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HIV-1 infection of the nervous system causes various neurologic diseases. Synaptic
degeneration is a critical underlying neurological pathology. However, the mechanism by
which HIV-1 causes synaptic degeneration is unclear. In this dissertation, we tested the
role of HIV- envelope protein gp120 in pathogenesis of degeneration both in the spinal
cord and the cortex.

In the spinal cord, gp120 exposure caused synaptic degeneration. Because gp120
induced microglial activation, we further tested the hypothesis that microglia contribute to
gpl120-induced synaptic degeneration. We found that blockage of microglial activation
abolished the synapse loss induced by gp120. Fractalkine (FKN; a.k.a.CX3C ligand-1 or
CX3CL1), a microglia-activation chemokine that is specifically expressed in neurons, was
up-regulated in response to gpl20 stimulation. Knockout (KO) of the FKN receptor
CX3CR1, which is specifically expressed on microglia, protected synapses from gp120-

induced degeneration. These results indicate that the neuron-to-microglia intercellular

vii



FKN/CX3CR1 signaling is critical for gp120-induced synaptic degeneration. To elucidate
the molecular mechanism that controls this intercellular signaling, we tested the role of the
Whnt3a/B-catenin pathway in regulating FKN expression. We found that inhibition of this
pathway blocked both the gpl20-induced FKN up-regulation and the synaptic
degeneration. We also found that gp120 stimulates FKN expression, which is mediated by
Whnt3a/B-catenin signaling, via NMDA receptor activation. These findings collectively
suggest that HIV-1 gp120 induces synapse degeneration via microglial activation regulated
by the Wnt3a/B-catenin/ FKN pathway.

Significant synaptic degeneration was observed in the cortex of gp120 transgenic
(Tg) mice. Our data suggest that glial phagocytosis greatly contributed to gp120-induced
synaptic loss. Interestingly, microglia predominately engulf and eliminate pre-synaptic
structures, while reactive astrocytes act predominantly at the postsynaptic compartment.
Ablation of microglia protected pre-synaptic elements from gp120-induced elimination.
Furthermore, the MerTk signal pathway contributed to gpl20- induced microglial
phagocytosis of pre-synaptic terminal but was not involved in astrocytic phagocytosis of
post-synaptic terminal. Our studies reveal critical roles microglial and astrocytic

phagocytosis in HIV-associated synaptic degeneration.
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MAJOR SECTION

Chapter 1 Introduction’

There are almost 36.7 million HIV-infected people worldwide, with over 1 million
in US by the end of 2016 (https://www.hiv.gov/hiv-basics/overview/data-and-
trends/global-statistics). HIV-1 attacks the immune system, specifically the CD4 cells (T
cells), leading to acquired immunodeficiency syndrome (AIDS). No cure is currently
available. Highly active antiretroviral therapy (HAART) is the current standard treatment
for HIV infection. It is a customized combination of different classes of antiretroviral
agents, including nucleoside reverse transcriptase inhibitors (NRTIs), non-nucleoside
reverse transcriptase inhibitors, protease inhibitors, integrase inhibitors and entry
inhibitors. With the proper HAART treatment, the lifespan of people infected with HIV is

dramatically prolonged.

HIV is a lentivirus, a subtype of retrovirus. There are two genetically distinct types
of the HIV virus: HIV-1 and HIV-2. HIV-1 is the predominant and most common type,
being responsible for 95% of all infections worldwide (http://i-base.info/qa/36). HIV-2, a
less prevalent, lower transmission efficiency and less pathogenic (fewer deaths) type,
found primarily in western Africa. HIV viral particle is spherical in shape with a diameter
of about 100 nm enveloped by a lipoprotein membrane. Below the envelope, there is
protein matrix, whose core region consists of a conical capsid containing two copies of the

positive sense single-stranded RNA (ssRNA) genome, the reverse transcriptase, integrase

I Portions of this Chapter were previously published. Ru, W and Tang, S-J. HIV-associated synaptic
degeneration. Molecular Brain. 2017. 10:40
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Fig 1. 1 The structure of matured HIV viral particle. HIV is a spherical virus with a
diameter of 100 nm (source: http://www.onlinebiologynotes.com/structure-genome-
proteins-hiv/).

and protease enzymes (Fig.1.1). The genome of HIV-1 consists of 3 structural genes: gag
(group specific antigen), pol (polymerase): the viral enzymes and env (envelope), and 6
regulatory genes: tat, rev, nef, vif, vpr and vpu. The organization of HIVV-1 genome and the

main function of each gene are shown in Fig. 1.2.

HIV primarily infects CD4" T cells and cells of the monocytes-macrophage lineage
(such as monocytes, macrophages, skin dendritic cells and brain microglial cells). In order
to enter to host cells and replicate, HIV firstly binds, via its surface glycoprotein gp120, to
CD4 receptor and co-receptor CCR5 (macrophage) or CXCR4 (T-cell) on the surface of
host cells. Once HIV attatches to the host cell, glycoprotein gp4l undergoes
conformational change and triggers the fusion of HIV envelope and the cell plasma
membrane, leadinig to viral genome and protein entering to the cell. Inside the host cell,
retrovrial reversed transcriptase converts HIV RNA to DNA, and the HIV DNA is then
transfered to the nucleus and integrates into the host genome (facilitated by integrase). The

integrated viral genome (provirus) can synthesize new HIV RNAs using the host
2
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trascription machinery, to make viral protein and the genome for assembling of new viral

particles that are bud from the plasma memberane (Fig. 1.3).

nef
gag | [ vif | vou[  env

LTR
pol vpr tat H

rev
(long terminal repeat) Transcription of viral genome; integration of viral DNA into host
cell genome; binding site for host transcription factors

Nucleocapsid core and matrix proteins
Iﬂ] (polymerase) Reverse transcriptase, protease, integrase, and ribonuclease

(envelope) Viral coat proteins (gp120 and gp41)

vif | (viral infectivity factor) Overcomes inhibitory effect of host cell enzyme (APOBEC3G),
promotes viral replication

(viral protein R) Increases viral replication; promotes HIV infection of macrophages

LTR

(transcriptional activator) Required for elongation of viral transcripts

~
J

ev | (regulator of viral gene expression) Promotes nuclear export of incompletely spliced
viral RNAs

vpu| (viral protein u) Down-regulates host cell CD4 expression; enhances release of virus
from cells

nef | (negative effector) Down-regulates host cell CD4 and class | MHC expression;
enhances release of infectious virus

Fig 1. 2 An overview of the organization of genome of HIV-1 and a summary of the
functions of its genes (source: https:/clinicalgate.com/acquired-immune-deficiency-
syndrome/).

1.1 HIVV-ASSOCIATED NEUROLOGICAL DISORDERS

Soon after the infection, HIV enters the central nervous system (CNS) and causes
neurological dysfunction. Even with the effective anti-retroviral therapy that suppresses
viral replication and transmission, about 70% of HIV patients still develop neurological
complications (Sacktor, 2002). Multiple neurological disorders are manifested in HIV
patients.

HIV-associated neurocognitive disorder (HAND) is a common primary

neurological disorder associated with HIV infection of the CNS. Patients with HAND often
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Fig 1. 3 Schematic overview of HIV-1 entry to the host cells and replication cycles.
(adapted from: https://www.niaid.nih.gov/diseases-conditions/hiv-replication-cycle)

develop cognitive impairment, motor dysfunction and speech problems. Clinical severity
of HAND ranges from asymptomatic neurocognitive impairment (ANI) and mild
neurocognitive disorder (MND) to HIV-associated dementia (HAD) (Antinori et al., 2007).

Due to the success of HAART, HAD has declined, with a prevalence of less than 5% of
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HIV patient who are on the treatment (Saylor et al., 2016). However, the mild forms of

HAND are still common and significantly affect patients’ quality of life (Fig. 1. 4).

Pre-HAART era HAART era

No impairment < No impairment

Fig 1. 4 Comparison of the prevalence of HANDs between pre-HAART era and the
era of widespread HAART usage. The prevalence of severe form of HAND, HAD, has
declined significantly, but milder forms of HAND are still common. (modified from
Deanna Saylor et al., Nat Rev Neurol. 2016 Apr, 12(4): 234-248.)

Neuropathy of the peripheral nerves often develops in HIV patients. With an
improved survival of HIV patients on HAART, the prevalence of HIV-associated
neuropathy has increased, with about 42% of HIV patients showing neuropathy symptoms
(Smyth et al., 2007). The clinical symptoms include unusual sensation, numbness and
severe pain. However, pathological analysis of autopsies indicate that almost all patients
with AIDS develop peripheral neuropathy, including those who did not show clinical
symptoms (Cornblath and McArthur, 1988).

HIV-associated vacuolar myelopathy (VM) is commonly associated with late
stages of HIV infection. Of AIDS patients, 20%-55% exhibit symptoms of VM (Di Rocco
and Simpson, 1998). Vacuolization in dorsal and lateral tracts in the thoracic spinal cord is
a common pathological characteristic. Patients with VM manifest progressive weakness of

legs and sensory abnormalities, and VM may ultimately lead to paralysis of lower limbs

(Di Rocco and Simpson, 1998).



In addition to HIV infection, anti-retroviral therapy may also contribute to
neurological disorders. For example, patients treated with NRTIs are prone to develop
neuropathy and/or myopathy in a dose-dependent manner (Dalakas et al., 1990; Bozzette
et al., 1991; Jay et al., 1994). A major side effect of protease inhibitors on the CNS is
lipodystrophy syndrome, which is characterized by peripheral fat wasting and central
adiposity (Carr et al., 1998). NRTIs have also been linked to lipodystrophy (Carr et al.,
2000). HAART was also reported to increase the incidence of encephalitis (Langford et al.,

2003) and induce neuropathy (Maschke et al., 2000).

1.2 NEUROPATHOLOGICAL ALTERATION IN CNS

1.2.1 Early stages.

Although 70% of people with HIV have neuropathological abnormalities in the era
of HAART (Sacktor, 2002), only a few studies have reported neuropathology in HIV-
infected individuals before the onset of AIDS due to the limited availability of postmortem
brains. Most HIV-1 patients remain neurologically unimpaired during early pre-AIDS
stages. It generally takes 3 to 6 weeks to become seropositive after HIV infection, and this
period is known as seroconversion. During seroconversion, 50-70% of HIV-infected
people experience transient “acute HIV syndrome”, such as symptomatic meningitis (Ho
et al., 1985), encephalopathy (Carne et al., 1985; Nzwalo et al., 2012) or myelopathy
(Denning et al., 1987). Some clinicopathological studies revealed that the CNS entry of
HIV-1 might also induce demyelination in the white matter during seroconversion (Jones

etal., 1988; Gray et al., 1991a).

1.2.2 Asymptomatic period.



After the seroconversion period, HIV infection enters a latency phase called the
asymptomatic period, which usually lasts for 8-10 years. Neurological pathologies are
noted during this stage, especially in the white matter, although the pathological changes
are not consistent. Vascular inflammation is frequently observed in the white matter and
basal ganglia, and microglial activation, astrocytosis and myelin pallor are observed in the
white matter during this stage (Gray et al., 1992; An et al., 1996; Gray et al., 1996).
Although microglial activation is observed in the cerebral cortex (Sinclair et al., 1994),

neuronal loss and astrocyte proliferation are rarely seen there (Gray et al., 1996).

1.2.3 AIDS stage.

Autopsies found that 80%-100% of AIDS patients had neuropathological changes
in the CNS (Anders et al., 1986; Navia et al., 1986; Kanzer, 1990; Gray et al., 1991b). HIV-
associated encephalitis (HIVE) was also observed in some patients at this stage. The
neuropathological characteristics of HIVE include microglial nodules, multinucleated
giant cells, reactive astrocytosis, microglial proliferation, myelin pallor, and infiltration of
peripheral monocytes (Budka, 1986, 1991; Gelman, 1993; Tauber et al., 2016). In contrast
to the pre-AIDS stages, when neuronal loss is not seen, neuronal death is frequently
observed in AIDS patients (Adle-Biassette et al., 1995). Significant neuronal loss has been
reported in the frontal cortex (Ketzler et al., 1990; Weis et al., 1993; Adle-Biassette et al.,
1995). Neuronal death via apoptosis occurs in AIDS patients (Shi et al., 1996; Garden et
al., 2002). Non-apoptotic neuronal injuries, including retraction of dendritic spines,
dendritic pruning or aberrant sprouting, axonal disruption and synaptic degeneration, were
also observed. Immunostaining analysis of postmortem brain tissues using synaptic and
dendritic markers revealed dendritic beading, synaptic degeneration and dendritic spine

loss in the brain of HIV patients (Masliah et al., 1997; Everall et al., 1999; Gisslén et al.,



2005). Axonal injury indicated by elevated neurofilament protein in CSF is also detected
in HIV patients (Hagberg et al., 2000; Norgren et al., 2003; Gisslén et al., 2005). Loss of
synaptodendritic structures in HIV patients is correlated with reduced volume of neuropil

and white matter (Grant et al., 1987; Norgren et al., 2003).

1.3 SYNAPTIC DEGENERATION

Among all the neuropathological changes observed in HIV-infected CNS, synaptic
degeneration is particularly interesting. Synapses mediate communication and interaction
between neurons. A typical chemical synapse consists of a presynaptic ending that contains
neurotransmitters, a synaptic cleft between pre- and post-synaptic terminal and
postsynaptic terminal that contains receptor sites for neurotransmitters. The arrival of
electrical impulse at the pre-synaptic terminal causes the movement of vesicles containing
neurotransmitters towards presynaptic membrane (Fig 1.5). The synaptic vesicle then fuses
with the presynaptic membrane and triggers the release of neurotransmitters into the
synaptic cleft. The diffused transmitters bind to receptor on the postsynaptic membrane
to either excite or inhibit post-synaptic neurons. Synaptic degeneration likely results in
aberrant communication between neurons.

Both HIV encephalitis and neuronal loss are observed in the brain after HIV
infection, and they appear to associate with severe dementia. However, they do not
correlate well with milder forms of cognitive impairment (Adle-Biassette et al., 1999). HIV
encephalitis occurs in some but not all HIV-infected individuals. Its presence and severity
do not correspond to the degree of cognitive deficits (Brew et al., 1995; Wiley and Achim,
1995; Cherner et al., 2002). In addition, different from other neurocognitive conditions
such as Alzheimer’s or Parkinson’s diseases, the early dementing process in HIV patients

is not associated with substantial neuronal apoptosis. Weis et al. reported that AIDS
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Fig 1. 5 Structure of a typical chemical synapse. It consists of a presynaptic ending
containing neurotransmitters, a synaptic cleft and postsynaptic ending that contains
neurotransmitter receptor. (adapted from https://en.wikipedia.org/wiki/Synapse).

patients with clinical signs of progressive dementia showed no significant difference in
neuronal densities compared to patients without dementia, indicating that neuronal loss
was not causally linked to the development of dementia (Weis et al., 1993). But synaptic
alteration and degeneration in the brains of HIV patients appear to correlate well with the
presence and severity of cognitive impairment (Everall et al., 1999; Sa et al., 2004; Ellis et
al., 2007).

Consistent with this notion, our earlier study found significant reductions of
synaptic proteins: PSD95, NMDA receptor subunit 1 (NR1) and Synapsin I (Syn 1) in the
spinal dorsal horn (SDH) of HIV patients who develop pathological pain (‘pain-positive
patients) but not in the patients who do not develop the pain syndrome (‘pain-negative’
patients), indicating the synaptic degeneration in SDH of pain-positive HIV patients (Yuan
et al., 2014). These findings suggest that synaptic degeneration in the pain neural circuitry
contribute to the pathogenesis of HIV pain syndromes.

Identification of the pathogenic role of synaptic degeneration in neurological
dysfunction significantly improve our understanding of HIV-associated neurological
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disorders. Inhibition of synaptic degeneration may provide an attractive therapeutic target

to prevent the pathogenesis of HIV-associated dementia and pain.

1.4 ANIMAL AND IN VITRO MODELS

To investigate the underling mechanism of HIV-infection- caused synaptic
alteration observed in human patients, relevant animal models are essential. The following

animal models are currently used to study the HIV- associated neurological disorders.

1.4.1 Non-human primate models.

The simian immunodeficiency virus (SIV)-infected macaque is an established
relevant model for studying the neuropathogenesis of HIV-associated disorders. In
monkeys, SIV can enter the brain shortly after infection and causes brain abnormalities.
SIV infection recapitulates the main features of immune response of HIV infection
(Roberts et al., 2003; Roberts et al., 2004; Roberts et al., 2006; Marcondes et al., 2007;
Fox, 2008). Additionally, HIV-associated neuropathologies in the brains of HIV patients
are also developed in the SIV-infected macaque. For example, pre-synaptic damage was
reported in SIV-infected macaques, as indicated by elevated levels of neuronal damage
marker 14-3-3 protein in the CSF (Sharer et al., 1988; Helke et al., 2013). SIV-infected
macaques developed various types of behavioral impairments, similar to those observed in
HIV patients, as shown by a number of behavioral and neurophysiological testing
modalities (Gold et al., 1998; Horn et al., 1998; Weed et al., 2003; Weed et al., 2004;
Marcondes et al., 2009). This model is particularly useful to study the pathogenesis of HIV-
associated disorders in the era of HAART, because the infected macaque can be treated

with HAART regimens to mimic the clinical settings (Zink et al., 2010). It is also very
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helpful for the investigation of the synergized effects of drug abuse and HIV infection
during neuropathogenesis (Marcondes et al., 2010; Bokhari et al., 2011; Hollenbach et al.,
2014; Marcario et al., 2016). In addition, because of the multi-time accessibility of CSF,
plasma and CNS samples during the progression of infection, this model allows to
investigate the development of HIV-associated disorders through the progressive stages.
Although studies with SIV-infected macaques provide valuable insights into the
pathogenesis of HIV infection, it is important to keep in mind that SIV and HIV are not the
same. For example, CCR5-preferred HIV can gain the ability to use CXCR4 to enter into
monocyte-derived macrophages (Gorry et al., 2001; Gray et al., 2009), while CCR5-
preferred SIV uses other co-receptors such as CXCR6, GPR15 and GPR but not CXCR4
to enter host cells (Riddick et al., 2010). To address these limitations, simian-human
immunodeficiency virus (SHIV) was constructed, in which the env gene of SIV was
replaced by HIV-1 env. Therefore, the hybrid viruses are biologically more similar to HIV
than SIV. Macaques infected with SHIV89.6P (CXCR4/CCR5 virus) developed
encephalitis characterized by multinucleated giant cells, astrogliosis, microglial nodules,
activated macrophages and astrocytes, and perivascular cuffing with mononuclear cells in
the white matter (Buch et al., 2000). CCR5 (R5)-tropic SHIVSF162P3N virus caused giant
cell SIV encephalitis in approximately 30% of infected rhesus macaques that developed
AIDS (Harbison et al., 2014). Giant cell SIV encephalitis lesions included white matter
damage, necrosis, and astrocytic and microglial activation (Harbison et al., 2014).
SHIVKU, a CXCRA4 virus, also could productively replicate in the CNS of rhesus macaques
and caused pathological changes (Raghavan et al., 1997; Buch et al., 2002; Li et al., 2015).
Despite the significant contributions of non-human primate models to understanding HIV-
1-associated neuropathogenesis, these models are limited by their availability and high cost

of maintenance.
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1.4.2 Rodent models.

For reasons that are not completely defined, rodents cannot be productively infected
by HIV-1. To circumvent this drawback, transgenic mice are generated to express HIV-1
proteins such as the envelope protein gp120 and the transactivator of transcription (Tat),
both of which are neurotoxic. In a gp120 transgenic mouse (gp120 Tg) model, the gp120
transgene is controlled by the glial fibrillary acidic protein (GFAP) promoter, and thus
gpl20 is restricted to astrocytes (Toggas et al., 1994). The release of astrocytically
expressed gpl20 protein can affect nearby neurons. Confocal imaging of brain sections
labeled with dendritic and synaptic markers revealed the dendritic vacuolization, loss of
dendritic spines and presynaptic termini in the neocortex and the hippocampus (Toggas et
al., 1994). This gp120 Tg mouse also showed activation of glial cells (Toggas et al., 1994)
and impaired proliferation and differentiation of neuronal progenitor cells (Okamoto et al.,
2007; Lee et al., 2011). Additionally, aging (12 months) gp120 Tg mice develop deficits
in motor and cognitive performance (Toggas et al., 1994; D'hooge et al., 1999).

In another transgenic mouse model, the Tat transgene is expressed in astrocytes in
a Dox-regulated manner (Kim et al., 2003). The inducible expression of Tat provides the
ability to study the temporal effect of Tat released from astrocytes. This transgenic mouse
displays degeneration of neuronal dendrites, neuron death, astrocytosis and enhanced
infiltration of activated monocytes and T lymphocytes, and these alterations are largely
observed in the cerebellum and cortex (Kim et al., 2003). Other studies described subtler
neuronal injuries such as spine loss and synaptic degeneration in hippocampal pyramidal
CA1 neurons and striatal neurons (Bruce-Keller et al., 2008; Fitting et al., 2010; Fitting et
al., 2013). The Tat transgenic mice develop impairments in spatial memory and novel
object recognition memory (Kim et al., 2003; Carey et al., 2012; Fitting et al., 2013).

