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HIV-1 infection of the nervous system causes various neurological diseases, and synaptic degeneration is likely a critical step in the
neuropathogenesis. Our prior studies revealed a significant decrease of synaptic protein, specifically in the spinal dorsal horn of patients
with HIV-1 in whom pain developed, suggesting a potential contribution of synaptic degeneration to the pathogenesis of HIV-associated
pain. However, the mechanism by which HIV-1 causes the spinal synaptic degeneration is unclear. Here, we identified a critical role of
microglia in the synaptic degeneration. In primary cortical cultures (day in vitro 14) and spinal cords of 3- to 5-month-old mice (both
sexes), microglial ablation inhibited gp120-induced synapse decrease. Fractalkine (FKN), a microglia activation chemokine specifically
expressed in neurons, was upregulated by gp120, and knockout of the FKN receptor CX3CR1, which is predominantly expressed in
microglia, protected synapses from gp120-induced toxicity. These results indicate that the neuron-to-microglia intercellular FKN/
CX3CR1 signaling plays a role in gp120-induced synaptic degeneration. To elucidate the mechanism controlling this intercellular signal-
ing, we tested the role of the Wnt/�– catenin pathway in regulating FKN expression. Inhibition of Wnt/�-catenin signaling blocked both
gp120-induced FKN upregulation and synaptic degeneration, and gp120 stimulated Wnt/�-catenin-regulated FKN expression via NMDA
receptors (NMDARs). Furthermore, NMDAR antagonist APV, Wnt/�-catenin signaling suppressor DKK1, or knockout of CX3CR1 alle-
viated gp120-induced mechanical allodynia in mice, suggesting a critical contribution of the Wnt/�– catenin/FKN/CX3R1 pathway to
gp120-induced pain. These findings collectively suggest that HIV-1 gp120 induces synaptic degeneration in the spinal pain neural circuit
by activating microglia via Wnt3a/�-catenin-regulated FKN expression in neurons.
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Introduction
HIV-1 enters the CNS soon after patients are infected (Resnick et
al., 1988) and causes a range of neurological and cognitive com-

plications (NeuroAIDS; Gendelman, 2012). Synaptic degenera-
tion correlates closely with the presence and severity of HIV-
associated cognitive impairment (Everall et al., 1999; Sá et al.,
2004; Letendre et al., 2011). In support of this notion, HIV-
associated pain is associated with a significant decrease of synap-
tic markers such as synapsin I (Syn I), postsynaptic density-95
(PSD-95), and NMDA receptor subunit 1 (NR1) in the spinal
dorsal horn (SDH) of “pain-positive” HIV-1 patients but not in
“pain-negative” patients (Yuan et al., 2014). Similarly, synaptic
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Significance Statement

Synaptic degeneration develops in the spinal cord dorsal horn of HIV patients with chronic pain, but the patients without the pain
disorder do not show this neuropathology, indicating a pathogenic contribution of the synaptic degeneration to the development
of HIV-associated pain. However, the mechanism underlying the synaptic degeneration is unclear. We report here that HIV-1
gp120, a neurotoxic protein that is specifically associated with the manifestation of pain in HIV patients, induces synapse loss via
microglia. Further studies elucidate that gp120 activates microglia by stimulating Wnt/�-catenin-regulated fractalkine in neuron.
The results demonstrate a critical role of microglia in the pathogenesis of HIV-associated synaptic degeneration in the spinal pain
neural circuit.
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degeneration is also observed in the mouse HIV pain model gen-
erated by intrathecal injection of gp120 (Yuan et al., 2014). These
prior observations suggest that synaptic degeneration in the spi-
nal 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 specific disease conditions (Stevens et al., 2007;
Kettenmann et al., 2013; Brown and Neher, 2014; Xavier et al.,
2014; Hong et al., 2016b; Vasek et al., 2016). However, the poten-
tial role of microglia in synapse degeneration that is induced by
HIV-1 has not been determined. During HIV infection, neuronal
damage is likely a bystander effect of infected cells since neurons
are not infected. Reactive microglia may also release neurotoxic
factors, including proinflammatory cytokines (Tyor et al., 1992;
Saha and Pahan, 2003; Viviani et al., 2006; Shah et al., 2011),
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 sig-
nals include the complement and fractalkine (FKN) pathways. To
remove the “unwanted” synapses, complement components C1q
and C3 sequentially translocate to the synapses to act as “eat-me”
signals (Schafer et al., 2012), which bind to the microglial recep-
tor CR3 to stimulate synapse elimination (Stevens et al., 2007;
Schafer et al., 2012; Hong et al., 2016b; Vasek et al., 2016). FKN is
primarily expressed by neurons and regulates synapse phagocy-
tosis by stimulating its sole receptor CX3CR1 on microglia (Har-
rison et al., 1998; Paolicelli et al., 2011; Zhan et al., 2014). FKN is
upregulated in HIV patients, and this upregulation 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 upregulation
(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 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 microglia
in gp120-induced synaptic degeneration. We also showed that
microglia-mediated synapse degeneration depended on CX3CR1
signaling. We further elucidated that activity-dependent Wnt3a/
�-catenin signaling controls gp120-induced FKN upregulation.
These findings collectively suggest a critical role for the Wnt3a-
FKN-CX3CR1 intercellular signaling from neurons to microglia
in regulating gp120-induced synaptic degeneration.

Materials and Methods
Animals. CX3CR1 knock-out mice (00582. B6.129P-Cx3cr1 tm1Litt/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., 2000). CD11b-DTR mice were from The 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 � M) promoter (CD11b), and the administration of diphtheria
toxin leads to transient depletion of microglia/macrophages in the trans-

genic mice (Duffield et al., 2005). gp120 transgenic (Tg) mice (from Dr.
Marcus Kaul, Sanford-Burnham Medical Research Institute, La Jolla,
CA) express HIV-1 LAV gp120 under the control of the glial fibrillary
acidic protein (GFAP) promoter (Toggas et al., 1994). The �-catenin flox

mouse (004152. B6.129-Ctnnb1tm2Kem/KnwJ) and the nestin-Cre
mouse (003771. B6. Cg-Tg(Nes-cre)1Kln/J) were from The Jackson Lab-
oratory. For electrophysiological recording, 6- to 8-week-old male
GAD67/GFP mice [003718. FVB-Tg(GadGFP)45704Swn/J, The Jackson
Laboratory] were used. These mice express GFP exclusively in GABAer-
gic neurons (Yowtak et al., 2011; Cadwell et al., 2016).

