicity for gp120.
Gp12o0 is internalized by neurons, then localized and transported in their axons.
The close proximity of gp120 to critical components of the FAT machinery places
gp120 at the optimal subcellular location to interfere with phosphorylation

processes regulating FAT. In fact, intra-axonal gp120 directly impairs FAT
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through alteration of regulatory signaling cascades. As impaired FAT leads to
dying-back neuropathies, this model explains the dying-back neurodegeneration
seen in DSP as well as the timing of DSP, because impaired FAT can take decades
to progress to symptoms of dying-back neuropathies. However, this direct effect
of gp120 does not exclude the possibility of indirect actions as well. In fact, it is
quite possible that multiple actions of gp120 synergize to harm DRG neurons.
For example, the activation of CXCR4 by gp120 that leads to p38 MAPK
activation might exacerbate the p38 MAPK activation caused by intra-axonal
gp120. Additionally, TNF-a has been strongly implicated in the inflammatory
response in the indirect pathway for DSP (Herzberg and Sagen, 2001; Keswani et
al., 2003; Zheng et al., 2011). Intriguingly, TNF-a activates Tak-1 to activate the
NF-kB pathway, which is the same pathway that we have found activated by
intra-axonal gp120. These multiple mechanisms leading to activation of Tak-1
could very well synergize with each other. We propose, however, that the
impairment of FAT by gp120 is a critical step in the pathway to the development
of DSP, making DSP a member of the class of dysferopathies.

Certain risk factors for DSP also provide evidence that impaired FAT is the
mechanism for development of DSP. For example, one factor that is associated
with DSP is taller height (Evans et al., 2011). Since the longest axons are the
most vulnerable to impairments in FAT, it is plausible that taller people with
longer sensory axons would be more likely to suffer from DSP. HIV patients who
have diabetes mellitus (DM) are also at greater risk for developing DSP (Evans et
al., 2011; Anziska et al., 2012). Sensory neuropathies that have been linked to

impaired FAT also develop in DM (King, 2001). Thus, subclinical impairments of
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FAT by HIV might be exacerbated by subclinical impairments in DM, leading to a
higher likelihood of the development of symptomatic DSP.

The most significant risk factor for DSP is age (Ellis et al., 2010; Nakamoto
et al., 2010; Evans et al., 2011; Anziska et al., 2012), which is also associated with
dysferopathies. This can be explained by the fact that transport progressively
declines with aging (McQuarrie et al., 1989). A model for this (Figure 18) is that
during development, an abundance of FAT exists. During the aging process, FAT
declines. In healthy people, this decline does not hit a threshold within their
lifetimes to cause any symptoms. In dysferopathies linked to genetic mutations,
patients begin life with less FAT than healthy individuals. Therefore, their
decline hits a threshold earlier, leading to the development of symptoms in mid-
life. In cases of insults later in life that cause dysferopathies, these might steepen
the slope of decline in FAT, leading to FAT levels dropping below threshold and
causing symptoms of dying-back neuropathies.

We propose that aging is a significant risk factor for DSP because HIV
infection can compromise FAT and increase the rate of FAT decline.
Unmyelinated DRG axons would be most at risk for dying-back degeneration,
since they are more exposed to extracellular gp120 than their myelinated
counterparts. Although gp120 can cause inhibition of FAT, this would not result
in symptoms until transport in the patients’ neurons had declined enough to
cross a threshold. Since the decline of FAT is a slow process, this would also
explain the preponderance of subclinical DSP. Further studies should be
undertaken to define the signaling pathways that gp120 activates and the

mechanisms for FAT impairment by gp120.
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Figure 18
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Figure 18. During development, there is an abundance of FAT. During the
aging process, the amount of FAT declines (blue line). In healthy individuals, this
progressive decline does not cross a threshold required for symptoms until after
death. However, individuals with mutations that inhibit FAT (red line) will start
out with less FAT, and the threshold at which symptoms appear will be crossed
earlier, during mid-life. The slope of the blue line can also be changed due to an
environmental insult (dashed yellow line), which would also cause the threshold
for symptoms to be crossed earlier, leading to onset of symptoms. In the case of
HIV-infected patients, this change in slope would be triggered by HIV infection.
Gp120-mediated dysregulation would cause progressive decline in FAT,
triggering DSP in patients after decades of infection.



CHAPTER VI

CONCLUSIONS

DSP, the most common neurological complication of HIV, causes
excruciating pain for patients; yet few treatment options exist. The pain is severe
enough that it is common for patients to not be able to sleep with sheets or wear
socks and shoes (Dorsey and Morton, 2006). Due to improvements of HIV cART
leading to increased lifespans of those infected with HIV, treatment of
debilitating complications such as DSP are important to improve quality of life
for these patients. Discovering new treatment targets is critical for DSP patients.