Transgenic mice with full-length (Thomas et al., 1994; Wang et al., 2003a) or gag-

pol-deleted HIV-1 genomic DNA (Santoro et al., 1994) have been reported. The integrated
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HIV-1 genome in the transgenic mouse somewhat resembles HIV-1 provirus. In addition,
the transgenic HIV-1 genome has the potential to express multiple HIV-1 proteins. These
strengths of this transgenic strategy, however, also complicate the result interpretation for
determining the causal relationship between specific HIV-1 proteins and observed
phenotypes. Despite low levels of viral protein expression, the full-length transgenic mouse
model shows impaired nerve conduction, axonal degeneration and decreased nerve fiber
density in the peripheral nervous system. They are also impaired in motor function
(Thomas et al., 1994), and show hyper-reactivation of microglia and astrocytes (Wang et
al., 2003a; Sun et al., 2008).

The HIV-1 transgenic rat has been studied by multiple groups as a model of HIV-
associated neurological diseases. It contains a gag-pol-deleted HIV-1 genome that is
controlled by the viral promoter. Since without gag and pol genes that are responsible for
viral replication, it cannot produce infectious virions (Reid et al., 2001). This rat model
expresses multiple viral proteins. In particular, the expression of Tat, gp120, Nef and Vif
RNAs show age-dependent profiles, shifting from peripheral immune organs to the CNS
at 10-11 months of age. These features of HIV-1 gene expression indicate that the HIV-1
transgenic rats can model specific aspects of HIV-1-infected individuals on HAART (Peng
et al, 2010). The 7-to-9-month-old animals show up-regulated expression of
neuroinflammation markers such as interleukin-1p (IL-1p), tumor necrosis factor o (TNF-
a) and microglial/macrophage marker CD11b (Rao et al., 2011), which may contribute to
the observed synapto-dendritic injury (Rao et al., 2011). The transgenic rats develop spatial
learning deficits (Vigorito et al., 2007; Lashomb et al., 2009) and are impaired in motor
performance (Reid et al., 2016).

The HIV-1 transgenic rodent models described above provide useful tools to study
the contribution of viral proteins to the pathogenesis of HIV-associated disorders.
However, they have significant limitations. Foremost, they do not acquire HIV-1 infection

and thus cannot faithfully model the initial infection stages or the AIDS progression, which
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are key events associating with the development of neurological disorders.
Understandably, efforts continue to create additional rodent models to mimic HIV
infection. One strategy is to introduce human HIV-1 receptors and co-receptors in
transgenic rodents (Seay et al., 2013). However, it appears that HIV-1 replication was
defective in CD4 or CCR5 transgenic rodents (Goffinet et al., 2007; Tervo et al., 2008).
Potash et al. designed a creative approach to generate a novel mouse model of HIV-
1 infection. They constructed a chimeric HIV-1 virus by replacing the HIVV-gp120 coding
region with the gp80 envelope gene from the ecotropic murine leukemia virus. This
chimeric virus, called EcoHIV, can enter to the host cells by binding to cationic amino acid
transpoter-1 (MCAT) (Potash et al., 2005). Despite the widespread expression of mCAT in
the mouse tissues, persistent infection seems to be restricted to splenic lymphocytes,
peritoneal macrophages and brain (Potash et al., 2005; Hadas et al., 2013). EcoHIV
infection by stereotactic inoculation into the mouse basal ganglia caused pre-clinical brain
pathology such as microglia and astrocyte activation (Potash et al., 2005; Kelschenbach et
al., 2012). However, the lack of gp120 in the chimeric virus presents specific limitations
in this model. First, it is unclear to what degree the chimeric virus mimics the HIV-1
infection. For example, it may not target the same populations of cells as HIV-1. In
addition, because gp120 is a major HIV-1 neurotoxic protein, this model may not
recapitulate some of the neuropathological phenotypes related to HIV infection.
HIV-infected humanized mice are the exciting new rodent models. One strategy is
to generate humanized mice with CNS HIV infection by direct injection of infected human
cells. HIV-infected human monocyte-derived macrophages or HIV-infected human
microglia cells are injected into the brain of severe combined immunodeficiency deficient
(SCID) mice (Persidsky et al., 1996; Persidsky et al., 1997) or reconstituted SCID mice
with human peripheral blood leukocytes (PBLs) (huPBL/SCID) (Poluektova et al., 2002;
Poluektova et al., 2004). SCID and huPBL/SCID mice with the infected human cells

recapitulate the several neurological pathologies observed in HIV patients with HIVE,
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including multinucleated giant cells, astrogliosis, microglial activation and neuronal
damage (Persidsky et al., 1996; Persidsky et al., 1997; Poluektova et al., 2002; Poluektova
etal., 2004). The SCID-HIVE mouse model also develops cognitive deficits. Morris water
maze tests revealed their learning and memory impairments, regardless of HAART
treatment (Cook-Easterwood et al., 2007). Using these models, isolate-specific cognitive
deficits and neuropathology were reported. Intracranial injection of macrophages infected
with a clade B HIV-1 isolate (HIV-1(ADA)) into SCID mice caused worse performance in
cognitive tests and more severe pathological changes than a clade C HIV-1 isolate (HIV-
1(Indie-C1)) (Rao et al., 2008).

Another strategy to generate humanized mice is systemic transplantation of human
hematopoietic stem cells (CD34" cells) or adult human peripheral blood mononuclear cells
into various immunodeficient mice so that the mice host the human target cells for HIV-1
infection (Mosier et al., 1988; Ito et al., 2002; Traggiai et al., 2004; Shultz et al., 2005;
Melkus et al., 2006; Hatziioannou and Evans, 2012). Various neuropathologies were
reported in HIV-infected humanized mouse models. For example, NOD/SCID-IL-2Ryc™!
(NSG) mice with engrafted human CD34" stem cells (NSG-hCD34") developed a
functional human immune system containing T lymphocytes, monocytes and macrophages
could be efficiently infected with HIV (Gorantla et al., 2010; Dash et al., 2011; Boska et
al., 2014; Marsden and Zack, 2015). Neuronal and synaptic damage were detected by
immunohistochemical staining of various neuronal and synaptic markers such as
microtubule associated protein-2, neurofilament and synaptophysin. The neuropathologies
appeared to correlate with glial cell activation (Dash et al., 2011; Boska et al., 2014). The
animals also showed memory deficits and persistent anxiety (Dash et al., 2011; Boska et
al., 2014). Although less used for CNS infection, other humanized mouse models (e.g.
humanized bone marrow/liver/thymus mouse models) have been used for studies on HIV

pathogenesis, transmission, replication and prevention.
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To understand the underlying mechanism especially in the spinal pain circuit level
of HIV- caused pain. Watkins and Tang et al generated a model by perispinal (intrathecal,
I.t.) injection of gp120. Thermal hyperalgesia and mechanical allodynia were produced in
mice with gp120 i.t. application (Milligan et al., 2000; Milligan et al., 2001; Yuan et al.,
2014). Meanwhile, astrocytes and microglial activation, elevated proinflammatory
cytokines such as interleukin-1f (IL-1p) and tumor necrosis factor-a (TNF-a) and down-
regulated synaptic markers were observed in the SDH of gp120 i.t. mice (Milligan et al.,

2000; Milligan et al., 2001; Yuan et al., 2014).

1.4.3 In vitro models.

Primary neuron cultures are useful for studying the neurotoxicity of HIVV-1 proteins
such as gp120 and Tat. Confocal imaging of cultured rat hippocampal neurons revealed
that gp120 application caused a dramatic decrease in the number of synapses (Kim et al.,
2011). Similarly, Tat treatment also induced synaptic loss (Kim et al., 2008; Shin et al.,
2012; Shin and Thayer, 2013). In addition, gp120 was shown to cause dendritic damage in
human primary neurons (Iskander et al., 2004; Kim et al., 2011). Mixed primary cultures
that have neurons and glia cells provide an in vitro experimental setting for investigating
the interaction between neurons and other cell types (e.g. microglia and astrocytes) during

the HIV-induced neuropathogenesis.

1.5 MECHANISMS OF SYNAPTIC DEGENERATION INDUCED BY HIV-1 INFECTION

As HIV-1 cannot infect neurons, HIV-associated synaptic degeneration is likely a
bystander effect of the infected cells, including perivascular macrophages, microglia and

astrocytes. The infected cells may elicit neurodegenerative responses by releasing viral
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proteins and other toxic factors such as chemokines and cytokines. The neurotoxins may
induce arrays of cellular and molecular cascades that eventually lead to synaptic loss,
including Ca?* overload, energy hemostasis disturbance, neurotransmitter (e.g. glutamate)
metabolism perturbation, oxidative stresses and excitatory toxicity. In the following
sections, we discuss potential mechanisms regulating HIV-induced synaptic degeneration

(Fig. 1.6).

1.5.1 Neurotoxicity of viral proteins.

Viral proteins, particularly gpl20 and Tat, are released from infected
microglia/macrophages and astrocytes. Gp120 is thought to induce synaptic degeneration
via multiple mechanisms. One suggested pathway is glutamate receptor activation-
mediated excitotoxicity such as the hyperactivation of N-methyl-D-aspartate receptor
(NMDAR) and its associated excessive Ca®* influx (Choi, 1992). Gp120 can activate
NMDARs by binding to their glycine binding sites (Fontana et al., 1997). Gp120 may also
enhance synaptic activity by potentiating the phosphorylation and synaptic trafficking of
NMDARs (Xu et al., 2011). In addition to stimulating NMDARSs, gp120 can bind to its
chemokine co-receptor CXCR4 or CCR5 on the neurons to mediate neuronal damage (Lavi
et al., 1997; Rottman et al., 1997). M-tropic HIV-1 strains preferably bind to CCR5
(Alkhatib et al., 1996; Choe et al., 1996; Dragic et al., 1996), and T-tropic strains use

CXCRA4 to gain entry into the cells (Feng et al., 1996). After binding to its co-receptor,
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Fig 1. 6 Potential mechanisms of HIV-induced synaptic degeneration. (1) HIV-1
infection of the CNS initiates from transmigration of HIV-1-infected peripheral blood
monocytic cells/macrophages across the blood-brain barrier (BBB). Subsequently,
microglia and astrocytes become infected and reactivated. (2) The immune-activated and
HIV-1-infected microglia/macrophages release viral proteins (e.g. gpl120, Tat, Vpr),
cytokines (e.g. IL-1B, IL-6, TNF-a), chemokines (CXCL12, MCP1) and other neurotoxic
factors. (3) Infected/reactivated astrocytes can also release neurotoxic substances and
pathogenically enhance synaptic activity with increased transmitter release and impaired
glutamate re-uptake. (4) The released neurotoxins and extracellular glutamate can cause
excessive Ca’' influx, disturbance of energy metabolism and production of reactive
oxidative species, which then lead to the disruption of normal neuronal function. On the
other hand, the released viral proteins, cytokines, chemokines and free radicals can activate
more glial cells and macrophages. (5) These damaged neurons may mark the abnormal
synapses with some kind of “eat-me” signals, which can be recognized and eliminated by
microglia and/or astrocytes through phagocytotic pathways such as the complementary
and FKN/CX3CR1 pathways in microglia or the MerTK, Megf10 and APOE pathway in
astrocytes.

gp120 may facilitate NMDAR activation and intracellular Ca?* increase to induce neuronal
damage (Catani et al., 2000; Kaul et al., 2001; Nicolai et al., 2010; Marchionni et al., 2012;
Maung et al., 2014; Ru and Tang, 2016) and/or activate signaling cascacades (e.g. ERK

and p38 MAPK signaling pathways) that are asssociated with cell damage and death
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(Lazarini et al., 2000; Garden et al., 2004; Medders et al., 2010). Alternatively, gp120
might cause neurotoxicity via indirect mechanisms. Gpl120 can potentiate NMDAR
activity by inducing release of proinflammatory cytokines from glial cells (Brabers and
Nottet, 2006; Viviani et al., 2006). For instance, after binding to the interleukin-1 receptor,
IL-1P can stimulate the phosphorylation of NR2B at tyrosine 1472 to potentiate NMDAR
activation (Viviani et al., 2006). In addition, gp120 may cause glial dysfunction and impair
extracellular glutamate reuptake. Accumulated extracellular glutamate and NMDAR
hyperactivation will induce synaptic damage (Dreyer and Lipton, 1995; Potter et al., 2013;
Vazquez-Santiago et al., 2014; Melendez et al., 2015). Furthermore, the neurotoxicity of
gp120 may be mediated by down-regulating release of neurotrophic factors (such as
BDNF) from activated glia cells (Kaul and Lipton, 1999; Viviani et al., 2001; Bachis et al.,
2003; Nosheny et al., 2004; Mocchetti et al., 2007).

By binding to the low-density lipoprotein receptor-related protein (LRP), Tat
protein can cause NMDAR activation, excessive Ca?* influx (Haughey et al., 1999; Self
et al., 2004; Li et al., 2008; Shin et al., 2012) and mitochondrial dysfunction (Rappaport
et al., 1999; Perry et al., 2005). These Tat effects trigger downstream events that
contribute to synaptic loss, including the activation of the ubiquitin—proteasome pathway
(Kim et al., 2008; Shin and Thayer, 2013), the disturbance of energy metabolism (Liu et
al., 2000) and the production of reactive oxidative species (Aksenov et al., 2001; Perry et
al., 2005). Tat also stimulates glial cells and macrophages to release cytokines,
chemokines and other neurotoxic factors that cause neuronal injury (Nath et al., 1999;

Bokhari et al., 2009; Jin et al., 2012).

1.5.2 Neuroinflammation.
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HIV-1 enter the CNS soon after peripheral infection of blood monocytes and
circulating T cells, mainly through a “Trojan horse” mechanism (Haase, 1986) as well as
other routes such as “transcytosis” or infection of BBB endothelial cells (Mankowski et al.,
1994; Bomsel, 1997; Liu et al., 2002; Argyris et al., 2003; Bobardt et al., 2004). The viral
proteins, inflammatory cytokines and chemokines released from infected and/or activated
cells can lead to disruption of BBB integrity and hence exacerbation of the entry of infected
cells (Strazza et al., 2011). As a key component in the BBB structure, astrocytes that
become infected can directly cause the increase of BBB permeability (Eugenin et al., 2011).

Microglia and perivascular macrophages are CNS-resident immunocompetent cells
that can be productively infected by HIV-1. After HIV infection, substantial pro-
inflammatory cytokines (e.g. TNF-o, IL-6 and IL-1B) are released from
infected/reactivated microglial cells/macrophages (Saha and Pahan, 2003; Brabers and
Nottet, 2006; Viviani et al., 2006; Shah et al., 2011b). Cytokines in peripheral circulation
may also traffic to the CNS (Orandle et al., 2002; Cinque et al., 2007; Ellis et al., 2009).
The cytokines are elevated in the CSF of HIV patients with cognitive impairments
(Bandaru et al., 2007; Yuan et al., 2013). They may contribute to the pathogenesis of
synaptic degeneration via multiple pathways, including NMDAR hyperactivation. For
instance, TNF-a and IL-1f can stimulate L-cysteine release from macrophages, which then
activates NMDARs to cause neuronal damage (Yeh et al., 2000). In addition, cytokines
may also induce synaptic abnormalities by aberrantly activating cytokine receptors (Kaul
et al., 2005; Khairova et al., 2009; Kovalevich and Langford, 2012). After binding to its
receptors on neurons, TNF-a activates multiple pathways that are implicated in neuronal
damage, including the nuclear factor-kappa B (NF-«B), ERK, p38 MAPK, the c-Jun N-
terminal kinase, and caspase pathways (Kaul et al., 2001; Olmos and Llado, 2014).

HIV-infected microglia and macrophages may also release chemokines, which can
stimulate neurons via chemokine receptors to induce synaptic degeneration. For example,

CXCL12/SDF-1a.is elevated in the brain and CSF of HIV patients with HAD (Rostasy et
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al., 2003; Peng et al., 2006). By binding to its receptors, CXCL12 can function as either
neuroprotective or neurotoxic mediator (Kaul and Lipton, 1999; Zheng et al., 1999; Khan
et al., 2008). When CXCL12 is cleaved, it switches its preferred receptor from CXCRA4 to
CXCRa3, leading to enhanced neurotoxic effects (Vergote et al., 2006). Another chemokine,
CXCL10, promotes neuron injury by stimulating Ca?* flux (Sui et al., 2004; Sui et al.,
2005; Sui et al., 2006). Chemokines may also cause neuronal damage by inducing
monocyte infiltration. For instance, monocyte chemoattractant protein-1 (MCP1, a.k.a.
CCL2) increases in the CSF of HIV patients with cognitive impairment (Kelder et al.,
1998), and the MCP-1 increase is implicated in neuronal injury by promoting migration
and infiltration of monocytes/macrophages (Sevigny et al., 2004; Ragin et al., 2006;
Sevigny et al., 2007; Deshmane et al., 2009). The neuron-released chemokine fractalkine
(FKN; a.k.a. CX3CL1), which is also up-regulated in HIV patients (Tong et al., 2000;
Foussat et al., 2001; Sporer et al., 2003; Letendre et al., 2011) and has been implicated in
HIV-associated dementia (Pereira et al., 2001; Cotter et al., 2002; Erichsen et al., 2003),
may also modulate monocyte migration and neuron damage (Tong et al., 2000; Limatola
et al., 2005; Noda et al., 2011; Suzuki et al., 2011).

Besides cytokines and chemokines, reactive microglia can also release other
neurotoxic substances such as excitatory amino acids, platelet-activating factor and free
radicals (Giulian et al., 1990; Perry et al., 1998; Turchan et al., 2003; Sacktor et al., 2004;
Tian et al., 2012). These neurotoxins may cause NMDAR-mediated excitotoxicity by
excessive Ca?" influx and oxidative stress.

Reactive microglia assume diverse phenotypes, which are roughly categorized into
the “classical” activation (M1) and “alternative” activation (M2) phenotypes. M1 microglia
secrete pro-inflammatory cytokines (e.g. TNF-a, IL-1p, interleukin-6 (IL-6)) and reactive
oxygen species (Edwards et al., 2006; Colton, 2009; Boche et al., 2013), which are
implicated in synaptic damage. On the other hand, M2 microglia play a role in repairing

neuronal injuries and clearing debris, and they produce anti-inflammatory cytokines and
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substances such as IL-10, arginase-1 (Arg-1), chitinase 3-like 3 (Chi3I3) and transforming
growth factor-p (TGF-p) to facilitate the repair processes (Edwards et al., 2006; Colton,
2009; Boche et al., 2013). Therefore, M1-M2 polarization may play a crucial role in
determining the potential neurotoxic or neuroprotective activity of microglia in
neurodegeneration disorders (Tang and Le, 2016). It is currently unknown if dysregulation
of M1/M2 polarization of microglia is involved in the pathogenesis of HIV-associated
synaptic degeneration.

Although only a small population of astrocytes can be infected by HIV (Conant et
al., 1994; Tornatore et al., 1994; Gorry et al., 2003; Churchill et al., 2006), the infected
astroglia play a critical role in the HIV-associated synaptic injury (Gorry et al., 2003; Ton
and Xiong, 2013). Astrocytes are a potentially important reservoir for HIV persistence. In
autopsy brain tissues of HIV patients, up to 20% of astrocytes contain integrated HIV-1
(Churchill et al., 2006). The infected astrocytes produce and secrete viral protein such as
gp120, Tat, Vpr, Rev and Nef, although viral replication is restricted (Ranki et al., 1995;
Gorry et al., 1998; Nath, 2002; Chompre et al., 2013; Saylor et al., 2016). Tat and gp120
can activate astrocytes to produce proinflammatory cytokines such as TNF-a, IL-6 and IL-
1B (Nottet et al., 1995; Shah et al., 2011b), the chemokine CCL5 (Shah et al., 2011a), and
neurotoxic nitric oxide (NO) (Reddy et al., 2012), which, as described above, can cause
synaptic damage. More recent studies showed that HIV-infected astrocytes could spread
the toxic signals to neighboring neurons or un-infected glial cells through gap junctions
(Eugenin and Berman, 2007). The infected astrocytes also increase secretion of CCL2 and
glutamate, which may contribute to the dysregulation of the integrity of the BBB as well
as defects in monocyte recruitment and immune responses in the CNS (Eugenin and
Berman, 2007; Eugenin et al., 2011). In addition, HIV-infected and/or reactivated
astrocytes are probably impaired for glutamate re-uptake, resulting in increased
extracellular glutamate and excitotoxicity-induced synaptic degeneration (Patton et al.,

2000; Wang et al., 2003b; Zhou et al., 2004).
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1.5.2 A role of glia-mediated phagocytosis of synapses?