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 environ-
ment (23 � 3°C) with standard bedding, free access to food and water,
and under a 12 h light/dark cycle. Mice (3–5 months old) were used. Both
male and female mice were used in cellular and molecular analysis. Only
males were used for behavioral testing.

Materials. Maraviroc (catalog #11580) and HIV-1 gp120Bal recombi-
nant protein (catalog #4961) were obtained from the National Institutes
of Health (NIH) AIDS Reagent Program. APV (catalog #165304) was
purchased from Calbiochem, and minocycline hydrochloride (catalog
#M9511) and diphtheria toxin (DT; catalog #D0564) were from Sigma-
Aldrich. The use of DT was approved by the Institutional Chemical Safety
Committee. To deplete microglia in CD11b-DTR mice, DT was intrathe-
cally injected daily for 3 d (20 ng/injection). HIV-1 gp120Bal in PBS was
aliquoted and stored at �80°C until use.

The following antibodies were used for immunoblotting: anti-PSD-95
(1:2000; catalog #04 –1066, EMD Millipore; RRID:AB_11212892); anti-
Syn I (1:2000; catalog #AB1543, EMD Millipore; RRID:AB_2200400);
anti-synaptotagmin-1 (Syt-1; 1:1000; D33B7, catalog #14558, Cell Sig-
naling Technology; RRID:AB_2798510); anti-cleaved caspase-3 (Asp175;
1:1000; 5A1E; catalog #9661, Cell Signaling Technology; RRID:
AB_2341188); anti-IBa1 (ionized calcium binding adaptor molecule 1;
1:1000; catalog #016 –20001, Wako; RRID:AB_839506); anti-CD11b (1:
2000; catalog #52478, Abcam; RRID:AB_868788); anti-CCR5 (1:1000;
catalog #4088, NIH AIDS Reagent Program); anti-CXCR4 (1:1000; cat-
alog #11236, NIH AIDS Reagent Program); anti-total-�-catenin (1:5000;
catalog #610153, BD Biosciences; RRID:AB_397554); anti-Wnt3a (1:
1000; catalog #MAB1324, R&D Systems; RRID:AB_2215416); anti-FKN
(1:1000; catalog #ab25088, Abcam; RRID:AB_448600); and anti-�-actin
(1:1000; catalog #sc-1616-R, Santa Cruz Biotechnology; RRID:
AB_630836).

The following antibodies were used for immunofluorescent staining:
anti-PSD-95 (1:200; UCT80; Dr. Randall Walikonis, University of Con-
necticut, Storrs, CT); anti-Syn I (1:500; catalog #106011, Synaptic Sys-
tems; RRID:AB_2619772); and anti-IBa1 (1:200; catalog #016 –20001,
Wako; RRID:AB_839506).

Primary cortical cultures. Primary cortical cultures were prepared from
postnatal mice as described previously (Ru et al., 2012). The newborn
C57BL/6J pups (both male and female) were killed at postnatal days 0 –1.
Cortices were dissected and placed in iced HBSS (Invitrogen). Cells were
dissociated with trypsin in HBSS with gentle trituration and resuspended
in DMEM (Invitrogen) containing 10% Gibco FBS (Thermo Fisher Sci-
entific). Dissociated cells were then plated on poly-D-lysine (PDL)-
coated dishes (30,000 –70,000; Sigma-Aldrich) at a density of 1.5 � 10 5

cells/cm 2 for Western blotting and at 4 � 10 4 cells/cm 2 onto PDL-coated
glass coverslips (Biocoat, catalog #354085, BD) for immunofluorescence
staining. Cells were grown in a humidified atmosphere of 5% CO2 and
95% air at 37°C. Three hours after plating, the media were replaced with
Invitrogen Neurobasal Medium (Thermo Fisher Scientific) supple-
mented with 2% Invitrogen B27 (Thermo Fisher Scientific) and 0.5 mM

Invitrogen L-glutamine (Thermo Fisher Scientific). Half of the media was
replenished every 5 d until 14 d in vitro (DIV). Only morphologically
healthy cultures were used for the further experiments.

Transcutaneous intrathecal injection. Mice were anesthetized under 2%
isoflurane. A 30.5 gauge stainless steel needle attached to a 10 �l syringe
(Hamilton) was used for intrathecal injections. gp120Bal (500 ng/5 �l) in
PBS or PBS (5 �l) was injected into the subarachnoid space between the
L5 and L6 vertebrae. A correct intrathecal placement of the needle tip was
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judged by a tail twitch. Mice injected with vehicle were used as controls.
Other drugs administered intrathecally, as follows: DT (20 ng/5 �l;
daily), DKK1 (1 �g/5 �l, 30 min before gp120 injection), or APV (5 �g/
5 �l 30 min before gp120 injection).

Western blotting analysis. Mice were killed with excess anesthesia (iso-
flurane), and the L4 –L5 lumbar spinal cord segments of mice were col-
lected and homogenized in RIPA lysis buffer (50 mM Tris-HCl, 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; catalog
#P8340; Sigma-Aldrich). Protein concentration in the homogenates was
determined using a Pierce BCA Protein Assay Kit (product 23227,
Thermo Fisher Scientific). Protein concentration was titrated to 2 �g/�l
for immunoblotting analysis. For cortical cultures, the cells in 12-well
plates (14 DIV) were rinsed with cold PBS and lysed immediately with
150 �l of 2� SDS-PAGE 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 �g/lane) were loaded and
separated by SDS-PAGE, followed by transferring to polyvinylidene di-
fluoride membranes (Millipore). Immunoblots were blocked by 5%
nonfat milk in Tris-buffered saline–Tween-20 (20 mM Tris-HCl, 150 mM

NaCl, pH 7.5, 0.1% Tween-20) for 2 h at room temperature. The blots
were then sequentially incubated with primary and secondary antibod-
ies. Protein bands were visualized using the Pierce Enhanced Chemilu-
minescence Kit from Thermo Fisher Scientific. �-Actin was blotted as a
loading control. The intensity of bands was quantified by densitometry
analysis with NIH ImageJ.