Neurons of the PNS are extremely polarized, with axons reaching up to 1
meter in length in humans. This places remarkable demands on their cell bodies,
since virtually all protein synthesis occurs in the cell body, and proteins must be
transported with precise timing to the appropriate location in order for axons to
remain healthy. Thus, proper functioning of FAT is critical to maintain axon
health and prevent dying-back neurodegeneration.

It has been determined that FAT is highly regulated by phosphotransferase
activity. In fact, impairment of this kinase regulation of FAT is a common
mechanism in dysferopathies, a class of dying-back neurodegenerative diseases.
The similarity in DSP to these dysferopathies, including the late onset,

progressive dying-back neurodegeneration of axons, and the presence of certain
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risk factors indicative of impaired FAT led us to propose a novel hypothesis that
dysregulation of FAT is the underlying mechanism responsible for development
of DSP.

Here we showed that the neurotoxic HIV glycoprotein gp120 was
internalized by F11 cells and DRG neurons, and located within axons after
internalization. Internalization was partially dependent on gp120 binding to its
coreceptor CXCR4, and it occurred primarily through lipid rafts with a fraction
through fluid phase pinocytosis. Intra-axonal gp120 was then found to
profoundly impair both anterograde and retrograde FAT. The mechanism for
this inhibition of FAT was determined through kinase inhibitor studies to be
through the activation of Tak-1 signaling cascade, leading to p38 MAPK and JNK
activation. Both p38 MAPK and JNK kinases can directly phosphorylate kinesin
and decrease FAT (Morfini et al., 2006; Morfini, 2013 (submitted)). Tak-1
activation also led to PP1 and IKK-2 activation, which is a novel regulatory
pathway for FAT. Further confirming this data in mammalian cells, p38 MAPK
was activated independently of CXCR4 after 30 minutes, which corresponds with
gp120 internalization timing. Additionally, gp120 treatment led to release of DIC
from microtubules, demonstrating that gp120 affects motor protein association
with microtubules. These results have illuminated a novel mechanism for DSP
(Figure 19).

The observations above suggest that abnormalities in the activities of
protein kinases involved in the regulation of FAT might play a role in the
pathogenesis of DSP. If the toxic effect of gp120 indeed derives, at least in part,

from such alterations, then the activity of these enzymes could be corrected using
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pharmacological approaches. The identification of mechanisms for gp120
internalization by sensory neurons as well as the misregulation of kinase
activities relevant to FAT by intra-axonal gp120 represents a first critical step.
After this, novel pharmacological inhibitors could be developed, or already
existing ones applied in combination to either minimize gp120 internalization or
to restore the activity of these kinases to their normal levels, without
compromising their basic functions. Targeting lipid rafts by depleting cholesterol
might be an effective treatment option by preventing gp120 internalization. In
fact, many drugs such as statins are safe and effectively used to decrease
cholesterol. Treating HIV patients with statins could target DSP and provide
some relief from the pain. However, the possibility of using statins will need to
be carefully examined, since certain statins have dangerous interactions with HIV
protease inhibitors. Another concern would be that they may not reduce
internalization sufficiently to be effective.

The development of kinase inhibitors targeting specific pools of a given
protein kinase suggests that targeted inhibition of kinases relevant to FAT is not
implausible (Waetzig and Herdegen, 2005). A message of hope is given by the
fact that several kinase inhibitors have been already successfully tested in vivo in
a variety of animal disease models, and some have already entered phase III in
human clinical trials, including inhibitors of GSK-3 (Eldar-Finkelman and Ilouz,

2003), p38 MAPK (Munoz et al., 2007), and JNK kinases (Bogoyevitch et al.,
2004), among others. Halting impairments in FAT could halt disease
progression and improve disease outcomes.

This dissertation research has identified a novel mechanism for the



120

progression of DSP, as well as potential new treatment targets for HIV patients
suffering from DSP. Further studies will be needed to explore these mechanisms

and evaluate therapeutic interventions for DSP.
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Figure 19

HIV infection

v

DRGs internalize gp120

Gp120 activates intra-axonal
kinase signaling pathways

v

Abnormal phosphorylation of motor proteins

v

Impaired fast axonal transport J

v

Dying back neuropathy

Figure 19. A model for DSP based on the results from this dissertation. In HIV
infection, gp120 is internalized by sensory neurons and their axons. Intra-axonal
gp120 interacts with regulatory signaling pathways for FAT, leading abnormal
motor protein phosphorylation. This could lead to reduced binding to
microtubules, as evidenced in the case of DIC. Ultimately, these aberrant
activations of phosphotransferase activity lead to inhibited FAT. Over a period of
years, the progressive decline of FAT leads to dying-back neurodegeneration of
DRG axons, leading to the symptoms seen in DSP.
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