The discovery of microglial phagocytosis in developmental synaptic pruning
(Schafer et al., 2012; Brown and Neher, 2014; Xavier et al., 2014) presents an intriguing
possibility of similar mechanisms in synaptic degeneration induced by HIV-1 infection.
Microglial phagocytosis is mediated by the classical complement system (Stevens et al.,
2007b; Schafer et al., 2012). More recent work indicates that this microglia-based
mechanism is implicated in synaptic loss in Alzheimer’s disease (Schafer et al., 2012; Hong
et al., 2016b) and West Nile virus-induced synaptic loss (Vasek et al., 2016a). Although a
role of the complement system was suggested in the immune defense for HIV infection
(Yuetal., 2010; Liu et al., 2014), little is known about its involvement in HIV-associated
neurodegeneration in the CNS. Complement proteins Clq and C3 are significantly
increased in the brains and CSF of HIV patients, and the increase is associated with the up-
regulation of the neuronal injury marker neurofilament protein in the CSF and with
cognitive impairments (McGuire et al., 2016). It will be interesting to investigate if
complement-mediated microglial phagocytosis contributes to HIV-associated synaptic
degeneration. Moreover, the FKN/CX3CR1 pathway also regulates the microglial
phagocytosis (Fuhrmann et al., 2010; Blomster et al., 2011; Zabel et al., 2016), but its
potential contribution to HIV-induced synaptic degeneration has not been tested.

Astrocytes have numerous processes that intimately interact with synapses and
monitor synaptic activity. Recent studies indicate that astrocytes can eliminate synapses by
phagocytosis (Chung et al., 2013; Chung et al., 2015a; Chung et al., 2015b; Allen and

Eroglu, 2017). Astrocytes express critical regulators of phagocytotic pathways, including
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Megf10 and MerTK, which play important roles during elimination of synapses in the
developing and adult brain (Chung et al., 2013). In addtion, the synaptic phagocytic
capacity of astrocytes is highly controlled by an APOE isoform in Alzheimer’s discase
brains. APOE2 enhances the phagocytic activity of astrocytes; whereas APO4 decreases
the rate of synaptic phagocytosis by astrocytes (Chung et al., 2016). It is intriguing to
conceive that astrocyte dysfunction might contribute to pathogenic synaptic degeneration

in CNS in respond to HIV infection.

1.6 PROJECT OVERVIEW

It is clear that HIV-associated synaptic degeneration is a result of cascades of
neuropathogenic processes initiated by HIV-1 infection (and often in combination with
related comorbidities). The progression of the pathogenesis is determined by the interaction
between HIV-1 and the host. The high prevalence of dementia and pain in patients with
HAART, which successfully suppresses HIV-1 replication, indicates that intact virions are
probably not the major pathogenic agent. Instead, individual HIV-1 toxic proteins such as
gp120 and Tat released from infected cells in the CNS may play a major role in inducing
the synaptic degeneration. This view posits an interesting and relevant possibility that
infected cells that do not productively assemble infective virions, thanks to HAART, may
still synthesize pathogenic HIV-1 proteins. The scenario of replication-independent
production of HIV-1 protein is superficially counterintuitive, and the underlying
mechanism is still poorly understood. Mounting evidence document the neurotoxic effects

of individual HIV-1 proteins. Published studies have mainly focused on specific HIV-1
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proteins such as gp120 and Tat in different experimental systems, and they have found that
more than one HIV-1 protein may elicit complicated molecular pathways that potentially
contribute to synaptic degeneration. When these proteins are co-released from the infected
cells in the CNS, they likely act in conjunction to cause synaptotoxicity. The conceived
interaction of multiple HIV-1 proteins would dramatically increase the complexity of the
pathogenic cascades. At the cellular level, in addition to the excitotoxicity from direct
stimulation of neurons, reactive microglia and astrocytes likely also attack the neurons at
synaptic regions to contribute to the concerted processes of synaptic degeneration.

The long-term goal of this study is to develop new adjunctive therapy to fight
against HIV-associated neurological disorders. The objective of this study is to elucidate
the mechanism(s) by which gp120 causes synaptic degeneration. Previous work has
focused on potential intrinsic mechanisms in neurons. However, we still do not know if
glial cells participate in gp120-induced synapse loss through intracellular interaction.
Emerging evidence suggests critical roles of microglial and astrocytic phagocytosis in
synapse pruning during development and in disease conditions. CX3CR1 and complement
receptor 3 (CR3) are two microglial-specific receptors that regulate early postnatal synapse
pruning by recognizing the signals from neurons (Chung et al., 2015b). Interestingly, the
only known CX3CRL1 ligand, fractalkine (FKN; a.k.a. CX3C ligand-1 or CX3CL1), is up-
regulated in HIV patients (Tong et al., 2000; Sporer et al., 2003; Letendre et al., 2011),
especially in patients with HIV-associated dementia (Pereira et al., 2001; Cotter et al.,
2002; Erichsen et al., 2003). On the other hand, recent work found that astrocytes were
involved in synapse phagocytosis and elimination through MERTK and MEGF10

pathways (Chung et al., 2013). My preliminary data revealed that gp120 exposure caused
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dramatic activation of microglia and astrocytes that was concomitant with synaptic
degeneration. Based on these prior and preliminary findings. We hypothesized that HIV-
1-gp120 exposure leads to synapse damage and glial cells (especially microglia and
astrocytes) activation in the CNS. The activated microglia and astrocytes then mediate
synaptic degeneration by cooperatively engulfing and eliminating gp120-damaged
synapses. To test this hypothesis, we used interdisciplinary approaches of molecular
biology, imaging, electrophysiology and behavioral testing to analyze the synapse loss,
glial cells activation and function. The analysis addressed three specific aims:

Specific Aim 1. To determine the role of microglia in gpl20-induced synapse
degeneration in the spinal cord. A significant decrease of synaptic protein was detected in
the spinal dorsal horn (SDH) of the HIV-1 patients who developed pain (Yuan et al., 2014),
suggesting a potential role of synaptic degeneration during the pathogenesis of HIV-
associated pathological pain. We first examined the alteration of spinal synapses after
gp120 stimulation in primary cortical cultures and gp120-treated mice models. We also
accessed the gp120 -induced functional changes of synapse in the pain circuit by patch
clamp recording and pain behavioral analysis. To determine the role of microglia, we
determined the effects of microglia ablation (by either pharmacological or genetic
approaches) on gp120 induced alterations of spinal synapses. In addition, we determined
the role of the FKN/CX3CRL1 signaling in gp120-induced synapse loss and identified the
up-stream regulator of FKN/CX3CR1 signaling. The study demonstrates that HIV-1 gp120
induces synapse degeneration via microglial activation that is controlled by the Wnt/f-

catenin-regulated KFN expression in neurons.
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Specific Aim 2. To determine the role of microglial phagocytosis in gp120-induced
cortical synapse elimination. Synapse loss is closely related with the presence and severity
of HAND (Sa et al., 2004). Understanding the mechanism of synaptic degeneration after
HIV infection would be helpful to discover potential therapeutic targets for HAND
treatment. In this specific aim, we validated synapse degeneration in the frontal cortex of
gpl120 Tg mice using western blotting and double-labeled immunofluorescence staining.
We postulate that microglia mediate gp120-induced synaptic degeneration via engulfing
and eliminating the damaged synapses. The microglia-mediated phagocytosis of synapses
in wildtype (WT) and gp120 Tg mice was carefully compared by immunofluorescence
staining of specific pre- or post-synaptic markers. To confirm the role of microglial
phagocytosis in synapses removal, we determined the effects of microglial ablation on
synapse elimination in gp120 Tg mice. We further determine the regulatory role of the
FKN/CX3CR1 signaling and MerTK signaling in gp120 induced-microglial activation and
synapse phagocytosis. The results suggest that microglial phagocytosis plays a critical role
in gpl20-induced synapses elimination, especially at the pre-synaptic compartments.
Furthermore, my data reveal that the MerTK signaling pathway and that FKN/CX3CR1
signaling are important in regulating this process.

Specific Aim 3. To determine the role of astrocytic phagocytosis in gp120 -induced
synaptic degeneration. Recent studies reveal astrocytic phagocytosis in synapse pruning
during development (Chung et al., 2013; Chung et al., 2015a; Chung et al., 2015b; Allen
and Eroglu, 2017). In this specific aim, we compared astrocytic alterations between WT
and gp120 Tg mice cortices. We found the astrocytes were dramatically activated in gp120

Tg mice. In addition, to determine how astrocytes might participate in gp120-induced
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synapse loss, we assessed the role of astrocytic phagocytosis in synapse elimination by
immunofluorescent staining the cortical sections with antibodies against specific pre-, post-
synaptic markers. We observed that astrocytes predominately engulf and eliminate post-
synaptic terminal in the gp120 Tg mice. We also determined the regulatory role of the
MerTk pathway in astrocytic phagocytosis of synapses in gp120 Tg mice and found that

MerTk knockout did not affect gp120-induced post-synapse elimination.
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Chapter 2 Materials and methods

2.1 ANIMALS.

CX3CR1 knockout mice (00582. B6.129P-Cx3crltmlLitt/J) were obtained from
The Jackson Laboratory. In these mice, the CX3CR1 gene was replaced by a green
fluorescent protein (GFP) reporter gene (Jung et al., 2000b). CD11b-DTR mice were from
Jackson Laboratory [006000; B6. FVB-Tg (ITGAM-DTR/EGFP)34Lan/J]. The diphtheria
toxin receptor is expressed under the control of the human ITGAM (integrin alpha M)
promoter (CD11b), and administration of diphtheria toxin (DT) leads to transient depletion
of microglia/macrophages in the transgenic mice (Duffield et al., 2005). Gp120 transgenic
(Tg) mice (from Dr. Marcus Kaul, Sanford-Burnham Medical Research Institute) express
HIV-1 LAV gp120 under the control of the glial fibrillary acidic protein (GFAP) promoter
(Toggas et al., 1994). The B-catenin™ mouse (004152. B6.129-Ctnnbltm2Kem/KnwJ),
Thyl-YFP [003709. B6. Cg-Tg (Thyl-YFP)16Jrs/J], MerTK knockout mic (011122.
B6;129-Mertktm1Grl/J) and the nestin-Cre mouse (003771. B6. Cg-Tg (Nes-cre)1KIn/J)
were from The Jackson Laboratory. For electrophysiological recording, 6-to-8-week-old
GADG67-GFP male mice [003718. FVB-Tg (GadGFP)45704Swn/J, Jackson Laboratory]
were used. These mice express GFP exclusively in GABAergic neurons (GABAN)
(Yowtak et al., 2011; Cadwell et al., 2016).

Thyl-YFP/gp120 double transgenic mice was generated in the lab by crossbreeding
Thy-1 mice with gp120 Tg mice. Gp120 Tg/CX3CR1*" and gp120Tg/CX3CR1” mice
were generated by crossbreeding gp120 Tg mice and CX3CR1 knockout mice. Gp120
Tg/MerTK™ mice were generated by crossbreeding gp120Tg mice and MerTK knockout

mice.
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All animal procedures followed protocols that were approved by the Institutional
Animal Care and Use Committee at the University of Texas Medical Branch. Mice were
housed in a constant temperature environment (23 = 3 °C) with standard bedding, free
access to food and water, and under a 12/12 hrs light/dark cycle. Both male and female
mice were used in cellular and molecular analysis. Only males were used for behavioral

testing.

2.2 REAGENTS.

Maraviroc (Cat# 11580) and HIV-1 gp120Bal recombinant protein (Cat # 4961)
were obtained from the NIH AIDS Reagent Program. D-APV (cat# 165304) was purchased
from Calbiochem, and Minocycline hydrochloride (Cat#M9511) and diphtheria toxin (DT)
(Cat# D0564) were from Sigma. The use of DT was approved by the Institutional Chemical
Safety Committee. To deplete microglia in CD11b-DTR mice, DT was i.t. injected daily
for 3 days (20 ng/injection). HIV-1 gp120Bal in PBS was aliquoted and stored at -80°C

until use.

2.3 PRIMARY CORTICAL CULTURES.

Primary cortical cultures were prepared from mouse embryos as described
previously (Ru et al., 2012). The newborn C57BL/6J pups (both male and female) were
euthanized at postnatal day 0-1. Cortices were dissected and placed in iced Hank’s
balanced salt solution (HBSS; Invitrogen). Cells were dissociated with trypsin in HBSS
with gentle trituration and resuspended in DMEM medium (Invitrogen) containing 10%
FBS (Gibco). Dissociated cells were then plated on poly-D-lysine (PDL)- coated dishes
(30,000-70,000; Sigma) at a density of 1.5 x 10° cells/cm? for western blotting and at 4 x
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10* cells/cm? onto PDL-coated glass coverslips (Cat#354085; BD Biocoat) for
immunofluorescence staining. Cells were grown in a humidified atmosphere of 5% CO>
and 95% air at 37 °C. Three hours after plating, the media were replaced with Neurobasal
Medium (Invitrogen) supplemented with 2% B27 (Invitrogen) and 0.5 mM L-glutamine
(Invitrogen). Half of the media was replenished every 5 days until 14 days in vitro (DIV).

Only morphologically healthy cultures were used for the further experiments.

2.4 TRANSCUTANEOUS INTRATHECAL INJECTION (1.T).

Mice were anesthetized under 2% isoflurane., A 30.5-gauge stainless steel needle
attached to a 10 ul Hamilton syringe (Hamilton, Reno, NV) was used for i.t. injections. 5
ul gp120Bal (500 ng; every other day) in PBS or 5 ul DT (20 ng; daily) in PBS was
intrathecally (i.t) injected into the subarachnoid space between the L5 and L6 vertebrae. A
correct intrathecal placement of the needle tip was judged by a tail twitch. Mice injected

with vehicle were used as controls.

2.5 WESTERN BLOTTING ANALYSIS.

Mice were euthanized with excess anesthesia (isoflurane), and the L4-L5 lumbar
spinal cord segments or cortices of mice were collected and homogenized in RIPA lysis
buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.1% SDS, 1% Nonidet P-40, 10%
glycerol, 1 mM EDTA, pH 8.0) containing PMSF and protease inhibitor mixture (cat#
P8340; Sigma-Aldrich)). Protein concentration in the homogenates was determined using
a BCA protein assay kit (product 23227; Pierce). Protein concentration was titrated to 2
ug/ul for immunoblotting analysis. For cortical cultures, the cells in 12-well plates (14

DIV) were rinsed with cold PBS and lysed immediately with 150 pl of 2x SDS-PAGE
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sample buffer (125 mM Tris, pH 6.8, 4% SDS, 10% 2-mercaptoethanol, 20% glycerol, and
0.0025% bromophenol blue) for 30 min. Equal amounts of protein (30 pg/lane) were
loaded and separated on SDS-PAGE, followed by transferring to polyvinylidene difluoride
(PVDF) membranes (Millipore). Immunoblots were blocked by 5% non-fat milk in Tris-
buffered saline Tween-20 (TBST; 20 mM Tris—HCI, 150 mM NacCl, pH 7.5, 0.1% Tween-
20) for 2 hrs at room temperature. The blots were then sequentially incubated with primary
and secondary antibodies. Protein bands were visualized using the Enhanced
Chemiluminescence kit from Pierce. 3-actin was blotted as a loading control. The intensity

of bands was quantified by densitometry analysis with NIH ImageJ.

Table. 1 Primary antibodies for western blotting analysis.

Antibody Species Source Cat. No. Dilution
PSD95 Rabbit CST 3450 1:1,000
PSD95 Rabbit Millipore 04-1066 1:1,000
Synaptotagmin-1 Rabbit CST 14558 1:1,000
Synapsin | Rabbit Millipore AB1543 1:2,000
cleaved caspase-3 Rabbit CST 9661 1:1,000
total-caspase-3 Rabbit CST 9662 1:2,000
IBal Rabbit Wako 016-20001  1:1,000
IBal Rabbit Abcam ab178847 1:1,000
GFAP Mouse Millipore MAB360 1:5,000
CD11b Rabbit Abcam ab133357 1:2,000
[-catenin Mouse BD Biosciences 610153 1:5,000
Wnt3a Rat R&D MAB1324 1:1,000
FKN Rabbit Abcam ab25088 1:1,000
vGIuT1 Mouse Millipore MAB5502 1:2,000
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Megf10 Rabbit Millipore ABC10 1:1,000

MerTK Goat R&D AF591 1:1,000
p-MerTK (Y749 + Rabbit Abcam ab14921 1:1000
Y753 + Y754)

CCR5 Mouse NIH AIDS 4088 1:1,000
CXCR4 Rabbit Reagent Program 11236 1:1,000
[B-actin Rabbit Santa Cruz sc-1616-R 1:2,000

2.6 IMMUNOFLUORESCENT STAINING AND QUANTIFICATION.

For cultured cells, immunofluorescent staining was conducted as previously
described (Ru and Tang, 2016). Briefly, the cultured cells were fixed in 4%
paraformaldehyde (PFA) for 20 min and then incubated in blocking buffer (5% BSA and
0.3% Triton X-100 in 0.1 M PBS) for 1 hr at room temperature. After blocking, the cells
were incubated with anti-PSD95 and anti-Syn | antibodies at 4 °C overnight, followed by
incubating with FITC and cy3 -conjugated secondary antibodies (1:200, Jackson
ImmunoResearch Laboratories) for 1 hr at room temperature. Images were captured using
a confocal microscope (Nikon Al). NIH ImageJ software and NeuronJ plugin were used
to trace the neuronal processes and determine the regions of interest (ROIs). For each
channel, “Subtract Background” was applied to remove the background and threshold (50-
225) were set to remove the outliers, puncta analyzer then was used to count the number
of PSD95*, Synl™ puncta and colocalized puncta within ROIs. At least 3 cultured coverslips
were included for each condition, and 4 neurons from each coverslip were randomly picked
for synaptic puncta analysis.

For tissue immunofluorescent staining, mice were anesthetized with isoflurane and
perfused transcardially with cold PBS. The lumbar spinal segments were removed from
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gp120 or vehicle i.t. treated mice, the frontal cortices were removed from WT or gp120 Tg
mice. Collected tissues were immediately placed in 4% PFA in PBS at 4 °C overnight and
then cryoprotected in 30% sucrose solution in PBS for at least 24 hours at 4 °C. Tissues
were embedded in optimal cutting temperature (OCT) compound (Sakura Finetek,
Torrance, CA). Transverse sections (35 pm) were prepared on a cryostat (Leica CM 1900).
The sections were kept in Hito floating section storage solution (Hitobiotec Corp) at -20°C
until they were stained for immunocytochemistry. For immunostaining, sections were
rinsed with PBS 2 times to remove storage solution and blocked with 5% BSA and 0.3%
Triton X-100 in PBS for 2 hrs at room temperature. This was followed by 48 hrs incubation
with primary antibodies in Table 2. After five washes with PBS, the sections were
incubated with fluorophore-conjugated secondary antibodies (Table. 3) before mounting.
Confocal Z-stacks images were captured within the spinal cord dorsal horn or within the
layer I-1I of cortex by using a confocal microscope (Nikon Al). For each mouse, at least 3
fixed-frozen sections were included for each experiment, and at least 3 z-stacks images at
20 x, 40 x or 60 x magnification were taken. 30-50 consecutive optical sections with 0.5 um
interval thickness at 60 x magnification or 1 um interval thickness at 20 x and 40 x

magnification were captured for each z-stacks image.

Table. 2 Primary antibodies for immunofluorescent staining.

Antibody Species Source Cat. No. Dilution
PSDY5 Dr. Randall
Rabbit Walikonis University = N/A 1:200
(UCT80) of Connecticut
Synapsin | Mouse Synaptic Systems 106001 1:200
vGIuT1 Guinea Millipore AB5905 1:500
pig
IBal Goat Abcam ab6076 1:500

34



IBal Rabbit Abcam ab178847 1:500
GFAP Chicken | Abcam ab4674 1:1000
GFAP Mouse Millipore MAB360 1:500
Bassoon Guinea Synaptic Systems 141004 1:300
pig
NR1 Mouse Millipore MAB363 1:200
TMEM119 Rabbit Abcam ab209064 1:200
galectin-3 Rat Cedarlane CLCR2A00 | 1:1000
STAT3 Rabbit Abcam ab68153 1:200
Table. 3 Secondary antibodies for immunofluorescent staining.
Antibody Species | Source Cat. No. Dilution
Alexa Fluor® 488 | Donkey 705-545-147 1:200
AffiniPureAnti-Goat IgG
Alexa Fluor® 594 AffiniPure = Donkey 705-585-147 1:500
Anti-Goat IgG Jackson
Alexa Fluor® 488 AffiniPure | Donkey | | . o po | 712-545-150 1:500
Anti-Rat 1gG search
Alexa Fluor® 594 AffiniPure = Donkey Laboratories | /12-585-150 1:500
Anti-Rat 1gG
Alexa Fluor® 488 AffiniPure = Donkey 711-545-152 1:1000
Anti-Rabbit 1gG
Alexa Fluor® 488 AffiniPure | Donkey 715-545-150 1:1000

Anti-mouse IgG
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Alexa Fluor® 594 AffiniPure | Donkey | Jackson 703-585-155 1:500

Anti-Chicken IgY (I1gG) ImmunoRe-

Alexa Fluor® 594 AffiniPure | Donkey | search 706-585-148 1:300
Anti-Guinea Pig IgG Laboratories

FITC AffiniPure Anti-Guinea A Donkey 706-095-148 1:200
Pig IgG

FITC  AffiniPure  Anti- Donkey 703-095-155 1:200

Chicken IgY (1gG)

Alexa Fluor 594 Conjugated = Donkey A-21207 1:500
Anti-Rabbit 1gG Invitrogen
Alexa Fluor 594 Conjugated = Donkey A-21203 1:500

Anti-Mouse IgG

Alexa Fluor® 405  Donkey ab175658 1:500

Conjugated Anti-Mouse 1gG

Alexa Fluor® 405 ' Donkey ab175651 1:500
Abcam

Conjugated Anti-Rabbit IgG

Alexa Fluor® 405  Goat ab175674 1:500

Conjugated Anti-chicken IgG

2.7 THREE- DIMENSIONAL (3-D) IMAGES RECONSTRUCTION AND QUANTIFICATION OF

SYNAPSE ENGULFMENT.