Immunofluorescent staining and quantification. For cultured cells, im-
munofluorescent staining was conducted as previously described (Ru
and Tang, 2016). Briefly, the cultured cells were fixed in 4% paraformal-
dehyde (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 h at room temperature. After
blocking, the cells were incubated with anti-PSD-95 and anti-Syn I at 4°C
overnight, followed by incubating with FITC and cy3-conjungated sec-
ondary antibodies (1:200; Jackson ImmunoResearch) for 1 h at room
temperature. Images were captured with a confocal microscope (model
A1, Nikon). 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 back-
ground, and threshold (50 –225) was set to remove outliers. A puncta
analyzer then was used to count the number of PSD-95 �, SynI �, and
colocalized puncta within ROIs. At least three cultured coverslips were
included for each condition, and four 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
region was removed and immediately placed in 4% PFA in PBS at 4°C
overnight and then cryoprotected in 30% sucrose solution in PBS for at
least 24 h at 4°C. Tissues were embedded in optimal cutting temperature
compound (Sakura Finetek). Transverse sections (35 �m) were prepared
on a cryostat (CM 1900, Leica). The sections were kept in Hito floating
section storage solution (Hitobiotec) at �20°C until they were stained
for immunocytochemistry. For immunostaining, sections were rinsed
with PBS two times to remove storage solution and blocked with 5% BSA
and 0.3% Triton X-100 in PBS for 2 h at room temperature. This was
followed by 48 h incubation with anti-Syn I antibody (SYSY), anti-
PSD-95 (UCT80), or anti-IBa1 (Wako) antibody. After five washes with
PBS, the sections were incubated with FITC-conjugated donkey anti-
rabbit IgG (1:200; Jackson ImmunoResearch) and/or 594-conjugated
donkey anti-mouse lgG (1:200; Jackson ImmunoResearch) before
mounting. Images were captured using a confocal microscope (model
A1, Nikon). Confocal z-stack images were captured with a confocal mi-
croscope (model A1, Nikon) within layer I–II of spinal cord dorsal horn.
For each mouse, at least three fixed-frozen sections were included for
each experiment, and at least three z-stacks images at 20� or 60� mag-
nification were captured. Thirty to 50 consecutive optical sections with
0.5 �m interval thickness at 60� magnification or 15–25 consecutive
optical sections with 1 �m interval thickness at 20� magnification were
captured for each z-stack image. For image analysis, Subtract Back-
ground (50 pixels) was applied to remove the background, and threshold

(50 –225) was set to remove outliers. The colocalization analysis was
perform with Fiji software. The Syn I � PSD-95 � puncta were counted as
intact synapse. Microglia (IBa1 � or IBa1 �TMEM119 �) were also
quantified.

Measurement of mechanical sensitivity. Paw withdrawal thresholds
(PWTs) of hindpaws were measured by von Frey testing as described
previously (Callahan et al., 2008). Briefly, the testing on male adult ani-
mals (3– 4 months) was performed 6 h before treatment and 24 h after
each gp120Bal or vehicle intrathecal injection. After mice habituated to
the surrounding environment, a set of calibrated von Frey filaments
(Stoelting) was applied to the plantar surface of each hindpaw. The PWTs
were determined by using the Dixon up/down method. Testing was con-
ducted by an experimenter who did not have information about the
treatments.

Spinal cord slice preparation and whole-cell patch recording. After
gp120Bal or vehicle intrathecal administration, 6- to 8-week-old
male mice were deeply anesthetized with 3% isoflurane. Following de-
capitation, the lumbar spinal cord was removed and placed into a pre-
oxygenated, cold (0 – 4°C) NMDG (N-methyl-D-glucamine) solution
containing the following: 93 mM NMDG, 2.5 mM KCl, 1.2 mM NaH2PO4,
30 mM NaHCO3, 20 mM HEPES, 25 mM glucose, 5 mM sodium ascorbate,
2 mM thiourea, 3 mM sodium pyruvate, 10 mM MgSO4, and 0.5 mM

CaCl2(pH 7.4) saturated with 95% O2 and 5% CO2. The spinal cord was
then sliced transversely at a thickness of 350 �m using a Vibratome
(VT1200S, Leica). Following incubation for 30 min in the NMDG solu-
tion at 33°C, the spinal cord slices were transferred to artificial CSF
(ACSF) containing the following: 124 mM NaCl, 2.5 mM KCl, 1.2 mM

NaH2PO4, 24 mM NaHCO3, 5 mM HEPES, 12.5 mM glucose, 2 mM

MgSO4, and 2 mM CaCl2, pH 7.4, for 30 min at 33°C. Then, the slices were
placed in a recording chamber perfused with ACSF saturated with 95%
O2 and 5% CO2 at a rate of 2 ml/min. Patch-clamp recordings were
performed 1 d after the last gp120 injection. The patch pipettes (4 – 8
M�) were filled with internal solution containing the following: 120 mM

K-gluconate, 10 mM KCl, 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 were made using a Multiclamp 700B Amplifier (Molecular
Devices), and DigiDATA (Molecular Devices) and pClamp software
(version 10.6; Molecular Devices) with a 10 kHz sampling rate and 2 kHz
filtering rate (Sigma-Aldrich).

Experimental design and statistical analysis. In this study, we used pri-
mary cortical cultures as an in vitro model system and the L4 –L5 lumbar
spinal cord segments of mice as an in vivo model system to study HIV
gp120-induced synaptic degeneration. To demonstrate synaptic degen-
eration after gp120 stimulation, we accessed the synaptic protein levels by
Western blotting and calculated the synaptic terminal after immunoflu-
orescent staining in both primary cortical cultures and mouse spinal
cords. We also examined the gp120-induced functional changes of syn-
apse in the pain circuit by patch-clamp recording and pain behavioral
analysis. We then identified the mechanisms of gp120-induced synapse
loss. Finally, we verified the proposed mechanism by manipulating mi-
croglial activation and interrupting the neuron–microglia intercellular
signaling pathway. All data analysis was performed using Prism software
(GraphPad Software) statistical analysis. Quantitative summary data
were expressed as the mean � SEM. Analyses were performed with Stu-
dent’s t test for comparing two samples with 95% confidence. One-way
ANOVA with a Tukey post hoc test was used for comparisons among
multiple groups, and two-way ANOVA with a Bonferroni post hoc test
was used to analyze two categorical explanatory variables.