Confocal z-stack images were taken at 60 x magnification, 30-50 consecutive
optical sections with 0.5 pm interval thickness were transformed into 3-D reconstruction
images using NIS-Elements Confocal Software or Imaris software. To process images
analysis, “Subtract Background” (50 pixels) was applied to remove the background and
threshold (50-225) were set to remove the outliers. The colocalization analysis were
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perform by using Imaris or Fiji software. The Syn I" or vGIuT1" puncta were counted as
pre-synaptic termini, PSD95" or NR1" puncta were counted as post-synaptic termini. Syn
I" or vGIuT1" puncta colocalized with IBal® cells were considered as the pre-synaptic
structures engulfed by microglia, while PSD95" or NR1" puncta colocalized the GFAP*

cells as the post-synaptic structures engulfed by astrocytes.

2.8 Measurement of mechanical sensitivity.

Paw withdrawal thresholds (PWT) of hind paws were measured by von Frey testing
as described (Callahan et al., 2008). Briefly, the testing was performed at least 6 hrs before
treatment and 24 hrs after each gp120Bal or vehicle i.t. injection. After mice habituated to
the surrounding environment, a set of calibrated von Frey filaments (Stoelting, Wood Dale,
IL) were applied to the plantar surface of each hind paw. The PWT were determined by
using the Dixon up/down method. Testing was conducted by an experimenter who did not

have information about the treatments.

2.9 Spinal cord slice preparation and whole cell patch recording.

After gp120Bal or vehicle i.t. administration, six-to-eight-week-old male mice were
deeply anesthetized with 3% isoflurane. Following decapitation, the lumbar spinal cord
was removed and placed into pre-oxygenated, cold (0-4 °C) NMDG (N-methyl-D-
glucamine) solution containing: 93 mM NMDG, 2.5 mM KCI, 1.2 mM NaH2POa, 30 mM
NaHCO3z, 20 mM HEPES, 25 mM glucose, 5 mM sodium ascorbate, 2 mM thiourea, 3 mM
sodium pyruvate, 10 mM MgSO4 and 0.5 mM CacCl> (pH 7.4) saturated with 95% O and

5% CO.. The spinal cord was then sliced transversely at a thickness of 350 um using a
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Vibratome (Leica VT1200S, Buffalo Grove, IL). Following incubation for 30 min in the
NMDG solution at 33°C, the spinal cord slices were transferred to artificial cerebrospinal
fluid (ACSF) containing: 124 mM NaCl, 2.5 mM KCI, 1.2 mM NaH2POs, 24 mM
NaHCO3z, 5 mM HEPES, 12.5 mM glucose, 2 mM MgSO4, and 2 mM CaCl; (pH 7.4), for
30 min at 33°C. Then, the slices were placed in a recording chamber perfused with 95%
O2 and 5% CO; saturated ACSF at a rate of 2 ml/min. Patch clamp recordings were
performed 1 day after the last gp120 injection. The patch pipettes (4-8 MQ) were filled
with internal solution containing: 120 mM K-gluconate, 10 mM KCI, 2 mM Mg-ATP, 0.5
mM Na-GTP, 0.5 mM EGTA, 20 mM HEPES, and 10 mM phosphocreatine (pH 7.3).
Whole-cell recordings of GFP expressing GABAergic neurons (GABAnN) were made using
Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA), DigiDATA (Molecular
Devices) and pClamp software (version 10.6. Molecular Device) with a 10 kHz sampling
rate and 2 kHz filtering rate. After making the whole cell recording configuration, we
routinely waited for 3 min until the baseline became stable, and then miniature excitatory
postsynaptic currents (mMEPSC) were recorded for 100 seconds at a -70 mV holding

potential with 10 mM lidocaine (Sigma-Aldrich, St. Louis, MO).

2.10 Microglial depletion

Adult mice administrated with PLX5622, a specific colony-stimulating factor 1
receptor (CSF1R) inhibitor, can lead to near-complete microglial elimination from the CNS
(Dagher et al., 2015). Six-month old gp120 Tg and WT mice will be treated with PLX5622

(formulated at 1200 mg/kg of chow) or control chow for 3 weeks and then microglial
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depletion was confirmed by immunostaining cortical sections with anti- IBal and anti-

TEME119 antibodies as described in 2.6.

2.11 Dissociation of mouse cortical tissue followed by flow cytometry analysis.

Dissociation of cortical tissue was performed according to the Worthington
Biochemical Corp.’s dissociation protocol using the Papain Dissociation system (Cat#
LK003150) with minor modifications. Briefly, 6-month-old WT and gp120Tg mice were
anesthetized with isoflurane and perfused with cold HBSS. The cortex was immediately
dissected and minced into small pieces followed by digestion with 20 U/ml papain and
0,005% DNase in EBSS buffer, for 1 hr at 37 °C. The tissue then was dissociated by careful
trituration and centrifuge to collect cell pellet. After resuspending the cell pellet in the
dilute DNase/albumin-inhibitor solution, dissociated cell passed through a 40 um nylon
cell strainer (Falcon, Cat# 352340) and followed by centrifugation at 300 g for 5 min to
collect cells. The cell pellet was resuspended in 30% Percoll/HBSS solution and slowly
laid over the 70% Percoll/HBSS (Sigma-Aldrich). Cells enrich in the 70%-30% junction
were collected for flow cytometry analysis.

After wash with FACS buffer (PBS with 5% FBS and 2 mM EDTA), cells were
stained with specific makers and flow cytometric analysis was carried out with a LSRII
FACSFortessa (Becton Dickinson, San Jose, CA). In brief, cells were blocked with Fc
blocker (anti-CD16/32) and stained with fixable viability dye, followed by surface staining
with an APC-Cy7-conjugated anti-mouse CD11b (BD Biosciences) antibody for 30 min at
4 °C. After fixation and permeabilization by using the buffers from eBioscience, the cells

were stained for intracellular molecular with PE-conjugated anti-GFAP (Miltenyi Biotec),
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Alexa 488-conjugated anti-PSD95 (Abcam) and Alexa 647-conjugated anti-
Synaptotagmin-1 (Abcam) antibodies. Data were analyzed with FlowJo software

(TreeStar, Ashland, OR, USA).

3.12 STATISTICAL ANALYSIS

All data analysis was done using Prism 5 software (Graph-Pad) statistical Analysis.
Result summaries were expressed as means + SEM. Analyses were performed with
Student’s t-test for comparing two samples with 95% confidence. One-way analysis of
variance (ANOVA) with a Tukey post-hoc test was used for comparisons among multiple
groups, and two-way ANOVA with a Bonferroni post-hoc test to analyze two categorical

explanatory variables. P< 0.05 was used to claim statistical significance.
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Chapter 3 Wnt3a/p-catenin-regulated neuron-to microglia fractalkine
signaling mediates gp120-induced synaptic degeneration in spinal pain

neuronal circuits

3.1 INTRODUCTION

HIV-1 enters the central nervous system (CNS) soon after patients are infected
(Resnick et al., 1988) and causes a range of neurological and cognitive complications
(NeuroAIDS) (Gendelman, 2012). Synaptic degeneration correlates closely with the
presence and severity of HIV-associated cognitive impairment (Everall et al., 1999; Sa et
al., 2004; Letendre et al., 2011). In support of this notion, HIVV-associated pain is associated
with a significant decrease of synaptic markers such as synapsin | (Syn I), PSD95 and
NMDA receptor subunit 1 (NR1) in the SDH of “pain-positive” HIV-1 patients but not in
“pain-negative” patients (Yuan et al., 2014). Similarly, synaptic degeneration is also
observed in the HIV pain mouse model that is generated by intrathecal (i.t.) injection of
gpl120 (Yuan et al., 2014). These prior observations suggest that synaptic degeneration in
the spinal cord contributes to the development of HIV-associated pain. However, the
mechanism by which HIV-1 causes the synaptic degeneration is unclear.

Microglia are the primary target for HIV infection in the CNS (Lee et al., 1993;
Cenker et al., 2017). Microglia can remove excess and dysfunctional synapses by
phagocytosis during neural circuit formation and in some disease conditions (Stevens et
al., 2007b; Kettenmann et al., 2013; Brown and Neher, 2014; Xavier et al., 2014; Hong et

al., 2016b; Vasek et al., 2016a). However, the potential role of microglia in synaptic
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degeneration that is induced by HIV-1 infection has not been determined. During HIV
infection, neuronal damage is likely a bystander effect of infected cells since neurons are
not infected. Reactive microglia due to HIV-1 infection may also release neurotoxic
factors, including proinflammatory cytokines (Tyor et al., 1992; Saha and Pahan, 2003;
Viviani et al., 2006; Shah et al., 2011b), chemokines (e.g. CXCL12, CXCL10 and CCL2)
(Kelder et al., 1998; Langford et al., 2002; Sui et al., 2004; Peng et al., 2006; Sui et al.,
2006), excitatory amino acids, platelet-activating factor and free radicals (Giulian et al.,
1990; Perry et al., 1998; Turchan et al., 2003; Sacktor et al., 2004; Tian et al., 2012) to
induce synaptic degeneration (Ru and Tang, 2017).

Microglial phagocytosis of synapses is elicited by signals that regulate microglia-
neuron interactions. These intercellular signals include the complement and fractalkine
(FKN) pathways. To remove the “unwanted” synapses, complement components C1qg and
C3 sequentially translocate to the synapses to act as “eat-me” signals (Schafer et al., 2012),
which bind to the microglial receptor CR3 to stimulate synapse elimination (Stevens et al.,
2007b; Schafer et al., 2012; Hong et al., 2016b; Vasek et al., 2016a). FKN is primarily
expressed by neurons and regulates synapse phagocytosis by stimulating its sole receptor,
CX3CR1, on microglia (Harrison et al., 1998; Paolicelli et al., 2011; Zhan et al., 2014).
FKN is up-regulated in HIV patients, and this up-regulation is thought to relate to the
development of HIV-associated dementia (Pereira et al., 2001; Cotter et al., 2002; Erichsen
et al., 2003).

Because HIV infection is associated with FKN up-regulation (Tong et al., 2000;
Foussat et al., 2001; Pereira et al., 2001; Sporer et al., 2003; Letendre et al., 2011), we

hypothesize that FKN signaling-mediated neuron-microglia cross-talk plays a critical role
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in HIV-infection-induced synaptic degeneration. We tested this hypothesis using both in
vitro (primary cortical cultures) and in vivo (spinal cord) models of HIV-1 gp120-induced
synaptic degeneration. Our results revealed an important role of micrioglia in gp120-
induced synaptic degeneration. We also showed that microglia-mediated synapse
degeneration depended on CX3CR1 signalling. We further elucidated that activity-
dependent Wnt3a/B-catenin signaling controls gp120-induced FKN up-regulation. These
findings collectively suggest a critical role of the Wnt3a-FKN-CX3CR1 intercellular

signaling from neurons to microglia in regulating gp120-induced synaptic degeneration.

3.2 RESULTS
3.2.1 Gp120 induces synaptic degeneration in vitro and in vivo.

To test the effect of gp120 on synapses, we treated primary cortical neuron-glia co-
cultures with gp120 and then measured the levels of synaptic markers, including the pre-
synaptic markers Syn | and Syt-1 and post-synaptic marker PSD95. We found that both
pre- and post-synaptic proteins decreased in a time-dependent manner after exposure to
gp120 (200 pM). A significant decrease of PSD95 was observed from 6 hr to 24 hrs after
gpl120 treatment (Fig. 3.1 A). The decrease of Syn | occurred between 12 h and 24 h (Fig.
3.1 B), and similarly decreased profiles of Syt-1 were observed (Fig. 3.1 C). Heat-
inactivated gp120 control could not lead to the reduction of PSD95 and Syn | (Fig. 3.1 D,
3.1 E). To exclude the possibility of the decrease of synaptic markers that was caused by
cell death, we tested if the experiment induced apoptosis in the cultures. We found that

treatment with gp120 did not alter the protein level of cleaved caspase-3 (Fig. 3.1 F). Thus,
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Fig 3. 1 HIV-1 gp120 induces synapse loss in a time-dependent manner in primary
cortical cultures. A-C. Time course of gpl20-induced decreases of synaptic proteins.
Cortical neuron-glia co-cultures (14 DIV) were incubated with 200 pM gp120 for the
indicated time. Cell lysates were analyzed by immunoblotting using antibodies against
PSD95 (A), Syn I (B) or Syt-1 (C). For A and B, N=4; for C, N=3 cultures per condition.
D, E. Heat-inactivated gp120 did not affect PSD95 (D) and Syn I (E) in cultures, N=3. F.
Western blot of cleaved caspase-3 from gpl20-treated cell lysates, N=4. G-J.
Representative immunofluorescent images showing PSD95 and Syn I after 12 hrs vehicle
(Veh) or gpl20 treatment (PSD95 is red, Syn I is green, and co-localized region is
yellow). Higher magnifications of boxed region (I, J). Scale bar for G, H, 20 um; I, J, 5
pm. K. Bar graph summarizes the effects of gp120 on synapse density. N=12 neurons
from 3 cultured coverslips per condition (mean £ SEM).

gpl120-induced synaptic protein decreases were not due to apoptosis. To further confirm
that the decrease of synaptic markers was associated with a decrease of synapse density,

we performed immunostaining of synapses in cultured neurons and quantified the intact
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Fig 3. 2 Gp120 causes synapse decrease in the spinal dorsal horn. A. PSD95 and
Syn I protein levels in the L4-L5 spinal cord after gp120 i.t. injection (4-5-month old
mice were injected with gp120 (500 ng/injection/every other day for 7 days, N=6 mice
per time point). B. PSD95 and Syn I protein levels in the L4-L5 spinal cord of the gp120
transgenic (Tg) and wild-type (WT) mice (N=3 mice per condition). C. Confocal
images of SDH sections showing anti-Syn I and anti-PSD95 antibodies staining, co-
localized areas of Syn I and PSD95 were calculated (white arrows). The scale bars for
upper panels are 100 pm, lower panels are 5 um. D. Quantification: Images of layers 1-
2 of the SDH from 3-5 mice were included for each group. For each mouse, 3-4 spinal
slices were included, and 2-3 images were obtained from each section. E, F.
Representative whole cell recording of mEPSC from the SDH from mice treated via i.t.
with vehicle (Sham) (E) or gp120 (F). 5 ul gp120 (500 ng) or PBS were i.t.-injected
into GAD67/GFP mice once every other day for 7 days. GFP labeled GA67" cells were
held at Vm=—70 mV. G, H. Summary graphs showing the differences of frequency (G)
and amplitude (H) of mEPSCs between the sham- and gpl120-treated mice. N=15
(sham) and N=31 (gp120) neurons were recorded from 3 sham and 5 gp120 i.t. mice
for mEPSCs. E-H. Electrophsilogical experiments were conducted by Dr. Chilman Bae.
Error bars represent SEM.
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synapses with co-staining of Synl and PSD95 as described (Micheva et al., 2010; Okerlund
etal., 2010; Galli et al., 2014). The results showed that gp120 exposure caused a significant
loss of intact synapses (Fig. 3.1 G-L).

To determine the effects of gp120 on synapses in vivo, we injected gp120 (500
ng/injection) intrathecally into adult mice and measured the synaptic proteins PSD95 and
Syn | in the L4-L5 spinal segments. Our results showed that both PSD95 and Syn 1 levels
were lower at day 7 after gp120 injection and returned to the baseline at day 14 (Fig. 3.2
A). The restoring of PSD95 and Syn | at day 14 may result from the homeostatic
mechanism of neurons, to restore synaptic connections. We also performed double staining
of Syn | and PSD95 and quantified intact synapses with co-localized PSD95 and Syn | on
confocal images. We observed that the synapse number was significantly decreased in the
SDH at day 7 post injection (Fig. 3.2 C, 2 D). We also sought to confirm the gp120-induced
synaptic degeneration in the gp120 transgenic (gp120 Tg) mice. We observed that both
PSD95 and Syn | levels were lower in the spinal cord (Fig. 3.2 B) of transgenic mice. We
further confirmed the gpl120-induced synapse loss by electrophysiology. We recorded
miniature excitatory postsynaptic currents (MEPSCs) of GABAergic neurons in the
laminar 1-2 of SDH. These GABAergic neurons were labeled by GFP (Yowtak et al., 2011;
Cadwell et al., 2016). Gp120 administration significantly decreased the frequency of

mEPSCs (Fig. 2 E-H), indicating the reduction of functional synapses.

3.2.2 Microglia are critical for gp120-induced synapse loss.

Recent studies reveal a critical role of microglia in synapse pruning (Kettenmann

et al., 2013; Brown and Neher, 2014; Chung et al., 2015b). Hence, we wanted to test the
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Fig 3. 3 Gp120 causes microglial activation. A. Levels of IBal in 200 pM gp120-treated
primary cortical cultures (N= 4 cultures in each condition). B. IBal in L4-L5 spinal cords
from gp120 transgenic and WT mice. WT, N=3 mice; gp120Tg, N=4 mice. C. IBal and
CD11b in L4-L5 spinal cords from mice after gp120 injection (i.t.) (500 ng/injection). N=4
mice per time point. D. Confocal images of IBal-positive cells in the SDH from WT and
gpl120Tg mice. E. Quantitative summary of D (mean = SEM); N=6 mice per group. F.
Confocal images of IBal-positive cells in the SDH of PBS- or gp120-injected (i.t.) mice.
G. Quantitative summary of F (mean = SEM); PBS, N=4 mice; gp120/3 days; N=5 mice;
gpl120/7 days, N=6 mice. H. High-magnification images showing morphological
characteristics of reactive microglia. Scale bars: D & F, 50 um; H, 10 um.

potential involvement of microglia in gpl20-induced synapse loss. Immunoblotting
analysis on primary cortical cultures showed that the expression level of ionized calcium
binding adaptor molecule 1 (IBal), a protein up-regulated in reactive microglia, was
significantly increased after gp120 treatment (Fig. 3.3 A). IBal was also up-regulated in
the spinal cords of gp120 transgenic mice (Fig. 3.3 B) and gp120-injected (i.t.) mice (Fig.
3.3 C). Another microglial marker, CD11b, was also elevated after gp120 injection (Fig.

3.3 C). Immunofluorescent staining of the spinal sections revealed significant increases in

47



the number of microglia in gp120 Tg (Fig. 3.3 D, 3.3 E) and gp120-injected (i.t.) mice (Fig.
3.3 F, 3.3 G), with increased processes and enlarged soma (Fig. 3.3 H). These findings

indicate that gp120 stimulates microglial activation.

Next, we set out to determine the role of microglia in gp120-induced synapse loss.
As seen in previous experiments (Fig. 3.1 A, 3.1 B), gp120 caused transient decreases of
PSD95 and Syn | in cortical cultures (Fig. 3.4 A, 3.4 B). The decreases diminished when
cultures were pre-treated with minocycline (Fig. 3.4 A, 3.4 B) to inhibit microglial
activation (Kobayashi et al., 2013). To determine the role of microglia in vivo, we
generated the gp120/CD11b-DTR double transgenic mouse and ablated microglia in the
mice by diphtheria toxin (DT) administration (Cailhier et al., 2005; Duffield et al., 2005).
Similar to the gp120 Tg mice, the gp120/CD11b-DTR mice also displayed decreases of
PSD95 and Syn | in spinal cord (Fig. 3.4 D). DT i.t. administration (20 ng/injection, once
a day for 3 days) led to microglial atrophy (Supplemental Fig. 1). Importantly, DT
administration reversed the reduction of the synaptic markers in the double transgenic mice
(Fig. 3.4 D). These in vitro and in vivo data indicate that microglia play a crucial role in

gp120-induced synapse loss.