Results
Gp120 induces synaptic degeneration in vitro and in vivo
To test the effect of gp120 on synapses, we treated primary corti-
cal neuron– glia cocultures with gp120 and then measured the
levels of synaptic markers, including the presynaptic markers Syn
I and Syt-1 and postsynaptic marker PSD-95. We found that
both presynaptic and postsynaptic proteins decreased in a time-
dependent manner after exposure to gp120 (200 pM). A signifi-
cant decrease of PSD-95 was observed from 6 to 24 h after gp120
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treatment (Fig. 1A). The decrease of Syn I occurred between 12
and 24 h (Fig. 1B), and similarly decreased profiles of Syt-1 were
observed (Fig. 1C). Heat-inactivated gp120 control could not
lead to the reduction of PSD-95 and Syn I (Fig. 1D,E). To exclude
the possibility of a decrease of the synaptic markers that was
caused by cell death, we tested whether the experiment induced
apoptosis in the cultures. We found that treatment with gp120
did not alter the protein level of cleaved caspase-3 (Fig. 1F). Thus,
gp120-induced synaptic protein decreases were not due to apo-
ptosis. 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 synapses with costaining of Syn I and PSD-95 as de-
scribed previously (Micheva et al., 2010; Okerlund et al., 2010;
Galli et al., 2014). The results showed that gp120 exposure caused
a significant loss of intact synapses (Fig. 1G–K).

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 PSD-95 and Syn I in the L4–L5
spinal segments. Our results showed that both PSD-95 and Syn I
levels were lower at day 7 after gp120 injection and returned to the
baseline at day 14 (Fig. 2B). These observations indicate that tran-
sient gp120 first induces synapse degeneration, which is followed by
a process of regeneration. It is important to note that the synapse
regeneration is not necessarily able to restore the specificity of syn-
aptic connection and thus the functionality of the previously dis-
rupted neural circuits. We also performed double staining of Syn I
and PSD-95, and quantified intact synapses with colocalized PSD-95
and Syn I on confocal images. We observed that the synapse number
was significantly decreased in the SDH at day 7 post injection (Fig.
2D,E). It is interesting to note that gp120 treatment on cultures
induces much quicker synapse degeneration (Fig. 1) than that in

Figure 1. HIV-1 gp120 induces synapse loss in a time-dependent manner in primary cortical cultures. A–C, Time course of gp120-induced decreases of synaptic proteins. Cortical neuron– glia
cocultures (14 DIV) were incubated with 200 pM gp120 for the indicated times. Cell lysates were analyzed by immunoblotting using antibodies against PSD-95 (A), Syn I (B), or Syt-1 (C). For A and
B, N � 4; for C, N � 3 cultures/condition. D, E, Heat-inactivated gp120 did not affect PSD-95 (D) and Syn I (E) in cultures; N � 3. F, Western blot of cleaved caspase-3 from gp120-treated cell lysates;
N � 4. G–J, Representative immunofluorescence images showing PSD-95 and Syn I after 12 h vehicle (Veh) or gp120 treatment (PSD-95 is red, Syn I is green, and colocalized region is yellow). I, J,
Higher magnifications of boxed region. Scale bars: G, H, 20 �m; I, J, 5 �m. K, Bar graph summarizes the effects of gp120 on synapse density. N�12 neurons from three cultured coverslips/condition
(mean � SEM). n.s., no significant difference.
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spinal cords (Fig. 2), although the underlying mechanism remains
unclear.

To better model the clinically relevant effect of long-term
gp120 exposure in vivo, we also analyzed potential synaptic de-
generation in the gp120 Tg mice (Toggas et al., 1994). We ob-
served that both PSD-95 and Syn I levels were lower in the spinal
cords (Fig. 2C) of the transgenic mice. We further confirmed the
gp120-induced synapse loss by electrophysiology. We recorded
miniature EPSCs (mEPSCs) of GABAergic neurons in laminar 1
and 2 of SDH. The GABAergic neurons labeled with GFP
(Yowtak et al., 2011; Cadwell et al., 2016) were identified for
patching. The results showed that gp120 administration signifi-
cantly decreased the frequency of mEPSCs (Fig. 2F–I), indicating
the reduction of functional synapses.

Microglia are critical for gp120-induced synapse loss
Recent studies reveal a critical role of microglia in synapse prun-
ing (Kettenmann et al., 2013; Brown and Neher, 2014; Chung et

al., 2015). Hence, we wanted to test the potential involvement of
microglia in gp120-induced synapse loss. Immunofluorescent
staining of primary cortical cultures demonstrated the existent of
microglia, identified as an IBa1� cell, in our in vitro system (Fig.
3-1, available at https://doi.org/10.1523/JNEUROSCI.2851-
18.2019.f3-1). Moreover, immunoblotting analysis showed IBa1,
which is upregulated in reactive microglia, was significantly in-
creased after gp120 treatment (Fig. 3A). IBa1 was also upregu-
lated in the spinal cords of gp120 transgenic mice (Fig. 3B) and
intrathecally injected gp120 mice (Fig. 3C). Another microglial
marker, CD11b, was also elevated after gp120 injection (Fig. 3C).
Immunofluorescent staining of the spinal sections revealed sig-
nificant increases in the number of microglia in gp120 Tg (Fig.
3D,E) and intrathecally injected gp120 mice (Fig. 3G,H). High-
magnification images showed an increase of processes and en-
larged soma (Fig. 3F). These findings indicated that gp120
induced microglial activation. Since IBa1 is also expressed by
macrophage, to rule out the possibility that the increase of IBa1�

Figure 2. gp120 causes a synapse decrease in the spinal cord dorsal horn. A, The paradigm of intrathecal gp120 treatment. B, PSD-95 and Syn I protein levels in the L4 –L5 spinal cord after
intrathecal gp120 injection (N � 6 mice/time point). C, PSD-95 and Syn I protein levels in the L4 –L5 spinal cord of the gp120 Tg and WT mice (N � 3 mice/condition). D, Confocal images of SDH
sections showing anti-Syn I and anti-PSD-95 antibodies staining colocalized areas of Syn I and PSD-95 were calculated (white arrows). Scale bars: top, 100 �m; bottom, 5 �m. E, Quantification:
images of layers 1–2 of the SDH from three to five mice were included for each group. For each mouse, three to four spinal slices were included, and two to three images were obtained from each
section. F, G, Representative whole-cell recording of mEPSC from the SDH GABAergic interneurons (GFP labeled) from mice treated via intrathecal injection with vehicle (Sham; F ) or gp120 (G). Five
microliters of gp120 (500 ng) or PBS was intrathecally injected into GAD67-GFP transgenic mice once every other day for 7 d. Cells were held at Vm (membrane potential) ��70 mV. H, I, Summary
graphs showing the differences of frequency (H ) and amplitude (I ) of mEPSCs between the sham- and gp120-treated mice. N � 15 (sham) and N � 31 (gp120) neurons were recorded from three
sham and five intrathecally injected gp120 mice for mEPSCs. Error bars represent SEM. ns, no significant difference ,***P � 0.001.
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cells is due to macrophage infiltration, we performed double
staining of IBa1 and TMEM119. Because TMEM119 is microglia
specific, IBa1�/TMEM119� cells were counted as microglia
while IBa1�/TMEM119� cells were counted as macrophages.
The results showed that 	95% IBa1� cells were microglia (i.e.,
TMEM119�), under the conditions with or without gp120
treatment (Fig. 3 I, J ), with no significant increase of IBa1 �/
TMEM119 � cells, indicating that gp120 did not induce signif-
icant macrophages infiltration.

Next, we set out to determine the role of microglia in gp120-
induced synapse loss. As seen in previous experiments (Fig.
1A,B), gp120 caused transient decreases of PSD-95 and Syn I in

cortical cultures (Fig. 4A,B). The gp120-induced decreases of
synaptic proteins diminished when we cotreated the cultures
with minocycline (Fig. 4A,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 administration of DT
(Cailhier et al., 2005; Duffield et al., 2005). Similar to the gp120
Tg mice, the gp120/CD11b-DTR mice also displayed decreases of
PSD-95 and Syn I in spinal cord (Fig. 4D). Intrathecal adminis-
tration of DT (20 ng/injection, once a day for 3 d) led to micro-
glial atrophy (Fig. 4-1, available at https://doi.org/10.1523/
JNEUROSCI.2851-18.2019.f4-1). Importantly, DT admini-

Figure 3. Gp120 causes microglial activation. A, Levels of IBa1 in 200 pM gp120-treated primary cortical cultures (N � 4 cultures in each condition). The cell composition of the cocultures is shown
in Figure 3-1, available at https://doi.org/10.1523/JNEUROSCI.2851-18.2019.f3-1. B, IBa1 in L4 –L5 spinal cords from gp120 transgenic and WT mice. WT, N � 3 mice; gp120 Tg, N � 4 mice. C, IBa1
and CD11b in L4 –L5 spinal cords from mice after intrathecal gp120 injection (500 ng/injection). N � 4 mice/time point. D, Confocal images of IBa1 � cells in the SDH from WT and gp120 Tg mice.
Scale bars, 50 �m. E, Quantitative summary of D (mean � SEM); N � 6 mice/group. F, High-magnification images showing morphological characteristics of reactive microglia. Scale bars, 10 �m.
G, Confocal images of IBa1 � cells in the SDH of mice intrathecally injected with PBS or gp120. Scale bars, 50 �m. H, Quantitative summary of G (mean � SEM); PBS, N � 4 mice; gp120/3 d, N �
5 mice; gp120/7 d, N �6 mice. I, Confocal images of IBa1 and TMEM119 double-positive cells in the SDH of mice intrathecally injected with PBS or gp120. Scale bars, 30 �m. J, Quantitative summary
of I (mean � SEM); PBS, N � 4 mice; gp120/3 d; N � 5 mice; gp120/7 d, N � 6 mice. n.s., no significant difference.
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stration reversed the reduction of the synaptic markers in the
double-transgenic mice (Fig. 4D). These complementary data
from in vitro pharmacological and in vivo genetic approaches
indicate that microglia play a crucial role in gp120-induced syn-
apse loss.

The gp120-induced synapse loss is mediated by
FKN/CX3CR1 signaling
FKN/CX3CR1 signaling is critical for neuron–microglia interac-
tion. CX3CR1 (a receptor of FKN) is exclusively expressed on
microglia in the CNS, whereas FKN is specifically addressed in
neurons (Harrison et al., 1998; Cardona et al., 2006; Ransohoff,
2009). To determine the effect of gp120 on fractalkine expression,
we measured the FKN protein level in gp120-treated primary
cortical cultures. Western blotting results revealed that FKN was
gradually upregulated over time (Fig. 5A). Time-dependent FKN
upregulation was also observed in the spinal cords following in-
trathecal gp120 administration (Fig. 5B). 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 GFP reporter
gene (Jung et al., 2000). Immunoblotting analysis showed that
gp120 intrathecal administration for 7 d caused significant reduc-
tion of PSD-95 and Syn I in the wild-type (WT) mice (Fig. 5C).
However, knocking out CX3CR1 blocked the effects of gp120 on

PSD-95 and Syn I (Fig. 5C). Because synaptic degeneration is
associated with the development of HIV-related pain in patients
(Yuan et al., 2014), we sought to test whether the blockage of
synaptic degeneration by the CX3XR1 knockout is associated
with an inhibition of the gp120-induced mechanical pain in an-
imal models. Von Frey tests showed that intrathecal gp120 ad-
ministration increased the mechanical sensitivity in WT mice, as
indicated by the decreased threshold of responses to mechanical
stimulation. However, it failed to cause a similar effect in the
CX3CR1 knock-out mice (Fig. 5D). These results suggest that the
disruption of FKN/CX3CR1 signaling blocks gp120-induced
synaptic degeneration and mechanical pain.

Gp120 upregulated FKN via the Wnt canonical pathway
Wnt signaling regulates the FKN–CX3CR1 signal pathway in
remifentanil-induced hyperalgesia (Gong et al., 2016). We
sought to test the role of this pathway in gp120-induced FKN
elevation. We observed that gp120 upregulated the expression of
the prototypic Wnt ligand for the canonical pathway Wnt3a in
both cortical cultures (Fig. 6A) and spinal cords (Fig. 6B). To
determine the effects of disruption of the Wnt canonical pathway
on gp120-induced FKN expression, we used the conditional knock-
out approach to delete �-catenin in neural cells by crossing the
floxed �-catenin mouse with the nestin-Cre mouse line (Tronche et