3.2.3 The gp120-induced synapse loss is mediated by FKN/CX3CR1 signaling.

FKN/CX3CR1 signaling is critical for neuron-microglia interaction. CX3CR1
(receptor of FKN) is exclusively expressed on microglia in the CNS; whereas FKN is
specifically in neurons (Harrison et al., 1998; Cardona et al., 2006; Ransohoff, 2009). To
determine the effect of gp120 on fractalkine expression, we determined the FKN protein

level in gp120-treated primary cortical cultures. Western blotting results revealed that FKN
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Fig 3. 4 Microglia are crucial for gp120-induced synapse loss. A-B. Pre-treatment
of primary cortical cultures with minocycline prevented gp120-induced decreases in
PSD95 (A) and Syn I (B). Cortical cultures (14 DIV) were pretreated with 30 uM
minocycline, followed by co-incubation with 200 pM gp120, N=4 cultures per
condition. C. Diagram showing the generation of gpl120/CDI11b-DTR mice for
microglial ablation by DT. D. Effect of DT administration on PSD95 and Syn I level
in the spinal cord of the gp120/CD11b-DTR mice. WT, gp120Tg, and gp120/CD11b-
DTR mice were administrated (i.t.) 20 ng DT (in 5 ul PBS) or 5 ul PBS only once per
day for 3 days. L4-L5 spinal cords were used for immunoblotting analysis of PSD95
and Syn I. N: WT/ PBS, 3; gpl20Tg/DT, 4; gpl20gp/CD11b-DTR/PBS, 4;
gp120gp/CD11b-DTR/DT, 3. Quantitative graphs are shown as mean + SEM.

was gradually up-regulated over time (Fig. 3.5 A). Time-dependent FKN up-regulation
was also observed in the spinal cords following gp120 administration (i.t.) (Fig. 3.5 B). To
determine the role of FKN signaling in gp120-induced synapse loss, we used a mouse strain
in which the CX3CR1 gene was replaced by a green fluorescent protein (GFP) reporter

gene (Jung et al., 2000a). Immunoblotting analysis showed that gp120 administration (i.t.)
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for 7 days caused significant reduction of PSD95 and Syn | in the WT mice (Fig. 3.5 C).
However, knocking out CX3CR1 blocked the effects of gp120 on PSD95 and Syn | (Fig.
3.5 C). Because synapse degeneration is associated with the development of HIV-related
pain in patients (Yuan et al., 2014), we sought to test if the blockage of synapse
degeneration by the CX3XR1 knockout is associated with an inhibition of the gp120-
induced mechanical pain in animal models. Von Frey tests showed that gp120 (i.t.)

increased the mechanical sensitivity in WT mice, as indicated by the decreased threshold
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Fig 3. 5 FKN/CX3CR1 signaling is required for gpl120-induced synaptic
degeneration. A. gp120 stimulated FKN expression in cortical cultures (N=3 cultures per
treatment). B. gp120 (i.t.) stimulated FKN expression in the mouse spinal cords (N=6 mice

per time point). C. Protein levels of PSD 95 and Syn I in the spinal cord of CX3CR1'/_ or
WT mice at day 7 after Veh or gp120 injection (i.t.) (N=5 mice per). D. Behavioral tests

of gpl20-induced mechanical allodynia in WT and CX3CR1” mice. Threshold of
mechanical sensitivity in the hind paw was measured by von Frey tests (N=6 mice per
group; Error bars: mean = SEM). The behavioral tests were performed by Dr. Xin Liu.
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of responses to mechanical stimulation. However, it failed to cause a similar effect in the
CX3CR1 knockout mice (Fig. 3.5 D). These results suggest that disruption of
FKN/CX3CR1 signaling blocks gp120-induced synaptic degeneration and mechanical

pain.

3.2.4 gp120 up-regulated FKN via the Wnt canonical pathway.

Whnt signaling regulates the FKN-CX3CR1 signal pathway in remifentanile-
induced hyperalgesia (Gong et al., 2016). We sought to test the role of this pathway in
gpl120-induced FKN elevation. We observed that gp120 up-regulated the expression of the
prototypic Wnt ligand for the canonical pathway, Wnt3a, in both cortical cultures (Fig.
3.6A) and spinal cords (Fig. 3.6 B). To determine the effects of disruption of the Wnt
canonical pathway on gp120-induced FKN expression, we used the conditional knockout
approach to delete B-catenin in neural cells by crossing the floxed B-catenin mouse with
the nestin-Cre mouse line (Tronche et al., 1999). Only heterozygotes were obtained (Cat*"),
indicating that the homozygotes died during the embryonic stages. The spinal -catenin
level in the heterozygotes was about 60% of that in the WT (Fig. 3.6 C). We found that,
unlike the gp120-induced FKN up-regulation observed in the WT mice, gp120 (i.t.) failed
to induce FKN elevation in the Cat*~ mice (Fig. 3.6D). This result suggests that gp120 up-
regulates FKN expression via the Wnt/pB-catenin pathway. Because FKN signaling is
critical for gp120-induced synapse loss (Fig. 3.5), we hypothesized that the Wnt3a/p-
catenin pathway might regulate gp120-induced synapse degeneration. To test this idea, we
neutralized Wnt3a using a specific antibody and observed that the neutralization blocked

the gp120-induced reduction of PSD95 and Syn | (Fig. 3.6 E). These results indicated that
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the Wnt3a/B-catenin signaling pathway is crucial for gp120-induced FKN up-regulation

and synaptic degeneration.
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Fig 3. 6 Wnt3a/p-catenin pathway mediates gp120-induced FKN up-regulation and
synaptic degeneration. A. Temporal profiles of Wnt3a expression in gpl20-treated
primary cortical cultures (N=6 cultures per group). B. Temporal profiles of Wnt3a
expression in the spinal cords (L4-L5) from mice after gp120 injection (i.t.; N=3 mice
per group). C. B-catenin protein levels in spinal cords (L4-L5) from WT and Cat’ mice
(N=6 mice for WT and N=7 mice for Cat+/_). D. Comparison of the effect of gp120 on
FKN expression in WT and Cat+/_ mice. Mice was intrathecally treated with gp120 or
vehicle every other day for 7 days. Spinal (L4-L5) FKN protein was analyzed by western

blotting. N=3 mice per group for Veh/WT, Veh/CatH- and gplZO/CatH-, N=4 mice for
gpl20/WT. E. Effect of Wnt3a neutralizing antibody on gpl120-induced synaptic
degeneration in primary cortical cultures. Anti-Wnt3a antibody (2 pg/ml) was added to
the cultures for 30 min, and then gp120 (200 pM) was added for an additional 12 hrs.
N=3 independent cultures per group (mean + SEM).

3.2.5Gp120 induced FKN expression and synapse loss via NMDA receptor (NMDAR)

activation.
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Previous studies show that synaptic activity regulates Wnt3a/B-catenin signaling
activation via NMDAR (Chen et al., 2006). It is known that gp120 can directly activate
NMDARs by binding to their glycine binding sites (Fontana et al., 1997; Pattarini et al.,
1998). Gp120 also can indirectly affect the activity of NMDARs after binding to its co-
receptor, which triggers a series of signalling cascades as well as cytokine/chemokine
release, thus facilitating NMDAR activation (Catani et al., 2000; Kaul et al., 2001; Nicolai
etal., 2010; Marchionni et al., 2012; Maung et al., 2014; Ru and Tang, 2016). We observed
that co-receptors CCR5 and CXCR4 were mainly located on the post-synapse, and
blockage of CCR5 abolished gp120-induced synaptic degeneration (Supplemental Fig. 2).
Then, we wanted to determine if gp120-induced Wnt3a and FKN up-regulation required
NMDARSs in the spinal cord. We found that injection (i.t.) of the NMDAR antagonist APV
prevented gpl120-induced increases of Wnt3a and FKN (Fig. 3.7 A, 3.7 B). These data

suggest that gp120 induced both Wnt3a and FKN via NMDAR activation.
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Fig 3. 7 NMDAR is crucial for gp120 to induce Wnt3a and FKN expression. Mice
were injected (i.t.) with either APV (5 pg/injection in 5 pl PBS) or Veh (5 pl PBS/
injection) 30 min before gp120 injection (500 ng; i.t.; once every other day for 7 days).
Spinal cords (L4-L5) were collected at day 7 for immunoblotting analysis of Wnt3a (A)
and FKN (B). N=6 mice for the groups of Veh and APV, N=7 for the groups of gp120 and
gpl120+APV.
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We next determined the potential role of NMDARs in gp120-induced synapse
degeneration both in primary cortical cultures and in the spinal cords. We found that APV
application to the cultures completely blocked the gp120-induced decreases of PSD95 (Fig.
3.8 A) and Syn | (Fig. 3.8 B). In addition, injection of APV (i.t.) also blocked the effect of
gp120 on Syn | (Fig. 3.8 C) and PSD95 (Fig. 3.8 D). Thus, NMDAR activity is critical for

gp120-induced synaptic degeneration both in vitro and in vivo.
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Fig 3. 8 Gp120-induced synapse loss depends on NMDAR activation. A, B. Effects
of APV on gp120-induced decreases of PSD95 (A) and Syn I (B) in primary cortical
cultures. APV (100 nM) was added to the cultures (14 DIV) 30 min before gp120 (200
pM) application. The cultures were exposed to gp120 for 12 h before harvesting for
immunoblotting (N=4 independent cultures per group). C, D. Effects of APV on gp120-
induced decreases of PSD95 (C) and Syn I (D) in the spinal cords (L4-L5). Mice were
injected with APV (i.t.; 5 ug/injection in 5 ul PBS) or Veh (5 pl PBS/ injection) 30 min
prior to gp120 injection (500 ng; i.t.; once every other day). L4-L5 spinal cords were
collected for immunoblotting analysis of PSD95 (C) and Syt-1 (D). N=3 mice per group
(mean + SEM).
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3.3 DiIscussION

In this study, we have uncovered a critical role of microglia in HIV-1 gp120-
induced synaptic degeneration, especially in the spinal pain neural circuits. We also
elucidated an important mechanism that regulates the microglia-mediated synaptic
degeneration. Specifically, our results indicate that gpl20 stimulates the NMDAR-
dependent Wnt3a/B-catenin pathway to up-regulate the FKN/CX3CR1 neuron-to-
microglia signaling to activate microglia-mediated elimination of synapses (Fig. 3.9).

The synaptic alteration in the spinal cord contributes to central sensitization and
pain hypersensitivity (Latremoliere and Woolf, 2009). Recent in vivo two-photon imaging
revealed synaptic structural changes in cortical pain circuits following peripheral nerve
injury, implicating structural change of cortical synapses in the development of neuropathic
pain (Kim et al., 2012). At the spinal pain circuits, we observed significant reduction of
synaptic markers in the SDH in HIV patients with chronic pain but not in HIV patients
without pain (Yuan et al., 2014). This synaptic degeneration also developed in the mouse
HIV-1 gp120 pain model (Yuan et al., 2014). The findings from this study identify the first
potential molecular and cellular mechanisms that underlie synaptic degeneration during the
pathogenesis of HIV-associated pain.

Our results show that microglial blockage by two different approaches protected
synapses from gpl120 toxicity (Fig. 3.4). These data suggest that microglia play an
important role in gpl20-induced synaptic degeneration. Prior studies revealed a
contribution of neurotoxic immunomodulatory factors from reactive and/or infected
microglia (Garden, 2002). More recent work identified a key role of microglial

phagocytosis in synaptic remodeling and maturation (Paolicelli et al., 2011; Schafer et al.,
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Fig 3. 9 Microglia-mediated synaptic degeneration in spinal pain neural circuits after
gp120 exposure. (1) Spinal synapses are exposed to gpl20, which can directly or
indirectly affect the activity of NMDRs and cause synaptic activation. (2) Synaptic
activation elicits Wnt3a release from synapses. This synaptic activity-induced rapid
Wnht3a synthesis and secretion are dependent on NMDARs. (3) Wnt3a binds to Frizzle
receptors and its co-receptor, low-density lipoprotein receptor related protein
(LRP6/LRPS), on both the pre- and post-synaptic membrane. (4) Activation of the Wnt3a
receptor complex causes inhibition of B-catenin phosphorylation and results in B-catenin
stabilization and accumulation. Accumulated B-catenin is translocated to the nucleus. (5)
In the nucleus, B-catenin binds to LEF/TCF transcription factors with additional co-
activators to regulate specific targets expression. FKN is likely a target gene of Wnt3a/B-
catenin. (6) FKN is expressed and released from neurons upon Wnt3a/p-catenin pathway
activation. (7) FKN binds to CX3CR1 on microglia and regulates microglial activation
and migration. Microglia also can be directly activated by gp120. (8) Activated microglia
then remove the damaged synapses.

2012; Kettenmann et al., 2013; Hong et al.,, 2016a). The findings from this work
significantly expand the understanding of the role of microglia by identifying their
involvement in synapse remodeling in a specific disease condition caused by the HIV-1
coat toxic protein. These results also potentially connect the microglia-mediated synapse

degeneration with the development of HIV-associated pathological pain.
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We observed that FKN was significantly up-regulated by gp120 both in vitro and
in vivo (Fig. 3.5), and deletion of the FKN receptor CX3CR1 blocked the synapse loss
induced by gp120 (Fig. 3.5). The data suggest that FKN/CX3CR1 signaling is essential for
gpl120-induced synapse degeneration. FKN acts as both a membrane-tethered and a
secreted chemokine that binds to its receptor, CX3CR1, to regulate microglial
phagocytosis. Previous studies indicate that the FKN/CX3CR1 signaling modulates
synapse pruning during development (Paolicelli et al., 2011; Hoshiko et al., 2012). It is
thus possible that the FKN/CX3CR1 signaling stimulates microglial phagocytosis of
damaged synapses caused by gp120 exposure, although the direct evidence for this is still
lacking. Besides its regulatory role in microglial phagocytosis of synapses, FKN/CX3XR1
signaling may also regulate the microglial clearance of pathogens and extracellular protein
aggregates (Lee et al., 2010; Liu et al., 2010). Therefore, another possibility is that
FKN/CX3CR1 suppresses neurotoxin clearance and then promotes gpl20-induced
synaptic degeneration. FKN/CX3XR1 signaling also regulates microgliosis and the local
neuroinflammatory milieu around the pathogenic insults (Lee et al., 2010; Tang et al.,
2014) . Thus, a third possibility is that FKN/CX3CR1 signaling may facilitate gp120-
induced synapse degeneration by enhancing neuroinflammation that is induced by gp120.

We further identified the Wnt/B-catenin signaling as a critical up-stream regulator
of FKN expression induced by gp120. Our data show that B-catenin is required for gp120
to up-regulate FKN (Fig 3.6). Consistent with our findings, recent studies indicate that the
spinal Wnt3a/B-catenin pathway modulates FKN/CX3CR1 signaling in opioid-induced
hyperalgesia (Gong et al., 2016). In addition, we also showed that gp120-induced Wnt3a

and FKN expression depends on NMDAR activation (Fig. 3.7). Because previous studies
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have established that NMDAR-dependent synaptic activity activates Wnt/B-catenin
signaling (Chen et al., 2006; Tang, 2014), we propose that gp120 induces the synaptic

activity-regulated Wnt3a/p-catenin signaling that activates FKN expression.
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3.4 SUPPLEMENTAL DATA.

IBa1DAPI IBa1DAPI

Supplemental Fig. 1 DT treatment caused microglial atrophy. 20 ng DT (in 5 ul PBS)
or Veh (5 pl PBS) was i.t. injected into CD11b-DTR mice, once a day for 3 days. Twenty-
four hours after the last treatment, spinal cords were harvested for immunofluorescent
staining with IBal. DT treatment showed significant loss of microglial processes and
shrunken cell body (* indicates microglia). Scale bar: 20 pm.
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Supplemental Fig. 2 Gp120 induced synapse loss via its co-receptors. A. Inmunoblots
showed the expression level of CXCR4 and CCRS in forebrain, synaptosome and
postsynaptic density homogenate. B. Effects of maraviroc pre-treatment on gp120-induced
decrease of PSD95 and Syn 1. Cortical cultures were pre-treated with the maraviroc (50
uM) for 30 min and then co-treated with gp120 (200 pM) for another 12 hours. Cell lysates
were analyzed by immunoblotting. N=3 cultures per condition. B. Data are expressed as
mean + SEM.
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Chapter 4 The role of microglial phagocytosis in gp120-induced

synapse elimination

4.1 INTRODUCTION

My previous study demonstrated that gpl20 caused significant spinal synaptic
degeneration, which likely contributes to HIV-associated pain. In this specific Aim, I shall
focus on the brain to determine if gp120 leads to similar synaptic changes in the cortex and
to further understand the underlying mechanism of gp120-induced synapse loss. A critical
role of FKN/ CX3CR1-mediated microglia’ activity in gp120-induced spinal synapse loss
was identified in my studies described in Chapter 3. However, it is still unknown if
microglia mediate synapse elimination via physical contacts, such as phagocytosis.
Emerging evidence suggests a crucial role of microglia in synaptic pruning during
development and under certain disease conditions (Harrison et al., 1998; Stevens et al.,
2007b; Paolicelli et al., 2011; Schafer et al., 2012; Zhan et al., 2014; Hong et al., 2016b;
Vasek et al., 2016a). The “un-wanted” synapses are usually labeled by phagocytic (so-
called “eat-me”) signals, which are recognized by the receptors on microglia to initiate
synapses engulfment and phagocytosis. Based on such evidence | hypothesize that

microglia mediate gp120-induced synaptic degeneration by phagocytosis.

Recently, several neuron-glia signaling pathways have been were identified to
mediate synapse pruning (Harrison et al., 1998; Stevens et al., 2007b; Paolicelli et al., 2011;
Schafer et al., 2012; Chung et al., 2013; Zhan et al., 2014; Chung et al., 2015b). Microglia,

as professional phagocytes in the brain, are closely in contact with synapses and can
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remove dead/dying neurons, neuronal debris as well as synapses or axons of alive neurons
(Neumann et al., 2009; Fricker et al., 2012; Neniskyte and Brown, 2013; Sierra et al., 2013;
Brown and Neher, 2014). Microglia promote synapse pruning in a manner dependent on
CX3CR1 or complement receptor 3 (CR3) receptors. Complement component C1q is
produced by neurons and localized at synapses (Stevens et al., 2007b). It initiates synapse
pruning by promoting the deposition of C3 on synapses (Schafer et al., 2012), and
triggering C3 receptor (CR3) binding and consequently synapse elimination by microglia
(Stevens et al., 2007b; Schafer et al., 2012). The complement-initiated and microglia-
mediated synapse elimination is also critical for synapse striping in various diseases
models, including Alzheimer diseases (Hong et al., 2016b) and West Nile virus infection
(Vasek et al., 2016a). FKN is the CX3CR1 ligand, and primarily expressed by neurons. In
response to neuronal activity, FKN is rapidly released from neuron (Chapman et al., 2000).
FKN-CX3CRL1 interaction regulates microglial activation and phagocytosis of synapses

(Harrison et al., 1998; Paolicelli et al., 2011; Zhan et al., 2014).

In addition to those CR3 and CX3CR1, microglia also express phagocytotic
receptor MerTK (Grommes et al., 2008; Chung et al., 2013). MerTK was reported to
regulate macrophage’s activity in the clearance of apoptotic cells (Scott et al., 2001),
microglial phagocytosis of stressed neurons (Neher et al., 2013; Nomura et al., 2017), and
astrocytic elimination of excessive synapse during development (Chung et al., 2013).

However, it is still unknown if MerTK mediates microglial phagocytosis of synapses.

| am therefore interested in further exploring the contribution of microglia to

gp120-induced synapse loss and obtaining mechanistic insights into the molecular
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pathways at both the microglial and neuronal levels that modulate synaptic degeneration.
In particular, | want to address two key questions: 1) Is microglial phagocytosis responsible
for the gp120-induced synapse loss? 2) How does gp120 induce microglial phagocytosis
of synapse? | therefore compared the levels and distribution of synaptic proteins in frontal
cortices of WT and gp120 Tg mice. Significant decrease of Syn-1, Syt-1, vGluT1 and
PSD95 were observed in gp120 Tg mice. Consistent with these results, dramatic reduction
of intact synapses was shown in gp120 Tg mice. To determine the role of microglial
phagocytosis in the synapse loss, we measured the physical contacts between synapse and
microglia, and found gp120 induced more neuron-microglia contacts. Interestingly, gp120
induced microglia to selectively engulf pre-synaptic elements (compared with post-
synaptic elements). Importantly, ablation of microglia protected pre-synaptic component
from gpl120-induced elimination. | further determined the role of the FKN/CX3CR1
signaling and MerTK signaling in gp120 induced-microglial activation and synapses
phagocytosis. The results revealed that MerTk played an important role in gp120- induced
microglial phagocytosis of pre-synaptic elements. However, CX3CR1 deletion potentiate

microglial activation and gp120-induced synaptic degeneration.

4.2 RESULTS:

4.2.1 Gp120 induced synapse loss in the frontal cortex.

To test gp120’s activity in inducing synapse degeneration, the cortices from 6-
month-old gp120 Tg and wildtype (WT) littermates were analyzed, by western blotting.
we observed significant reduction of pre-synaptic markers synapsin | (Syn I), synaptogami-
1 (Syt-1) and vesicular glutamate transporter 1 (vGIuT1) in gp120Tg cortices (Fig. 4.1 A).