Figure 4. Microglial activation is crucial for gp120-induced synapse loss. A, B, Cotreatment of primary cortical cultures with minocycline prevented gp120-induced decreases in PSD-95 (A) and
Syn I (B). Cortical cultures (14 DIV) were treated with gp120 (200 pM), minocycline (30 �M), or gp120�minocycline for various time periods. Time 0 is the baseline without any drug treatment. N �
4 cultures/condition. C, Diagram showing the generation of gp120/CD11b-DTR mice for microglial ablation by DT. D, Effect of DT administration on PSD-95 and Syn I levels in the spinal cord of the
gp120/CD11b-DTR mice. WT, gp120Tg, and gp120Tg/CD11b-DTR mice were administrated 20 ng DT (in 5 �l of PBS) or 5 �l of PBS intrathecally only once/day for 3 d. L4 –L5 spinal cords were used
for immunoblotting analysis of PSD-95 and Syn I. N, WT/ PBS, 3; gp120Tg/DT, 4; gp120gp/CD11b-DTR/PBS, 4; gp120gp/CD11b-DTR/DT, 3. Quantitative graphs are shown as mean � SEM.
DT-induced microglial atrophy in CD11b-DTR mice is shown in Figure 4-1, available at https://doi.org/10.1523/JNEUROSCI.2851-18.2019.f4-1. n.s., no significant difference.
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al., 1999). Only heterozygotes were obtained (Cat�/�), indicating
that the homozygotes died during the embryonic stages. The spinal
�-catenin level in the heterozygotes was 	60% of that in the WT
(Fig. 6C). We found that, unlike the gp120-induced FKN upregula-
tion observed in the WT mice, intrathecal gp120 administration
failed to induce FKN elevation in the Cat�/� mice (Fig. 6D). This
result suggests that gp120 upregulates FKN expression via the
Wnt/�-catenin pathway. Because FKN signaling is critical for
gp120-induced synapse loss (Fig. 5), we hypothesized that the
Wnt/�-catenin pathway regulates gp120-induced synapse degen-
eration. To test this idea, we neutralized Wnt3a using a specific
antibody and observed that the neutralization blocked the gp120-
induced reduction of PSD-95 and Syn I (Fig. 6E). We also tested
whether gp120 induced mechanical pain through the Wnt ca-
nonical pathway and found that intrathecal injection of purified
DKK1 protein, a specific endogenous inhibitor of the Wnt ca-
nonical pathway, blocked gp120-caused mechanical pain (Fig.
6G). These results indicated that the Wnt/�-catenin signaling
pathway is crucial for gp120-induced FKN upregulation and syn-
aptic degeneration associated with pain pathogenesis.

Gp120-induced FKN expression and synapse loss via NMDA
receptor activation
Previous studies show that synaptic activity regulates Wnt3a/�-
catenin signaling activation via NMDA receptor (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 coreceptor, which trig-
gers a series of signaling cascades as well as cytokine/chemokine
release, thus facilitating NMDAR activation (Catani et al., 2000;
Kaul et al., 2001; Nicolai et al., 2010; Marchionni et al., 2012;
Maung et al., 2014; Ru and Tang, 2016). We observed that core-
ceptors CCR5 and CXCR4 were mainly located on the postsyn-
apse, and blockage of CCR5 abolished gp120-induced synaptic
degeneration (Fig. 7-1, available at https://doi.org/10.1523/
JNEUROSCI.2851-18.2019.f7-1). Then, we wanted to determine
whether gp120-induced Wnt3a and FKN upregulation required
NMDARs in the spinal cord (Fig. 7A). We found that intrathecal
injection of the NMDAR antagonist APV prevented gp120-
induced increases of Wnt3a and FKN (Fig. 7B,C). We then tested
whether APV could also block gp120-induced mechanical pain.
The results showed a progressive inhibitory effect of APV on
gp120-induced hyperalgesia. APV had no evident effect initially
(days 0 –1) but showed significant inhibition at later stages (after
day 3; Fig. 7D).

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 applica-
tion to the cultures completely blocked the gp120-induced
decreases of PSD-95 (Fig. 8A) and Syn I (Fig. 8B). In addition,
intrathecal injection of APV also blocked gp120-induced de-
crease of PSD-95 (Fig. 8C) and Syn I (Fig. 8D). Thus, NMDAR
activity is critical for gp120-induced synaptic degeneration
both in vitro and in vivo.

Figure 5. FKN/CX3CR1 signaling is required for gp120-induced synaptic degeneration. A, gp120-stimulated FKN expression in cortical cultures (N � 3 cultures/treatment). B, gp120-stimulated
(by intrathecal administration) FKN expression in the mouse spinal cords (N � 6 mice/time point). C, Protein levels of PSD 95 and Syn I in the spinal cord of CX3CR1 �/� or WT mice at day 7 after
intrathecal injection with vehicle (Veh) or gp120 (N � 5 mice/group). D, Behavioral tests of gp120-induced mechanical allodynia in WT and CX3CR1 �/� mice. Threshold of mechanical sensitivity
in the hindpaw was measured by von Frey tests (N � 6 mice/group). Error bars indicate the mean � SEM.
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Discussion
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). Balance
between excitatory and inhibitory neurons plays a critical role in
pain processing (Kuner and Flor, 2017). For instance, an increase
of spine density (Tan et al., 2012; Simonetti et al., 2013; Lu et al.,
2015), NMDAR activation, and AMPA receptor insertion (Luo et
al., 2014; Bliss et al., 2016), or presynaptic neurotransmitter re-
lease (Luo et al., 2012) is implicated in the pathogenesis of
chronic pain. On the other hand, reduced inhibitory control in
the spinal cord may also contribute to neuropathic pain develop-
ment (Moore et al., 2002). 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). It indicated that synaptic degen-
eration might be related to HIV-induced neuropathic pain,
although the mechanism by which synaptic degeneration con-
tributes to pain manifestation is unclear. One possibility is that
gp120 induces loss of inhibitory synapses on excitatory pain
transmission neurons, which then become disinhibited. Alterna-

tively, HIV-gp120 may cause loss of excitatory synapses on inhib-
itory neurons, which then become less active and consequently
lead to hyperactivation of pain transmission neurons. Indeed,
our electrophysiology study showed that gp120 decreased the
frequency of mEPSCs of GABAergic interneurons (Fig. 2E–H).
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 gp120 toxicity (Fig. 4).
These data suggest that microglia play an important role in
gp120-induced synaptic degeneration. Prior studies revealed a
contribution of neurotoxic immunomodulatory factors from re-
active 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.,
2012; Kettenmann et al., 2013; Hong et al., 2016a). Consistent
with a role of microglia in synapse maintenance, our data showed
that long-term treatment with minocycline alone seemed to de-
crease synaptic proteins (e.g., PSD-95 at 24 h; Fig. 4A). The find-
ings from this work significantly expand the understanding of the
role of microglia by identifying their involvement in synapse re-
modeling in a specific disease condition caused by the HIV-1 coat
toxic protein. These results also potentially connect the microglia-