Post-synaptic protein PSD95 decreased significantly, but to a less degree of magnitude
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Fig 4. 1 gp120 causes synaptic degeneration in the frontal cortex. A. Protein levels of
Syn I, Syt-1 vGluT1 and PSD9S5 in the frontal cortex of the WT and gp120 Tg mice at the
age 6-months-old. B. Quantitative summary of A. C. Confocal micrographs of vGlutT1
(green) and PSD95 (red) immunostaining, stars show the PSD95" clumps (scale bar: 20
um). D. Overlaps of vGluT1 and PSD95 signals (yellow) suggest intact synapses (indicated
by arrows), which decreases in gp120 Tg mice. Immunostaining performed within the
frontal cortex, confocal images captured the distribution of synapse in the layer I-II of
cortex. E. Quantification of the overlapped vGIuT1 and PSD95 signals. (All panels, data
are expressed as mean £ SEM. *, p<0.05; **, p<0.01 *** p<0.001; n =3 for WT, 4 mice
for gp120 Tg).
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(Fig. 4.1 Aand 4.1 B). To visualize synapse loss in gp120 Tg mice cortices, we performed
confocal imaging of synapses in cortical sections after double-staining of vGIuT1 and
PSD95. We observed dramatic decreases of synaptic puncta (Fig. 4.1 C). The vGIuT1 and
PD95 co-stained puncta were viewed as intact synapses (arrows in Fig. 4.1 D). The
quantification of the vGIluT1 and PSD95 co-stained puncta showed that gp120 exposure
caused a significant loss of intact synapses (~41% of WT) (Fig 4.1 E). Interesting, we
observed many PSD95" aggregates in gp120 Tg cortices (stars in Fig. 4.1 C). These data

suggest that gp120 exposure lead to synaptic degeneration in the brain cortex.

4.2.2 Gp120 led to microglial activation.

To assess the potential involvement of microglia in HIV-1-gp120 induced synaptic
degeneration, we performed immunostaining of IBal (Ito et al., 1998) in gp120Tg and WT
mice cortical sections. Confocal imaging showed that the IBal* cells significantly
increased in gpl20 Tg mice (Fig. 4.2 A, B). In addition, gp120 caused microglial
morphological changes, with enlarged soma and thicker processes (Right panels of Fig. 4.2
A). As IBal is also expressed in macrophages, to rule out the possibility that the increased
IBal* cells was due to the peripheral macrophage infiltration after gp120 stimulation, we
performed immunostaining of the transmembrane protein 119 (TMEM119), which is
specifically expressed by microglial and was used to distinguish microglia from
macrophages after CNS inflammation and injury (Bennett et al., 2016). IBal* TMEM119*
cells were microglia, IBal* TMEM119 cells were macrophages (Fig. 4.2 C). We found that
majority of cortical IBal® cells were microglia in both WT and gp120 Tg mice (96.96 %
in WT vs 89.30% in gp120 Tg mice) (Fig 4.2 D). Gp120 caused the number of both

microglia and macrophages increase, with microglia increase at a much bigger magnitude
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Fig 4. 2 Microglial activation in the cortex of gp120 transgenic mice. A. confocal images
of IBal™ microglia in WT and gp120Tg mice at age of 6 months old. (n =3 or 4 mice for WT
or gpl20Tg, respectively). Scale bar, 100 um for left panels; 50 pm for right panels. B.
Quantitative graph showing increased IBal™ cells in gp120 Tg mice. C. Immunostaining
images showing the co-expression of IBal and TEMEI19 in microglia and only IBal
expression in macrophages (indicated by *), scale bars, 25um, n=4 mice per group. D.
Quantification of the portion of microglial cells in IBal™ cells. E. Density of microglia and
macrophages in WT and gp120Tg mice. Error bars, s.e.m; ***, p<0.001. Immunostaining and
quantification performed within the frontal cortex.
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(Fig. 4.2 E). These results suggested microglia were activated in gp120 Tg cortices. In the
following experiments, we will use I1Bal to label microglia because IBal staining better

demarcates microglial morphology.

4.2.3 Gp120-induced microglia-neuron contacts and microglial phagocytosis.

To gain insights about the potential physical interaction between neurons and
microglia induced by gp120, we performed immunostaining of 1Bal in Thyl-YFP/gp120
double transgenic mice, in which cortical neurons are labeled by YFP. We observed that
microglia in Thyl-YFP only mice had no obvious association with neuronal soma (Fig. 4.3
A). In Thyl-YFP/gp120Tg mice, however, we observed that some microglia closely
appose to neuron (Fig 4.3 A). There were 12% cortical neurons in gp120 Tg mice in contact
with microglia compared to 2% of neuron in WT associate with microglia (Fig. 4.3 B).
These data indicated that gp120 induced microglia-neuron physical interaction. To assess
if gp120 induces microglial phagocytosis, we performed immunostaining of galectin-3, a
phagocytic biomarker (Sano et al., 2003; Morizawa et al., 2017). We observed that, while
galectin-3* cells were rare in the cortices of WT mice, about 10% microglia expressed
galectin-3 (Fig. 4.3 C, D). The increase of microglia-neuron contacts and galectin-3*
microglia in gp120Tg mice indicated that gp120 may cause microglia to phagocytose

damaged synapses.

4.2.4 Microglia predominantly phagocytosed presynaptic structures in the gp120

transgenic mice.
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Fig 4. 3 Activated microglia target cortical neurons and show phagocytotic features
in the gp120 Tg mouse. A. Representative 3D images show morphological changes of
microglia (microglia) in the gp120 Tg mice. Triangle indicate the association of microglia
with neuronal cell bodies (Green). N=4 mice per group, scale bars: 10 um. B Quantitative
graph shows the percentage of neuron in contact with microglia. C. Representative image
of IBal™, galectin-3" microglia in the WT and gp120 Tg mice. N=3 per group, scale bars:
25 um. D. Quantification of C, IBal“Galectin-3" cells are counted phagocytotic microglia,
IBal+cells are counted as microglia. Error bars, s.e.m.

To determine if gp120 induces microglial phagocytosis of synapses, we performed
double-immunostaining of IBal and vGIuT1 in cortical sections. Three-dimensional (3D)
images were constructed to show the vGIuT1" IBal* colocalized puncta (arrows) (Fig. 4.4
A), which indicate the engulfed pre-synaptic elements by microglia. We observed the
number of vGIuT1" IBal* colocalized puncta was increased in the transgenic mice
compared to WT control (Fig. 4.4 B), suggesting gp120 stimulation activated microglia to
engulf pre-synaptic components. To clearly show the microglial engulfment of pre-
synaptic structure, we used Imaris software to reconstruct 3-D images to subtract only

vGIuT1 and only 1Bal expressed signals. Therefore, all the signals showing in Fig. 4.4 E
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are vGIluT1 and IBal colocalized signals. We observed that gp120 stimulation greatly
increased the vGIuT1 and IBal colocalized signals, indicating more presynaptic puncta
internalized by microglia in gp120Tg mice (Fig. 4.4 E). The quantified results confirmed
that gpl20 enhanced microglial engulfment of presynaptic puncta (Fig. 4.4, F).
Interestingly, 3-D images reconstructed from I1Bal and PSD95 double-immunostaining
cortical sections showed PSD95 signals formed many clumps, but microglia clearly did
not phagocytose them (Fig. 4.4 C, D). These striking findings suggest microglia selectively
engulf and eliminate presynaptic structure but not postsynaptic part in the gp120 Tg mice.
To rule out the other possible interpretation that vGluT1 was more stable in microglia and
accumulated there, we performed immunostaining of additional presynaptic markers,
including Syn | and Bassom. The results showed that gp120 induced similar increases of
these markers inside the microglia (data not shown). Thus, the observation of selective
accumulation of multiple presynaptic markers supports the idea of gpl20-induced
microglia predominantly phagocytosing presynaptic structures.

To rule out the possibility of imaging bias of a small number of cells, we performed
flow cytometry analysis to quantify the microglial populations containing Syt-1 (a
presynaptic marker) or PSD95 (a postsynaptic marker) staining signal. Single cell
suspensions from WT and gp120 Tg mice’s cortices were stained with anti-CD11b and
anti-GFAP antibodies to label the microglia and astrocytes respectively, the group of
CD11b* cell was counted as microglia (showing in the first quadrant in Fig. 4.5 A). The
quantified result showed that microglia was significantly increased in gp120 Tg mice. (16%
of total cortical cells were CD11b * cells in WT v.s 24% in gp 120Tg mice) (Fig 4.5 C).

We then assessed the Syt-1 and PSD95 signals in the CD11b" cells (Fig 4.5 B). The right-
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shift of the population curve in Fig 4.5 B indicated increased microglial population
contained Syt-1 signal in transgenic mice. Compared to microglia in WT mice, there were

1.8 times of microglia in gp120 Tg mice containing Syt-1 signal (Fig 4.5 D). However, the
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Fig 4. 4 Microglia in the gp120Tg mice predominantly phagocytose pre-synaptic
elements. A. Evident vGluT1 staining in the [Bal-labeled microglia cell bodies
(arrows). B. Quantification of the percentage of vGluT1 puncta in microglia. N=3 mice
per group C. Microglia (labeled with CX3CR1) do not phagocytose PSD95 clumps
(indicated by *). D. Quantification of the percentage of PSD95" post-synaptic
component within microglia. N=5 mice per group. E. 3-D reconstruction images shown
vGluT1 and IBal colocalized signal after subtracting only vGluT1 and only IBal
expressed singals by using Imaris. F. Quantitative summary of E, N=5 mice per group
Confocal z-stack images were taken at 60 x magnification using Nikon Al inverted
confocal microscopy, 30-50 consecutive optical sections with 0.5 um interval thickness
were obtained and e transformed into 3D reconstruction. For each mouse, at least 3 z-
stack images were counted, which were derived from 3 fixed-frozen cortical sections.
Scale bars: 10 um. The analysis for E, F were performed by Lorenzo Ochoa.
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microglial population curve showed the similar pattern in WT and gp120 Tg mice when
we analyze the PSD95 signal distribution (Fig. 4.5 B, D), suggesting that gp120 does not
affect the microglia to interact with PSD95" post-synaptic component. These findings

confirm that microglia selectively phagocytose presynaptic compartments.
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Fig 4. 5 Microglial population with Syt-1 staining markedly increases in the gp120
transgenic mice. A, B. Flow cytometry analysis of microglia associated with Syt-1 or
PSD95. Microglia distribution is gated by CD11b and GFAP, CD11b"GFAP" cells (in
the first quadrant) are counted as microglia (A). In microglial population, the signal
intensity of Syt-1 and PSD95 are showed in B. The percentages showed in the graph
represent the portion of microglia associate with Syt-1 signal or PSD95 signal (B). C
and D. Quantitative summaries of the percentage of IBal " microglia (C) and the number
of microglia associated with Syt-1 or PSD95 (D) in WT and gp120 Tg. N: 6 mice for
WT, 8 mice for gp120 Tg.

4.2.5 Microglia is required for gp120-induced pre-synaptic elements elimination.

Adult mice administered with PLX5622, a specific colony-stimulating factor 1
receptor (CSF1R) inhibitor, show near-complete microglial elimination from the CNS

(Dagher et al., 2015; Acharya et al., 2016; Hilla et al., 2017; Janova et al., 2017; Reshef et
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al., 2017). To conclusively determine the role of microglia, six-month-old gp120 Tg and
WT mice were treated with PLX5622 (formulated at 1200 mg/kg of chow) or control chow
for 3 weeks. Cortical sections then were immunostained against microglial markers: 1Bal
and TMEM119 (Fig 4.6 A). We observed the number of IBal* TMEM119" microglia were
dramatically decreased in the gpl20 Tg mice with PLX5622 chow administration
(compared with mice receiving control chow) (Fig. 4.6 A and B), which demonstrated
microglial depletion in the brain cortex of gp120 Tg mouse with PLX5622 administration.
Next, we performed the double immunostaining of IBal and vGIuT1 in cortical sections
(Fig. 4.6 C), we found vGIuT1* puncta were decreased in gp120 Tg mice receiving control
chow compared to WT mice with control show administration, however, gp120 Tg mice
administrated with PLX5622 to deplete microglia showed similar vGIuT1 signal density
(Fig. 4.6. D) as WT mice treated with control chow. These findings indicate that microglia
depletion attenuated vGIuT* presynaptic puncta loss in gpl120Tg mice and further
demonstrate a crucial role of microglia in gp120-induced synaptic degeneration, especially

presynaptic degeneration.

4.2.6 FKN/CX3CR1 signaling regulates pre-synapse loss in gp120 Tg mice.

Next, we wanted to understand the mechanism that regulates microglial activity in
synaptic phagocytosis. FKN/CX3CR1 signaling pathway mediates neuron- microglia
interaction and the dysregulation of FKN/CX3CR1 contributes to neurodegeneration

(Meucci et al., 2000; Dénes et al., 2008; Tang et al., 2014; Febinger et al., 2015). In
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Fig 4. 6 CSF1R inhibitor PLX5622 depleted microglia and blocked pre-synaptic
degeneration in the cortex of gpl120Tg mice. A. Representative images show
IBal " TMEM119" microglia and IBal " TMEM119 macrophages in the frontal cortex,
scale bar: 25pum. B. Quantification of microglia and macrophage density in the frontal
cortex. C. Confocal images of vGluT" pre-synaptic puncta in the mouse cortex, scale
bar: 10um. D. Quantitative summaries of vGIuT1" puncta density in cortical sections.
WT/ctrl: WT mice administrated with control chow; gp120Tg/Ctrl: gp120Tg mice
administrated with control chow and gp120Tg/PLX: gp120Tg mice administrated with
PLX5622 containing chow. N=4 mice per group.

addition, FKN/CX3CR1 regulates microglial phagocytosis and synapse elimination
(Harrison et al., 1998; Paolicelli et al., 2011; Zhan et al., 2014). In previous studies, we
observed that FKN is up-regulated by gp120 in both cortical cultures and mouse spinal
cords, and that disruption of FKN/CX3CRL1 signaling by CX3CR1 knockout attenuated
gp120-induced synapse degeneration (Fig.3.6). We were interested in extending these
findings and tested here the potential contribution of FKN/CX3CR1 to phagocytose gp120
injured synapses in the cortex. Therefore, we generated gpl120Tg/CX3CR1KO mice.
Interestingly, we found CX3CR1 knockout potentiated gp120 induced-microglial
activation, indicated by increased microglial density in the cortex, 509.8 + 22.76

microglia per mm? in gp120Tg/ CX3CR1” mice vs. 426.5 + 25.77 microglia per mm?
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in gp120Tg/ CX3CR1*" mice (Fig.4.7 A and B). We observed that gp120Tg/CX3CR1KO
mice only had 38.04 =+ 6.53% pre-synaptic puncta (labeled by Syn 1) of
gp120Tg/CX3CR1*" mice, indicating CX3CR1 KO lead to significant decline of pre-
synaptic structure (Fig. 4.7 C-F). In addition, we performed western blotting to validate
our immunostaining results. We examined the pre-synaptic marker, vGluT1, protein levels
in CX3CR*", CX3CR1™", gp120Tg/CX3CR1*" and gp120Tg/CX3CR1’ mice. We found
CX3CR1™" did not affect the protein level of vGIuT1 (no significant difference was
observed between CX3CR*" and CX3CR1™7 mice), however, gp120 exposure induced
vGIuT1 decrease in gpl120Tg/CX3CR1*", knockout of CX3CR1 exaggerated gp120-
indeced vGIuT1 decline (gp120Tg/CX3CR17- mice showed lower vGIuT1 expression than
gp120Tg/CX3CR1*" mice) (Fig.4.7 F, G). Immunostaining and western blotting results
collectively demonstrated CX3CR1 knockout exacerbated gp120-caused pre-synapse loss.
These results suggest that the FKN/ CX3CR1 signaling pathway plays an important role in

regulating microglial activation and synaptic degeneration.

4.2.7 MerTK is involved in gp120 -induced pre-synaptic degeneration.

MerTK is a phagocytotic receptor expressed by microglia, astrocytes and
endothelial cells in the brain (Chung et al., 2013). Recent studies revealed a regulatory
role of MerTK in microglial phagocytosis of apoptotic cells and stressed neurons (Scott et
al., 2001; Neher et al., 2013; Fourgeaud et al., 2016; Nomura et al., 2017). MerTK pathway
is also involved in the engulfment and elimination of synapses by astrocytes (Chung et al.,
2013). Thus, we performed western blots to test if gp120 stimulation activates the MerTK
pathway. Indeed, MerTK showed activated format in gp120Tg mice indicated by the
slightly up-shifted blotting bands (Fig.4.8 A) and elevated phosphorylated MerTK (Fig.

4.8 B). Moreover, galectin-3, a newly identified MerTK ligand and opsonin (Caberoy et
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Fig 4. 7 CX3CR1 deficit enhanced gp120-induced microglial activation and pre-
synaptic degeneration. A. Confocal images showing IBal " microglia in the frontal cortex
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100pm. B. Quantitative summary of A. N=6 mice per group. C. Confocal images of Syn
I-labeled pre-synaptic puncta in the frontal cortex, scale bar: 15um. D. Quantification of
pre-synapse density, N=6 mice per each group. E. immunoblots of vGluT1 and B-actin. F.
Quantitative summary of E. N=6 mice for CX3CR"-and CX3CR™". N= 7 for gp120 Tg/

CX3CR™” and gp120 Tg/ CX3CR™".
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al., 2012), was highly expressed in some microglia (10% of total microglial) in gp120 Tg
mice, but no microglia in the WT was found to express immunostaining-detectable
galectin-3 (Fig. 4.3 C). Galectin-3 is known to release from microglia to regulate microglial
engulfment of target cells (Nomura et al., 2017). Those results highly suggest that
microglia may mediate the engulfment and elimination of pre-synaptic element in gp120
Tg through MerTK pathway. To test this hypothesis, we generated gp120 Tg/MerTK KO
mice by crossing the gp120 Tg mice with MerTK KO mice. The absence of MerTK was
validated in gp120 Tg/MerTK KO mice by using the western blotting technique (Fig. 4.8
C). We found that only MerTK knockout did not affect the pre-synaptic marker: Syn I’s
expression level, showing as no significant difference was observed between WT and
MerTK KO mice (Fig. 4.8 D). However, MerTK KO almost completely blocked gp120
induced decrease of Syn I (no significant difference was observed about the protein level
of Syn | between the gp120 Tg/MerTK KO and WT mice) (Fig 4,8 D). To confirm our
observation, we performed immunostaining of vGIuT1 (pre-synaptic marker) and 1Bal
(microglial marker) in cortical sections (Fig. 4.8 E). Similarly, the density of vGIuT1
stained pre-synaptic puncta in the gp120Tg/MerTK” mice was greater than gp120Tg mice
and almost reach to the WT mice’ s level (Fig. 4.8 F). More importantly, single plane
images showed a dramatic decline of vGIuT1 and IBal colocalized signals in gp120
Tg/MerTK KO mice (compared to gp120 Tg mice) indicating the attenuated engulfment
of pre-synaptic elements by microglia in gp120 Tg/MerTK KO mice (compared to gp120
Tg mice) (Fig. 4.8 G, H). These results demonstrate that MerTK pathway mediates, at least

partially, gp120- induced microglial phagocytosis of pre-synaptic degeneration.
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4. 3 DISCUSSION

The results obtained suggests that microglia actively contribute to synapses
(especially the presynaptic compartment) engulfment and elimination in the HIV1-gp120
Tg mice. These results also indicate critical roles of the MerTK and CX3CR1 signaling
pathways in regulating the microglial phagocytosis of synapses. Such findings establish
the key role of microglia in gp120-induced synapses loss and suggest a new microglia-
mediated extrinsic mechanism in neural circuit remodeling during HIV infection. The new
insights may shed light on the pathogenic mechanism of synapse loss in the brain of HIV-
infected patients.

Although growing evidence suggests a crucial role of microglia in synaptic pruning
during development and under certain disease conditions (Stevens et al., 2007b; Stevens et

al., 2007a; Hong et al., 2016¢; Vasek et al., 2016b), no study has segmentally studied the

mechanism (s) that regulate synapse loss from pre- and post-synaptic sites. Interestingly,
our results found microglia selectively engulf and eliminate pre-synaptic component in
gp120 Tg mice, which is consistent with recent findings that West-Nile virus infection
causes microglia activation and significant pre-synaptic terminal loss (Vasek et al.,
2016a). Blockage of complement-microglial axis inhibits infection induced- synaptic
degeneration (Vasek et al., 2016a). This study also observed unsynchronized loss of
pre- and post-synaptic terminal, the significant reduction of pre-synaptic structure but
not post-synaptic part was demonstrated (Vasek et al., 2016a). These findings suggest
synaptic degeneration may initiate from the pre-synaptic part and the distinct
mechanisms may be involved in pre- and post-synaptic degeneration. However,

microglia were observed engulf and eliminate post-synaptic elements during the synapse
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loss in Alzheimer disease mouse models (Hong et al., 2016b) and during postnatal
development (Paolicelli et al., 2011). Those observations indicate that the microglia-
mediated synapse loss is context-dependent, during the infection, pre-synaptic terminal
may be the primary target for microglial phagocytosis (Stevens et al., 2007b; Stevens et
al., 2007a; Hong et al., 2016a; Vasek et al., 2016a).

Pre-synaptic elements engulfment by microglia is evident in our study (Fig.4.4),
this important finding raised many questions. How does microglia selectively recognize
pre-synaptic structures? Do “un-wanted” pre-synaptic elements present “eat-me” signals
locally? What is the signaling pathway that controls microglial phagocytosis of
synapses? Notably, our data indicate that the MerTK pathway regulates microglial
activity in phagocytosing pre-synaptic compartments. MerTK is critical for microglia
and macrophages to remove apoptotic cells (Scott et al., 2001), stressed neurons (Neher
etal., 2013), our data indicate a novel role of the MerTK pathway in microglia-mediated
synapse phagocytosis.  Consistent with our finding, Chung et al reported the
involvement of MerTK pathway in astrocytic phagocytosis of synapses (Chung et al.,
2013), suggesting MerTK is a universal pathway that mediates different types of
phagocytes to clear the “un-wanted” synapses. MerTK can initiate phagocytosis by
binding to phosphatidylserine on the target cells or cell debris. Arrest-specific gene 6
(GASG6) or protein S are two known ligands of MerTK-mediated phosphatidylserine
binding (Chen et al., 1997; Hafizi and Dahlback, 2006; Grommes et al., 2008). More
recently, galectin-3 was identified as a new MerTK ligand (Caberoy et al., 2012) that is
expressed by and released from microglia to opsonize cells for phagocytosis (Nomura et

al., 2017). We observed that galectin-3 was highly expressed in about 10% of microglia in
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gp120Tg mice but not in WT mice. We speculate that galectin-3 is expressed by and
released from gpl20 activated microglia and opsonizes damaged pre-synaptic
compartments, and that MerTK on microglia then binds to galectin-3-labeled elements for
phagocytosis. Because desialylated sugar chains on plasma membranes are the target
binding site of galectin-3 (Nomura et al., 2017), we envision that gp120 may up-regulate
desialyation of the pre-synaptic compartment to facilitate galectin-3 binding.
Consequently, the galectin-3-labeled damaged pre-synaptic structures are recognized by
MerTK on microglia to initiate phagocytosis (Fig. 4.8).

FKN/CX3CR1 is a neuron-to-microglia signal that mediates the crosstalk between
microglia and neurons (Jung et al., 2000b; Cook et al., 2001; Sheridan and Murphy, 2013).

Dysregulation of the FKN/CX3CR1 pathway was observed in HIV-infected brains (Cotter
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Fig 4. 9 Diagram depicts potential mechanisms by which microglia engulf and
phagocytose pre-synaptic compartments. Gp120 causes the synaptic damage and pre-
synaptic desialylation. Meanwhile, microglia are also activated by gp120, the activated
microglia express and secrete galectin-3. Released galectin-3 binds to the desialylated
pre-synaptic membranes, and the MerTK receptor on microglia then mediates microglial
engulfment of the damaged pre-synaptic compartment. Gp120 may also induce the pre-
and post-synaptic structures to express other “eat-me” signals to initiate synapse
elimination through different signal pathways. Notably, FKN/CX3CR1 pathway is very
important to control microglial activity, including migration and clearance of damaged
debris.
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et al., 2002) . Because the FKN/CX3CR1 pathway regulates microglial phagocytosis
(Harrison et al., 1998; Paolicelli et al., 2011; Zhan et al., 2014), we hypothesized that gp120
induced synapse elimination through the FKN/CX3CR1 pathway, and predicted that
CX3CR1 deficit ought to inhibit gp120-induced synaptic degeneration. Surprisingly,
different from our speculation, CX3CR1 KO potentiated gpl20-induced microglial
activation and synapse loss (Fig. 4.6). One possibility is that after CX3CR1 KO, microglia
lose their neuronal regulation, and gpl20 stimulation causes excessive microglial
activation that lead to overwhelming synapse loss. This idea is supported by the findings
that binding of soluble FKN to CX3CR1 maintains microglia in a “resting” state
(Bachstetter et al., 2011; Valero et al., 2016) and CX3CR1 KO enhances microglial
activation and neurotoxicity (Cardona et al., 2006; Wu et al., 2013; Reshef et al., 2014).
In addition, FKN has chemoattractant properties (Paolicelli et al., 2014; Sokolowski et al.,
2014). CX3CR1 deficit may impair microglial migration (Paolicelli et al., 2011; Pagani et
al., 2015) and interaction with damaged synapses. It is also possible that absence of
CX3CR1 may promote pro-inflammatory phenotype of microglia to cause neurotoxicity
and synapse loss. It is reported that CX3CR1 ™7~ exacerbate microglial neurotoxicity by up-
regulating NO, IL-6, IL-1p and TNF-a production (Cho et al., 2011; Rogers et al., 2011).
We will test these hypotheses with further studies.

Moreover, significant and dramatic reduction of post-synapse was observed in
the gpl20Tg mice. The selectively engulfment of pre-synaptic compartment by
microglia indicated that gp120 causes post-synaptic elimination by other mechanisms.

Identifying these mechanisms is of importance for future studies.
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Chapter 5. The role of astrocytic phagocytosis in gp120-induced

synapse elimination

5.1 INTRODUCTION

Astrocytes constitute the most abundant cell type of human brain and physically
associate with synapses (Araque et al., 1999; Ventura and Harris, 1999; Halassa et al.,
2007; Witcher et al., 2010). The close interaction of astrocytes and synapses suggest
important roles of astrocytes in the regulation of synaptic transmission and plasticity
(Beattie et al., 2002; Haber et al., 2006; Stellwagen and Malenka, 2006; Jones et al., 2011;
Allen, 2014; Araque et al., 2014). Recent studies revealed the involvement of astrocytes in
synapse formation and elimination (Ullian et al., 2001; Chung et al., 2013; Chung et al.,
2015a; Chung et al., 2015c; Chung et al., 2016; Allen and Eroglu, 2017; Farhy-Tselnicker
and Allen, 2018). Dysfunction of astrocytes may contribute to the development of
neurological disorders.

Astrocytes regulate the neuronal activity by buffering potassium and up-taking
neurotransmitters (glutamate and GABA)(Rothstein et al., 1996; Walz, 2000; Liang et al.,
2006). They also release gliotransmitters such as D-serine to stimulate neurons (Yang et
al., 2003). Dysfunction of these processes is linked to the pathogenesis of epilepsy, stroke
and other neurological disorders (Bambrick et al., 2004; David et al., 2009; Ricci et al.,
2009; Coulter and Eid, 2012). In addition, astrocytes secrete other factors to regulate
synapse development and function. For example, thrombospondins, the major extracellular
matrix proteins secreted by astrocytes, promote glutamatergic synapse formation

(Christopherson et al., 2005; Eroglu et al., 2009; Xu et al., 2010). SPARC (secreted
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protein acidic, rich in cysteine) protein and D-serine secreted by astrocytes are also
reported to modulate synaptogenesis and synaptic plasticity. While hevin (also known as
SPARC-like 1) can induce structural formation of excitatory synapses, SPARC
antagonizes hevin activity and inhibits glutamatergic synapse formation (Kucukdereli et
al., 2011). Besides its regulatory role in glutamatergic synapse formation, SPARC prevents
cholinergic presynaptic maturation (Albrecht et al., 2012) and inhibits post-synaptic
recruitment of AMPA receptors (Jones et al., 2011; Kucukdereli et al., 2011).

During development, neurons initially form excessive synapses, which are
eliminated during critical time periods to form the refined and mature neural circuits
(Neniskyte and Gross, 2017). Recent studies highlight the important roles of astrocytes in
synapse elimination. In the developing visual system, microglia phagocytose extra
synapses through the complement pathway (Paolicelli et al., 2011). The “unwanted”
synapses are labeled by Clq and C3, which then are recognized and eliminated by
microglia through C3R-mediated phagocytosis (Stevens et al., 2007b; Schafer et al., 2012).
Astrocytes modulate this process by controlling the expression of C1q in retinal ganglion
cell (RGC). Transforming growth factor-p (TGF-B) released by astrocytes controls C1q
expression in RGC (Bialas and Stevens, 2013). In addition, mounting evidence indicates
the phagocytotic ability of astrocytes in removing apoptotic neurons, cell debris (Al-Ali et
al., 1988; Cheng et al., 1994; Nguyen et al., 2011; L6dv et al., 2012; Morizawa et al., 2017;
Ponath et al., 2017). Astrocytes are enriched with expressed genes in phagocytic pathways
(Cahoy et al., 2008). A recent study shows that astrocytes eliminate synapses by direct

phagocytosis, via the MEGF10 and MERTK pathways (Chung et al., 2013). Mice with
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MEGF10 and MERTK deficits fail to refine retinogenicular connections and retain excess
functional weak synapses (Chung et al., 2013).

It is still unknown if astrocytic phagocytosis plays a role in disease-associated
synapse loss. Current investigation of astrocytic role in HIV-associated neural injury is
mainly focused on the release of proinflammatory cytokines such as TNF-a, IL-6 (Nottet
etal., 1995; Shah et al., 2011b), chemokine CCL5 (Shah et al., 2011a) and neurotoxic nitric
oxide (NO) (Reddy et al., 2012) after HIV infection. In this study, I reveal a novel role of
astrocytes in gpl20-induced synaptic degeneration. | show that in the gp120 Tg mice
astrocytes engulf synapses. In contrast to microglia, astrocytes predominantly phagocytose
post-synaptic elements. This observation indicates astrocytes actively participate in the
gpl20-induced synapse degeneration by selectively removing the post-synaptic
compartments of the degenerating synapses. To futher identify the signal pathway that
regulates astrocytic phagocytosis of gp120-induced synapase elimination, we test the role
of the MerTK signaling, a known pathway that regulates astrocytic phagocytosis (Chung
et al., 2013). The activaiton of MerTK pathway was suggested by the shift immunoblotting
bands of MerTk and elevated p-MerTk, and up-regulated galectin-3 (a ligand of MerTK
receptor) in our gp120 Tg mice. However, MerTK knockout did not affect gp120-indeced
astrocytic activation and synapse elimination. These resultes suggest MerTK pathway is
not the main signaling pathway medating gp120-induced actrocytic phagocytosis of

synapses.

5.1 RESULTS

5.1.1 Astrocytes are activated in gp120 transgenic mice.
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In the last chapter, | showed significant synapse loss in the frontal cortices of gp120
transgenic mice (Fig.4.1), and microglia mediated the synaptic degeneration by
predominately phagocytosing pre-synaptic components (Fig. 4.4). To assess if astrocytes
contribute to the synaptic degeneration in the gp120 transgenic mice, | first measured
astrocytic activation by immunostaining and western blotting, with the astrocyte marker
glial fibrillary acidic protein (GFAP). | observed a marked increase of GFAP™ cells in the

fontal cortex of gpl20 Tg mice (Fig. 5.1 A and B), and the GFAP* cells displayed
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Fig 5. 1 Astrocytes activation in the cortex of gp120 transgenic mice. A. confocal
images of GFAP+ astrocytes in WT and gp120 Tg mice at the age of 6 months old. Scale

bar, 100 um. B. Quantitative graph showing increased GFAP+ cells in gp120 Tg mice. C.
High-power representative images from WT and gp120 Tg mice showing hypertrophic
morphology of astrocytes in the cortex of gpl20 Tg mice. Scale bar, 100 pm. D.
Immunoblots and quantification of GFAP protein level in WT and gp120 Tg mice’s
cortices. D. The quantitative summary of graph C. N= 3 mice for WT, 4 mice for gp120
Tg. Immunostaining performed within the frontal cortex, confocal images captured the
distribution of synapse in the layer I-II of cortex. Error bars, s.e.m; **, p<0.01; ***,
p<0.001.
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hypertrophic morphology (Fig. 5.1 C). Compared to WT mice, in which astrocytes
displayed a bushy morphology with many thin processes, astrocytes in gp120 Tg mice
increased expression of GFAP and loss the bushy appearance but exhibited stellate
morphology with shorter and thicker processes (Fig. 5.1 C). In addition, western blotting
results showed the protein level of GFAP was dramatically elevated in the cortex of gp120
Tg mice, gp120 Tg mice expressed 5 times GFAP as much as WT mice (Fig 5.1 D). These
observations confirm the findings of the previous studies (Toggas et al., 1994), and suggest

the activation of astrocytes in the brain of gp120 transgenic mice.

5.2.2 Astrocytes in the gp120 Tg mice predominantly engulf and eliminate post-
synaptic structure.

To evaluate the potential role of astrocytic phagocytosis in synapse loss in the
gp120 transgenic mouse, | performed double-staining of GFAP and PSD95 in the frontal
cortex of the WT and gp120 Tg mice. | found that PSD95 aggregated in the transgenic
mice, and most of PSD95 clumps were colocalized with GFAP-labeled astrocytes, mainly
in the somatic regions (indicated by arrowheads in Fig. 5.2A). In contrast, microglia did
not seem to associate with PSD95 clumps (Fig. 4.4C). The similar staining pattern was
observed with another post-synaptic marker, NMDA receptor subunit 1 (NR1) (Fig. 5.2
B). Triple-immunostaining of GFAP, PSD95 and Syn | revealed gp120 stimulation induced
astrocyte to engulf synapses. Compared to WT mice, gp120 Tg mice showed more pre-
and post-synaptic puncta labeled by anti-Syn | or anti-PSD95 antibody in the astrocytes,
however, reactive astrocytes in the transgenic mice predominately engulfed PSD95*
elements, with much fewer Syn Isignals (Fig. 5.2 C, D). The portion of PSD95" synaptic
structure inside GFAP* astrocytes (showed as colocalized volume) in gp120 Tg mice were
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Fig 5. 2 Astrocytes in the gp120Tg mice predominantly contain post-synaptic signal. A.
Double-immunostaining confocal images of GFAP (green) and PSD95 (red) to show PSD95
clumps in the cell bodies of astrocytes (yellow), scale bar: 10 um. B. Representative images
showed NR1-labed post-synaptic terminal located in GFAP+ astrocytes, scale bar: 10 pm. C.
Triple-immunostaining confocal images of GFAP (green), Synl (red) and PSD95 (blue) to
show astrocytes mainly contain PSD95+ puncta (cyan) but a little Synl signal, 10 pm. D.
Quantitative summary of C. E. 3-D surface rendering (Imaris) to show the astrocyte-engulfed
PSDD95" puncta (white singals), scale bars: 10 pm for E1; 4 um for E2. F. 3-D reconstruction
images (Imaris) showing the overlapped signals of PSD95 and GFAP (E1-E2) or Syn I and
GFAP (E3-E4) F. Quantification of Synl or PSD95 signals in 3-D images N: 6 mice for WT,

7 mice for gp120Tg. The 3-D images analysis showed in E-G were conducted by Lorenzo
Ochoa.
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4 times as much as in WT mice (Fig. 5.2D). To visualize enclosed structures of astrocytes
and exclude the PSD95 or Syn | signal outside astrocytes, Imaris was used to perform
surface rendering. As the Fig. 5.2 E showing, many PSD95* synaptic components are
localized in astrocytes in gpl20 Tg mice (showed as white puncta), these colocalized
puncta indicate the engulfment of post-synaptic terminal by astrocytes in gp120 Tg mice.
To perform 3-D images quantification and rule out the possibility of including the PSD95
or Syn | signals outside the astrocytes during quantification in Fig. 5.2 D, Imaris was also
used to reconstruct 3-D images from Z-stacks images to visualize the overlaps of PSD95
and GFAP signals (Fig. 5.2 F1-F2) or Syn | and GFAP signals (Fig. 5.2 F3-F4). In Fig. 5.2
F1-F2, signals that only had PSD95 expression and only had GFAP expression was subtract
from the images; in Fig. 5.2 F3-F4, signals only had Syn | expression and only had GFAP
expression were removed. 3-D image-based quantification confirmed that reactive
astrocytes in the transgenic mice predominately engulfed post-synaptic elements (Fig. 5.2
G). Interesting, we found most PSD95 clumps were in the soma of gp120Tg astrocytes,
(Fig. 5.2 C and F2). On the other hand, the Syn I puncta overlapping with the GFAP signals
mainly located in the process of astrocytes (Fig. 5.2 C and F4). Those data collectively
indicate that astrocytes predominately phagocytose post-synaptic terminal in gpl20 Tg
mice.

| also performed flow cytometry to quantify the astrocytic populations containing
Syt-1 or PSD95 staining signals (Fig. 5.3 A-C). Single cell suspensions from the cortex of
WT and gpl120 Tg were stained with anti-CD11b and anti-GFAP antibodies to label the
microglia and astrocytes respectively, the group of CD11b” GFAP* cells (The fourth

quadrant of Fig. 5.3 A) was counted as astrocytes. The results showed that the cell counts
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of GFAP™ astrocytes was dramatically increased in gp120 Tg mice (Fig.5.3 D). Similarly,
to examine the astrocytic population that contain PSD95 or Syt-1 signal, single cell
suspensions from the cortex of WT and gp120Tg were stained with anti-GFAP, anti-PSD95
and anti-Syt-1 antibodies to label astrocytes, pre- and post-synaptic terminal. The GFAP*
Syt-1* cells (the third quadrant of Fig. 5.3 B) were counted as astrocytes associated with
pre-synaptic structure and the GFAP*PSD95" cells (the third quadrant of Fig. 5.3 C) were

counted as astrocytes associated with post-synaptic structure. Increased astrocytic
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Fig 5. 3 Astrocytic population with PSD95 staining markedly increases in the gp120
transgenic mice. A-C. Flow cytometry strategies to gate astrocytes (GFAP'CDI11b") (A),
astrocytic population associated with pre-synaptic element (GFAP'Syt-17) (B) and
astrocytic population associated with post-synaptic structure (GFAP"PSD95") (C). D.
Quantitative results shows increased astrocytes in gp120Tg mice. E. Quantification shows
that both PSD95 and Syt-1 containing astrocytes are increased in the gp120 mice, but the
number of astrocytes with PSD95 is much greater than the astrocytes with Syt-1. N: 6
mice for WT, 8 mice for gp120 Tg.
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population was observed in gp120 Tg mice (2 times greater than WT mice). The number
of astrocytes that contain PSD95 signal (8.9% of total cells in gp120 Tg mice v.s. 2.9 % in
WT mice) and that contain Syt-1 signal (4.5% of total cells in gp120 Tg mice v.s. 1.2 in
WT mice) were up-regulated in gp120 Tg mice (Fig. 5.3 E). But importantly, more
astrocytes associated with post-synaptic structure than that associated with pre-synaptic
structure. The number of astrocytes associated with PSD95 took up 8.9% of total cortical
cells, whereas astrocytes associated with Syn | only took up 4.5% of total cortical cells
(Fig. 5.3E). These findings demonstrated that astrocytes predominantly phagocytose

postsynaptic element in the gp120 transgenic mice.

5.2.3. MerTK signaling is not involved in post-synaptic elimination by astrocyte.

Next, | wanted to understand the mechanism by which astrocytes phagocytose
gpl20-damaged post-synaptic terminal. Recently transcriptome analysis revealed that
astrocytes express a number of genes in phagocytotic pathways including MEGF10 and
MERTK (Hochreiter-Hufford and Ravichandran, 2013). Phagocytotic receptors MEGF10
and MERTK have been reported to regulate phagocytosis of apoptotic cells and cell debris
by recognizing ‘eat me signals’, such as phosphatidylserine on targets (Hochreiter-Hufford
and Ravichandran, 2013; Tung et al., 2013). The study further demonstrated that
astrocytes mediated synapse engulfment and elimination thorough MERTK and MEGP10
pathways and mice with either receptor deficit failed to refine synapses (Chung et al.,
2013). On immunoblots, the MerTK bands from gp120 Tg cortical homogenates were
slightly shifted up (Fig. 4.7 A), plus the evidence of increased p-MerTK (Fig. 4.7 B) in
gpl120 Tg mice, we demonstrated gp120 caused MerTK pathway activation. On the other

hand, the expression level of MEGF10 showed no obvious quantitative differences
89



between gp120 Tg and WT mice (Fig.5.4A). In addition, a MerTK receptor ligand,
galectin-3, was up-regulated in the astrocytes in gp120 Tg mice. While 10% astrocytes in
gp120 Tg showed marked galectin-3 expression (Fig.5.4 B and C), almost none astrocytes
in the WT cortices had such galectin-3 expression patterns (Fig.5.4 B and C). Importantly,
most galectin-3* astrocytes overlapped with PSD95 clumps (Fig.5.4 B, arrow). These
findings indicate that the galectin-3/MerTK axis is activated in gp120 Tg mice and may
regulate astrocytic phagocytosis to eliminate synapses. To test this hypothesis, gp120
TgMerTK” mice were generated thoough the hybridaizaiton of gp120 Tg mice and
MerTK” mice. However, MerTK konockout did not affect gp120-induced astrocytes
acitviation, the number of astrocytes showed no significat difference between gp120 Tg
mice and gp120 Tg MerTK™ mice (Fig.5.4 E and F). The engulfment of PSD95* structure
by astrocytes were clearly seen in the gp120 Tg MerTK” mice (Fig. 5.4 F) and the portion
of emgulfed PSD95* puncta showed no significant difference between gp120 Tg and
gp120 Tg MerTK” mice (Fig.5.4 G). To confirm this observation, | performed western
blotting to examine the protein level of PSD95 in WT, MerTK™”", gp120 Tg and gp120 Tg
MerTK” mice. | found gp120 caused significant reduction of PSD95 in both gp120 Tg
and gp120 Tg MerTK™ mice, PSD95 showed similar reduction degree between gp120 Tg
and gp120 Tg MerTK™ mice (Fig. 5.4 1, J). Those results suggest that MerTK pathway is
not the main pathway that regualtes astrocytes to elimiante gp120-damaged post-synaptic

structure.