Figure 6. Wnt3a/�-catenin pathway mediates gp120-induced FKN upregulation and synaptic degeneration. A, Temporal profiles of Wnt3a expression in gp120-treated primary cortical cultures
(N � 6 cultures/group). B, Temporal profiles of Wnt3a expression in the spinal cords (L4 –L5) from mice after intrathecal injection with gp120 (N � 3 mice/group). C, �-catenin protein level 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, with intrathecal
injection with gp120 every other day for 7 d. Spinal (L4 –L5) FKN protein was analyzed by Western blotting. N � 3 mice/group for Veh/WT, Veh/Cat �/�, and gp120/Cat �/�; N � 4 mice for
gp120/WT. E, Effect of Wnt3a neutralizing antibody on gp120-induced synaptic degeneration in primary cortical cultures. Anti-Wnt3a antibody (2 �g/ml) was added to the cultures for 30 min, and
then gp120 (200p
) was added for an additional 12 h (N � 3 independent cultures/group). F, Drug administration paradigm. DKK1 (1 �g/5 �l) was injected 30 min before gp120 (500 ng/5 �l, i.t., in
PBS) injection. G, Behavioral tests of the effect of DKK1 on gp120-induced mechanical allodynia. The threshold of mechanical sensitivity in the hindpaw was measured by von Frey tests (N�6 mice/group). Error
bars indicated the mean � SEM. n.s., no significant difference, *P � 0.05, **P � 0.01, ***P � 0.001.
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mediated synaptic degeneration with the development of HIV-
associated pathological pain.

Previous studies suggested certain signaling pathways, includ-
ing TNF-� signaling (De et al., 2002; Olmos and Lladó, 2014) and
cannabinoid signaling (Avraham et al., 2014; Zhang and Thayer,
2018), in mediating HIV-induced synaptic degeneration. In this
study, we identify a FKN/CX3XR1 signaling pathway that may
regulate neuron–microglia interaction during gp120-induced
synaptic degeneration. FKN/CX3XR1 was reported to regulate
microglia-mediated synapse pruning (Zabel et al., 2016). We ob-
served that FKN was significantly upregulated by gp120 both in
vitro and in vivo (Fig. 5), and deletion of the FKN receptor
CX3CR1 blocked the synapse loss induced by gp120 (Fig. 5). The
data suggest that FKN/CX3CR1 signaling is essential for gp120-
induced synaptic 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. In addition to its potential role in microglial phagocyto-
sis of synapses, FKN/CX3XR1 signaling may also regulate the
microglial clearance of pathogens and extracellular protein ag-
gregates (Lee et al., 2010; Liu et al., 2010). Therefore, another
possibility is that FKN/CX3CR1 suppresses neurotoxin clearance

and then promotes gp120-induced synaptic degeneration. FKN/
CX3XR1 signaling also regulates microgliosis and the local neu-
roinflammatory 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 synaptic degen-
eration by enhancing neuroinflammation that is induced by
gp120. Because CX3CR1 is also expressed in macrophages, we
cannot rule out the possibility that the effect of CX3CR1 knock-
out on inhibiting gp120-induced synaptic degeneration is also
contributed by macrophages. However, since gp120 did not
evoke obvious macrophage infiltration (Fig. 3 I, J), such a contri-
bution of macrophages, if indeed it existed, should be minimal.

We further identified the Wnt/�-catenin signaling as a critical
upstream regulator of FKN expression induced by gp120. Our
data show that �-catenin is required for gp120 to upregulate FKN
(Fig. 6). Consistent with our findings, recent studies indicate that
the spinal Wnt/�-catenin pathway modulates FKN/CX3CR1 signal-
ing during the development of opioid-induced hyperalgesia
(Gong et al., 2016). In addition, we also show that gp120-induced
Wnt3a and FKN expression depend on activation of NMDAR
and the blockage of NMDAR activation by APV abolished the
effects of gp120 on Wnt/�-catenin-FKN/CX3CR1 pathway and
synapse loss (Figs. 7, 8). In support of NMDAR/Wnt/FKN signal-
ing axis, we previously showed that NMDAR-regulated Wnt//�-
catenin signaling upregulates ADAM10 (a disintegrin and
metalloproteinase 10; Wan et al., 2012), which is implicated in

Figure 7. The NMDAR is crucial for gp120 to induce Wnt3a and FKN expression. A, Mice were intrathecally injected with either APV (5 �g/5 �l in PBS) or vehicle (Veh; 5 �l of PBS) 30 min before
gp120 injection (500 ng/5 �l/2 d). B, C, Spinal cords (L4 –L5) were collected at day 7 for immunoblotting analysis of Wnt3a (B) and FKN (C). N � 6 mice for the groups of Veh and APV; N � 7 for
the groups of gp120 and gp120�APV. D, Von Frey tests of the effect of APV on gp120-induced mechanical pain (N � 5 mice/group). *p � 0.05; **p � 0.01 (gp120 vs gp120/APV at the same time
point); #p �0.05; ###p �0.001 (between different time point within the gp120/APV group). The involvement of gp120 coreceptor is suggested by Figure 7-1, available at https://doi.org/10.1523/
JNEUROSCI.2851-18.2019.f7-1. n.s., no significant difference.
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FNK shedding (Hundhausen et al., 2003) and sensory lesion-
induced microglial synapse elimination (Gunner et al., 2019).

APV did not completely inhibit gp120-induced mechanical
allodynia, at least during the early phase (Fig. 7D, 1–3 d). This
result indicates a contribution of other pathways induced by
gp120 in the pain pathogenesis. For instance, gp120 coreceptors
on the neurons are likely involved. Indeed, we observed that
blocking CCR5 abolished gp120-induced synaptic degeneration
(Fig. 7-1, available at https://doi.org/10.1523/JNEUROSCI.2851-
18.2019.f7-1). By binding to its coreceptor, gp120 may modulate
pain circuit function by regulating synaptic activity (Catani et al.,
2000; Kaul et al., 2001; Nicolai et al., 2010; Marchionni et al.,
2012; Maung et al., 2014; Ru and Tang, 2016, 2017) and/or cause
neuron damages (Lazarini et al., 2000; Garden et al., 2004; Med-
ders et al., 2010).