5.3 DISCUSSION:
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Fig 5. 4 MerTK is not required by astrocytes to engulf and eliminate post-synaptic
terminal in gp120Tg mice. A. Immunoblots of MEGF10 in WT and gp120Tg mice. B.
Quantificative summary of A. C. Triple immunostaining confocal images of galectin-3
(red), GFAP (green) and PSD95(blue) to show the overlapped signal (white) in the frontal
cortex of WT and gpl120 Tg mice. Scale bar: 25um. D. Quantification of galectin-3"
astrocytes in WT and gp120 Tg mice. E. Confocal images showing the GFAP" in gp120
Tg and gpl120 Tg MerTK” mice. Scale bar: 100um. F. Quantification of astrocytes
represented in D. G. Confocal images of GFAP (red) and PSD95 (green) to show the
overlapped signal (yellow) in cortical section of gp120 Tg and gp120 Tg MerTK”* mice.
Scale bar: 50um. H. Quantification of overlapped PSD95" puncta. I and J. Immunoblots
and quantification of the protein level of PSD95 in WT and MerTK ™", gp120 Tg and gp120
Tg MerTK™" mice. For panels A-D N=3 mice for WT, 4 mice for gp120 Tg. Other panels,
N=4 mice for WT and gp120 Tg MerTK”"; N=3 mice MerTK-/- and gp120 Tg.

As microglial cells, astrocytes have phagocytotic ability and express many
phagocytic receptors like MerTK, MEGF10 and Bail (Cahoy et al., 2008). But the role of
astrocytic phagocytosis is less studied especially under disease conditions. | demonstrated
that astrocytes in gp120 Tg mice actively engulf and phagocytose synapses, especially
post-synaptic structure. This finding reveals a previously unknown role of astrocytes in
HIV-associated synapse loss. The galectin-3/MerTK axis seems to be activated in gp120
Tg but which is not required by astrocytes to mediate synapse elimination.

Interestingly, we found abundant post-synaptic clamps inside the astrocytes’ soma
in gp120 Tg mice, indicating astrocytes actively engulf and phagocytose post-synaptic
element. Astrocyte/pre-synaptic interaction also enhanced in the gpl120Tg mice. Pre-
synaptic staining signals showed random distribution along the astrocyte processes,
indicating the astrocytes/pre-synaptic colocalization may not result from phagocytosis.
Why do activated astrocytes selectively phagocytose post-synaptic elements? It was
reported that astrocytic processes predominantly interact with post-synaptic compartments,
compared with their interaction with the pre-synaptic terminals (Lehre and Rusakov, 2002).

The asymmetric contacts of astrocytic processes at synapses may facilitate the recognition
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and engulfment of the post-synaptic structure by astrocytes during synaptic degeneration.
Another possibility is that different “eat-me” signals are expressed by pre- and post-
synapses, which trigger distinct phagocytic pathways used by microglia or astrocytes.
Microglia and astrocytes reportedly mediate synapse phagocytosis through distinct
pathways (Chung et al., 2015b). It is thereby important to identify the potential “cat-me”
signals on synapse and “find-me” receptors on the glial cells to completely elucidate the
mechanism by which glial cells mediate HIV-associated synaptic degeneration.

MerTK is a phagocytotic receptor found on astrocytes and regulates synapse
pruning in developing and adult CNS (Chung et al., 2013). Galectin-3 is a secreted ligand
of MerTK that mediates phagocytosis by binding the target debris and phagocytic cell
(Caberoy et al., 2012; Nomura et al., 2017). The galectin-3/MerTK axis seems activated
in gp120 Tg mice as indicated by the activation of MerTK and the significant up-regulation
of galectin-3 in reactive astrocytes in gpl120Tg mice (Fig. 5.4). However, we found
MerTK deficits did not affect gpl20-induced astrocytes activation nor astrocytic
phagocytosis of synapses (Fig. 5.4), suggesting MerTK pathway is not required by
astrocyte to engulf and eliminate synapses in gp120Tg mice, at least, MerTK pathway is
not the major regulator that is involved in asytocytic phagocytosis. The deficit of MerTK
can be compensated by other phgocytotic pathways. It thus becomes important and
interesting to identify the signal pathway that regulates astrocytic phagocytosis in response
to gp120 stimulation. Although phagocytic receptor: MEGF10 in gp120 Tg mice showed
similar expression level asin WT mice, we can not exclude the involvment of MEGF10
pathway in astrocytes-mediated synapse elimination. It is possilbe that gpl120 alters

MEGF10 activity but not total expression level of MEGF10 or gp120 up-regulates the
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expression of MEGF10 ligands. The involvement of MEGF10 needs to be tested in future
studies. In addition, astrocytes express APOE phagocytosis pathway that is implicated in
synapse pruning (Chung et al., 2016). The low-density lipoprotein receptor-related protein
1 receptor (LRP1), APOE membrane receptor, is enriched in astrocytes and mediates AB’s
clearanc e(Martiskainen et al., 2013; Liu et al., 2017). APOE/LRP1 phagocytotic pathway

may participate in astrocytes-mediated synapse phagocytosis.
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Chapter 6 Summary and Future Directions

6.1 SUMMARY

Synapse degeneration is one of the most relevant neuropathologies associated with
HIV-associated neurological disorders. However, the mechanism by which HIV infection
causes synapse loss is largely unknown. The results | have obtained reveal that HIV-1
gp120 activates glial cells, including microglia and astrocytes, and the reactive glia may
contribute to gpl20 induced synaptic degeneration by engulf and eliminate gpl120-
damaged synapses.

In the pain neural circuit at the SDH, | demonstrated that microglia play an
important role in gpl20-induced synaptic degeneration, and this process is probably
regulated by FKN/CX3CR1 signaling. | further elucidated that activity-dependent
Wnt3a/p-catenin signaling controlled gp120-induced FKN up-regulation. These findings
collectively suggest a critical role of Wnt3a-FKN-CX3CR1 intercellular signaling from
neurons to microglia in modulating gp120-induced synaptic degeneration.

Using gp120 transgenic mice, | also revealed a crucial role of glial phagocytosis in
gp120-induced synaptic loss. | found that gp120 induced microglia to selectively engulf
and eliminate pre-synaptic terminal but not post-synaptic terminal, while reactive
astrocytes act predominantly at the postsynaptic compartment. Ablation of microglia
protected pre-synaptic terminal from gpl20-induced elimination, demonstrating an
essential role of microglia in this process. The MerTK signal pathway participated in
gpl120- induced microglial phagocytosis of pre-synaptic structure but did not regulate

astrocytes phagocytosis of post-synaptic part. These newly identified roles of microglial
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and astrocytic phagocytosis along with regulatory molecular pathways provide significant
insights on understating the mechanism of HIV-associated synaptic degeneration.
Potentially, our findings may help identify glial phagocytotic pathways-based therapeutic
targets for HIV-associated synaptic degeneration.

We found in gp120 Tg frontal cortices, microglia selectively phagocytosis of pre-
synaptic element, while astrocytes predominately phagocytosis of post-synaptic element.
The selective phagocytotic activities of microglia and astrocytes probably depends on the
cross-talks between synapses and glial cells, as well as the interaction between microglia
and astrocytes. Multiple “eat-me” signals and phagocytotic receptors are found at synapses,
microglia and astrocytes (Vilalta and Brown, 2017). The specific “eat-me” signals on
synaptic structures and the phagocytotic receptors on glia likely coordinate the selective
interaction between pre- or post- synaptic terminal and microglia and/or astrocytes. Recent
studies also revealed bidirectional interaction between microglia and astrocytes during the
neurogenesis and neurodegeneration. For example, astrocytes regulate microglial
phagocytosis of excess synapse by controlling the expression of C1q at synapses (Bialas
and Stevens, 2013). On the other hand, secreted factors such as 1l-1a, TNFa, and C1q from
activated microglia are required and sufficient to induce reactive astrocytes (Liddelow et
al., 2017). In addition, during the traumatic brain injury (TBI), microglia-derived cytokines
can transform astrocytes to protective phenotype via down-regulating P2Y1 receptor
(Shinozaki et al., 2017) . The selective phagocytosis of pre- or post- synaptic elements by
microglia or astrocytes may also be due to their asymmetric interaction with pre- or post-
synaptic compartments. Astrocytic processes at the post-synaptic site is 3-4 times higher

than at pre-synaptic site (Lehre and Rusakov, 2002). This asymmetric interaction may
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facilitate astrocytes to phagocytose post-synaptic component during the synaptic
degeneration. The cooperative effects of microglia and astrocytes probably enhance the
efficacy of synapses elimination, via multiple phagocytic pathways. Therefore, the
manipulation of a specific cell type is probably insufficient to intervene the synapse
degeneration. This may provide a potential explanation for the failures of clinical trials of
therapeutic agents targeting one cell type or pathway. For example, treatment of HIV
patients with minocycline that targets to reduce microglial activation showed no

improvement to HIV-associated cognitive impairment (Nakasujja et al., 2013).
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Fig 6. 1 Intercellular phagocytic signaling. (Adapted from Vilalta and Brown, 2017.
FEBS J. FEBS J. vol: pages )(Vilalta and Brown, 2017).

My data indicate that the FKN/CX3CRL1 pathway plays different roles in synapse
elimination in different animal models (i.t.-gp120 mice vs. gp120Tg mice). Knockout of
CX3CR1 protected synapses from gp120-induced degeneration in the SDH of i.t.-gp120
mice. In contrast, CX3CR1 KO potentiated microglial activation and synapse loss in the
frontal cortex of gpl120Tg mice. Those different observations may be contributed by
multiple factors. For instance, different pathogenic processes may be involved in different

models. In the i.t.-gp120 mouse model, 7 days of gp120 administration will cause acute
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inflammation in the spinal cord. During the acute inflammatory episodes, FKN/CX3CR1
appears to promote synaptic degeneration by activating microglia, and CX3CR1 deletion
may prevent microglia- neuron interaction and synapse loss. Similar results was reported
in an ischemic stroke model, where disruption of FKN/CX3CR1 pathways suppressed
microglial activation and neuronal loss (Tang et al., 2014). On the other hand, the gp120Tg
mice have developed a chronic and slowly progress of neurodegeneration in the CNS. It
takes 6 months to show synaptic degeneration. Instead of rapid microglial activation as in
the i.t.-gp120 model, the microglia in gp120Tg mice are in a chronic activated state and
likely transformed to M2 microglia suggesting by their evident phagocytosis (Fig. 4.4, 4.5).
Lack of CX3CR1 on microglia in the transgenic model may cause them to become more
active and transform to pro-inflammatory version (M1). Previous studies report that
CX3CR1 deficit exacerbates microglial neurotoxicity by up-regulating NO, IL-6, IL-1p
and TNF-o production (Cho et al., 2011; Rogers et al., 2011). Therefore, it is possible that
the FKN/CX3CRL1 signaling is neuroprotective in the gpl120 Tg model but becomes
neurotoxic in the i.t.-gp120 model. Since potentiated microglial activation was observed in
the cortex of CX3CRI1 knockout mice indicated by increased microglial population (Fig
4.7), but microglia did not exhibit higher proliferative activity in the i.t.-gp120 spinal cord
(data is not shown), another possible mechanism is CX3CR1 knockout up-regulates
microglial phagocytic capacity by enhancing microglial proliferation in the gp120 Tg
model. Thus, results in increased microglial number surrounding gpl20-damaged
synapses. This is supported by the finding that CX3CR1 deficit reduced amyloid deposits
through selectively phagocytosing proto-fibrillar amyloid-f in an Alzheimer’s model

mouse (Liu et al., 2010). However, in the transient gp120 injection mouse model, microglia
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were rapidly activated by changing their activated status and lack of CX3CRI1 may
interrupt the microglial migration but not affect the proliferative activity of microglia
during the short-term of gpl120 stimulation. Therefore, CX3CR1 KO suppressed the
microglia-synapse interaction. In addition, it is important to note that the different effects
of CX3CR1 knockout were observed in different CNS regions. It is possible that microglia
may show biological differences in different regions after gp120 stimulation. Indeed,
spared nerve injury elicits differential microglial responses in spinal cords and brains (Li
et al., 2016) and the region-dependent heterogeneity of microglia was demonstrated in a
lipopolysaccharide-induced Inflammation model (Furube et al., 2018).

The MerTK receptor and its ligands, including arrest-specific gene 6 (GAS6)
(Chen et al., 1997), Protein S (Hafizi and Dahlb&ck, 2006) and recently identified
galectin-3 (Caberoy et al., 2012), play critical roles in recognition and elimination of
apoptotic cells and cell parts (Scott et al., 2001; Chung et al., 2013; Neher et al., 2013;
Dransfield et al., 2015). The ligands act as molecular “bridges” that bind to MerTK on
phagocytes as well as to the “eat-me” signals expressed on the targets to opsonize the
targets for phagocytosis (Dransfield et al., 2015; Nomura et al., 2017). MerTK receptors
are expressed by multiple cell types such as microglia and astrocytes in the CNS (Chung
et al., 2013). We found galectin-3 is up-regulated in microglia and astrocytes in gp120 Tg
mice (Fig. 4.3 and Fig. 5.4). However, our studies suggest that the MerTK pathway
contributes to gp120-induced microglial phagocytosis of pre-synaptic terminal but not
required for the astrocytic phagocytosis of post-synaptic terminal. It is possible that distinct
“eat-me” signals are present on pre- and post-synaptic terminals after gp120 stimulation.

Desialylated glycoprotein on the neuronal surface binds galectin-3 and triggers MerTK-
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mediated microglial engulfment (Nomura et al., 2017) (Fig. 6.1). Phosphatidylserine,
however, can interact with multiple opsonins that bind to different phagocytotic receptors
(Fig. 6.1). I speculate that gp120 stimulates pre-synaptic terminals to express “cat-me”
signals such as disialylated glycoprotein, which only activates MerTK-mediated microglial
phagocytosis (Caberoy et al., 2012; Nomura et al., 2017; Vilalta and Brown, 2017). Thus,
knockout of MerTK alleviates gp120-induced pre-synaptic loss. On contrary, post-synaptic
compartments may be induced to present phosphatidylserine or other unknown “cat-me”
signals that can activate multiple phagocytotic pathway by binding to different opsonin. In
this case, the effects of MerTK deletion could be compensated by other phagocytotic
pathways.

Overall, 1 have demonstrated the important roles of microglia and astrocytes in
gpl120-induced synaptic degeneration. The glial cells-mediated phagocytosis may
contribute to the synapse elimination caused by gp120. My results show that the MerTK
pathway is implicated in the microglial phagocytosis of pre-synaptic terminals, and that the
FKN/CX3CR1 pathway plays an important role in regulating microglial activation and
their activity in the synapse phagocytosis. The expression of FKN is regulated by neuronal
wnt3a/B-catenin pathway. Current research has mainly been focused on the potential roles
of HIV-induced inflammation or excitotoxicity in neuronal damages and synapse loss.
Results from this study provide novel insights into the pathogenic mechanisms of HIV-
associated synaptic degeneration by revealing a critical contribution of glial phagocytosis.
The new knowledge may help improve our understanding of the pathogenesis HIV-

associated neurological complications such as HAND and chronic pain in HIV patients.

6.2 FUTURE DIRECTIONS
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Many important questions about gp120-induced glial phagocytosis of synapses
remain. For example, how does gp120 induce astrocytes, non-professional phagocytes, to
gain phagocytotic ability? If not MerTK, what are the signaling pathways that control
gpl120-induced astrocytic phagocytosis? Since the microglial activation is dynamic and
heterogenous over the course of neurodegeneration (Mathys et al., 2017; Furube et al.,
2018), do microglia show region-dependent heterogeneity and temporal difference during
the gp120-induced synaptic degeneration? How are microglial and astrocytic phagocytosis
coordinated during gp120-stimulated synapse elimination?

One important problem that remains to be solved is to determine the signaling
pathways that regulate the phagocytotic activity of astrocytes. Astrocytes can be activated
to an Al neuroinflammatory reactive state or an A2 immunosuppressive reactive state
(Liddelow and Barres, 2017). It would be interesting to determine if gp120 induces Al-
like or A2-like reactive astrocytes. C3 is a specific marker for Al astrocytes, while Empl
for A2 astrocytes (Liddelow et al., 2017; Clarke et al., 2018). Immunofluorescent straining
and/or in situ hybridization of these markers can be used to visualize Al or A2
astrocytes in gpl20Tg cortices. In addition, triple immunofluorescent staining (GFAP,
PSD95 and C3/ Emp1l) could be used to identify if posts-synaptic terminal is specifically
engulfed and eliminated by Al-like or A2-like astrocytes. Recent studies suggest that
STAT3 mediates A2 reactive astrocytes polarization (Anderson et al., 2016), whereas NF-
kB (nuclear factor kappalight-chain-enhancer of activated B cells) signaling induces Al
neuroinflammatory reactive astrocytes (Lian et al., 2015; Liddelow et al., 2017). My
preliminary studies indicated that STAT3 in astrocytes was up-regulated in gp120Tg mice

(Fig. 6.2). It is meaningful to determine if STAT3 is a pathway that regulates astrocytic
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phagocytosis, which has not been reported yet. One potentially informative study is to test
if disruption of the STAT3 pathway alters the profiles of reactive astrocytes (ratio of Al
and A2 in total astrocytes), and determine if STAT3 deletion attenuates gp120-induced

synaptic degeneration.

WT

GFAPSTAT3DAPI

Fig 6. 2 The expression pattern of STAT3 in the frontal cortex of WT and gp120 Tg
mouse.

Proteomic analysis of isolated astrocytes by laser capture microdissection (LCM)-
mass spectrometry (MS) (Mukherjee et al., 2013) may helpful to identify novel
phagocytotic pathways activated by gp120. Cortical sections from WT and gp120 Tg mice
can be double-stained for GFAP and PSD95, and astrocytes with or without PSD95 clumps
from gp120Tg mice are captured using LCM techniques. Mass spectrometry (MS) analysis
of the captured cells would generate protein profiles of specific cell populations. Data
mining of the protein profiles may reveal the up- or down-regulation of proteins in specific
phagocytotic pathways. Single cell transcriptome analysis (SCRNA-seq) (Macosko et al.,
2015; Potter, 2018) is potentially another powerful approach to elucidate the novel
phagocytotic pathways. Transcriptome profile of individual astrocytes from WT and

gp120Tg mice will provide information about how gp120 influence astrocytes. Therefore,
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scRNA-seq combined with LCM-MS hopefully will provide insights about the activated
phagocytic pathway in astrocyte in gp120 Tg. Then the phagocytic pathway that regulates
astrocytes in gp120 Tg mice could be validated by further pathway manipulation.

Another direction could be to examine and compare the phenotypic heterogeneity
of microglial cells in the WT and gp120 Tg mice. Using single-cell RNA sequencing,
transcriptome profiles of individual microglial cells isolated from the cortex of WT mice
and of gp120 Tg mice at multiple time points during the synaptic degeneration could be
obtained. Those transcriptome profile could be used to identify disease-specific and stage-
specific microglial subtype and activated states. Moreover, these transcriptome profiles
also could be used to identify novel phagocytotic pathways that regulate microglial activity
to eliminate gp120-damaged synapse. In addition, phenotypic heterogeneity of microglial
cells in the cortex of gp120Tg mice and in the spinal cord of i.t.-gp120 mice can be
compared by scRNA-seq. The region-dependent heterogeneity and model- specific
microglia subtype could be identified. This study will also be helpful to understand the
opposite effects of CX3CR1 knockout on gp120-induced synapse loss in spinal pain circuit
and in the frontal cortex of brain.

How are microglia and astrocytes coordinated during gpl20-induced synaptic
degeneration? Regulation of astrocytes by microglia has been suggested by recent studies.
Liddelow et al. showed neuroinflammatory microglia regulated the induction of Al
astrocytes by secreting Il-1a, TNF and Cl1q (Liddelow et al., 2017). Another group found
microglia-derived cytokines could transform astrocytes to A2 phenotype by down-
regulating astrocyte-specific P2Y1 receptor P2Y1 (Shinozaki et al., 2017). Therefore, it

would be interesting to examine how microglial ablation would affect astrocytic activation
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and phagocytosis of synapses. Since PLX5622 can almost completely deplete microglia in
the cortex after 3-weeks of administration (Fig. 4.5), WT and gpl120Tg mice after
PLX5622-induced microglia depletion can be used to measure the effects on total
astrocytes, Al or A2 populations by immunostaining of GFAP, C3 or Emp1, respectively.
In addition, double-staining of GFAP and PSD-95 could be performed to determine if
microglial ablation affects astrocytic phagocytosis of post-synaptic components. Astrocyte
also regulate microglial activity. Bialas and Stevens demonstrated that astrocyte was
essential for microglial phagocytosis of synapse by controlling the expression of C1q at
synapses (Bialas and Stevens, 2013). Thus, it would be informative to investigate how
astrocyte ablation would affect microglial activity and synapse elimination. Gancyclovir
(GCV) can deplete reactive astrocytes in GFAP-TK transgenic mice (Bush et al., 1998).
Gp120/GFAP-TK double transgenic mice can be generated to determine the effect of GCV
administration on the microglial activation (by IBal staining) and pre-synaptic density (by

vGIuT1 staining).
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