The synapse loss initiated by gp120-inudced NMDAR activa-
tion would be associated with a decrease of synaptic proteins,
including Syn I, PSD-95, and others such as NR1 as reported
previously (Yuan et al., 2014). Another possibility is that gp120
treatment causes a specific decease of specific synaptic proteins
such as NR1 as a potential feedback mechanism for synapse pro-
tection. However, the observations of simultaneous decrease of
multiple synaptic markers, the decrease of mEPSC frequency
(Fig. 2E–H), and synapse density (Figs. 1, 2) provide strong evi-
dence for synapse loss.

A single dose of gp120 administration caused transient de-
crease of synaptic proteins (Figs. 1, 2), and the levels of synaptic
proteins recovered afterward. These observations indicate that
gp120-induced synaptic degeneration is followed by compensa-

Figure 8. gp120-induced synapse loss depends on NMDAR activation. A, B, Effects of APV on gp120-induced decreases of PSD-95 (A) and Syn I (B) in primary cortical cultures. APV (100 nM) was added to the
cultures (14 DIV) 30 min before gp120 (200 p
) application. The cultures were exposed to gp120 for 12 h before harvesting for immunoblotting (N � 4 independent cultures/group). C, D, Effects of APV on
gp120-induced decreases of PSD-95 (C) and Syn I (D) in the spinal cords (L4 –L5). Mice were intrathecally injected with APV (5 �g/5 �l PBS) or vehicle (Veh; 5 �l of PBS) 30 min before gp120 injection (500 ng/5
�l/2d).L4 –L5spinalcordswerecollectedfor immunoblottinganalysisofPSD-95(C)andSyt-1(D). N�3mice/group(mean�SEM).n.s.,nosignificantdifference.

Figure 9. A model of gp120-induced synaptic degeneration in the spinal pain neural circuit.
gp120 stimulates neurons and activates Wnt/�-catenin signaling that leads to �-catenin-
mediated FKN transcription. FKN protein released from neurons binds to CX3CR1 to activate
microglia to induce synaptic degeneration.
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tory processes of synapse formation. Interestingly, under the
same condition, the upregulation of FKN and Wnt3a persisted
even after the recovery of synaptic proteins (Figs. 5, 6). This find-
ing indicates that FKN and Wnt3A, although essential for gp120
to induce synapse degeneration, are not sufficient to cause syn-
apse degeneration by themselves. It is possible that continuous
the presence of active gp120 is essential for FNK and Wnt3a to
execute their activity in stimulating detectable synapse degener-
ation. Without active gp120, for example, synapse formation may
overcome the synapse degeneration processes, although the
newly formed synapse may not be recruited into the same neural
circuit as the degenerated synapses.

In summary, we have uncovered a critical role of microglia in
HIV-1 gp120-induced synaptic degeneration, especially in the
spinal neural circuits. We also elucidate an important mechanism
that regulates the microglia-mediated synaptic degeneration.
Specifically, our results indicate that gp120 stimulates the
NMDAR-dependent Wnt/�-catenin pathway to upregulate the
FKN/CX3CR1 neuron-to-microglia signaling to activate micro-
glia-mediated elimination of synapses (Fig. 9). Although our
findings suggest important roles of microglia in gp120-induced
synaptic degeneration, these results do not preclude the potential
contribution of other glia (e.g., astrocytes) to this process. In
addition, because CX3CR1 was suggested as an HIV coreceptor
(Garin et al., 2003), it would be interesting for future studies to
test whether gp120 may directly stimulate microglial CX3CR1 to
elicit synapse degeneration.
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Olmos G, Lladó J (2014) Tumor necrosis factor alpha: a link between neu-
roinflammation and excitotoxicity. Mediators Inflamm 2014:861231.

Paolicelli RC, Bolasco G, Pagani F, Maggi L, Scianni M, Panzanelli P, Gi-
ustetto M, Ferreira TA, Guiducci E, Dumas L, Ragozzino D, Gross CT
(2011) Synaptic pruning by microglia is necessary for normal brain de-
velopment. Science 333:1456 –1458.

Pattarini R, Pittaluga A, Raiteri M (1998) The human immunodeficiency
virus-1 envelope protein gp120 binds through its V3 sequence to the
glycine site of N-methyl-D-aspartate receptors mediating noradrenaline
release in the hippocampus. Neuroscience 87:147–157.

Peng H, Erdmann N, Whitney N, Dou H, Gorantla S, Gendelman HE, Ghor-
pade A, Zheng J (2006) HIV-1-infected and/or immune activated mac-
rophages regulate astrocyte SDF-1 production through IL-1beta. Glia
54:619 – 629.

Pereira CF, Middel J, Jansen G, Verhoef J, Nottet HS (2001) Enhanced ex-
pression of fractalkine in HIV-1 associated dementia. J Neuroimmunol
115:168 –175.

Perry SW, Hamilton JA, Tjoelker LW, Dbaibo G, Dzenko KA, Epstein LG,
Hannun Y, Whittaker JS, Dewhurst S, Gelbard HA (1998) Platelet-
activating factor receptor activation. an initiator step in HIV-1 neuro-
pathogenesis. J Biol Chem 273:17660 –17664.

Ransohoff RM (2009) Chemokines and chemokine receptors: standing at
the crossroads of immunobiology and neurobiology. Immunity 31:711–
721.

Resnick L, Berger JR, Shapshak P, Tourtellotte WW (1988) Early penetra-
tion of the blood-brain-barrier by HIV. Neurology 38:9 –14.

Ru W, Tang SJ (2016) HIV-1 gp120Bal down-regulates phosphorylated
NMDA receptor subunit 1 in cortical neurons via activation of glutamate
and chemokine receptors. J Neuroimmune Pharmacol 11:182–191.

Ru W, Tang SJ (2017) HIV-associated synaptic degeneration. Mol Brain
10:40.

Ru W, Peng Y, Zhong L, Tang SJ (2012) A role of the mammalian target of
rapamycin (mTOR) in glutamate-induced down-regulation of tuberous
sclerosis complex proteins 2 (TSC2). J Mol Neurosci 47:340 –345.
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