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Morphine and HIV-1 gp120 cooperatively
promote pathogenesis in the spinal
pain neural circuit

Yuqiang Shi1, Subo Yuan1, and Shao-Jun Tang1

Abstract

Opioids are common analgesics for pain relief in HIV patients. Ironically, emerging clinical data indicate that repeated use of

opioid analgesics in fact leads to a heightened chronic pain state. To understand the underlying pathogenic mechanism, we

generated a mouse model to study the interactive effect of morphine and HIV-1 gp120 on pain pathogenesis. We simulated

chronic pain in the model by showing that repeated morphine administrations potentiated HIV-1 intrathecal gp120-induced

pain. Several spinal cellular and molecular pathologies that are implicated in the development of HIV-associated pain are

exacerbated by morphine, including astroglial activation, pro-inflammatory cytokine expression and Wnt5a signaling.

We further demonstrated that inhibition of Wnt5a not only reversed the glial activation and cytokine upregulation but

also the exacerbation of gp120-induced pain. These studies establish a mouse model for the opioid exacerbation of

HIV-associated pain and reveal potential cellular and molecular mechanisms by which morphine enhances the pain.
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Introduction

Chronic pain deteriorates the quality of life of over 55%
of HIV-1/AIDS patients.1,2 Current clinical practice fre-
quently relies on long-term use of prescription opioid
analgesics to control severe pain in these patients.3,4

Unfortunately, besides the powerfully acute analgesic
effect, emerging clinical data indicate that repeated use
of opioid analgesics promotes peripheral neuropathy
and chronic pain in HIV patients.4–6 This side effect is
of great clinical importance, as it suggests that HIV
patients receiving opioids to relieve pain may paradoxi-
cally experience more pain as a result of treatment.
Currently, little is known about how opioid analgesics
can exacerbate HIV-related pain.

Analysis of postmortem tissues of HIV patients shows
that gp120, rather than other HIV proteins, is specifi-
cally associated with the development of the pain disor-
der.7 The analysis also reveals an array of cellular and
molecular pathologies in the pain transmission pathway
that specifically manifest in the HIV patients who devel-
op pain disorders but not in the patients without pain
problems. These pathologies include the degeneration of

peripheral sensory fibers and synapses in the spinal cord,
the activation of astrocytes, and the upregulation of pro-
inflammatory cytokines.7,8 In addition, the spinal upre-
gulation of a neuroinflammatory regulator Wnt5a9,10 is
also specifically associated with the expression of pain in
HIV patients.11 The HIV pain model generated by intra-
thecal (i.t.) injection of mice with gp120 (hereafter the
gp120 model) simulates these human neuropathologies
that are associated with HIV pain.7,12 The collective
findings indicate that these cellular and molecular
aberrations likely contribute to the pathogenesis of
HIV-associated pain. However, whether or not these
pathogenic processes are exacerbated by chronic mor-
phine is not clear.
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Emerging clinical data suggest that chronic use of

opioid analgesics paradoxically enhances pain sensitivi-

ty, which is known as opioid-induced hyperalgesia

(OIH).13 The expression of OIH may contribute to the

common practice of dose escalation in order to effective-

ly control pain, which can eventually lead to the prob-

lems of overdosing.14,15 The proposed pathogenic

processes of OIH also include neuroinflammation, man-

ifested by glial reaction and upregulation of pro-

inflammatory cytokines founded in HIV-1-associated

pain.6 Hence, there is a potential pathogenic interaction

between OIH- and HIV-1-associated pain, via shared

signaling pathways. For instance, the HIV-1 gp120 cor-

eceptor CCR5 or CXCR4 also regulate morphine toler-

ance, dependence, and reward.16–18 On the other hand,

Toll-like receptors, the innate immune receptors that

function as the nonclassical opioid receptors in glial

cells,19–22 are also modulated by gp120.23–25 In addition,

both morphine and gp120 can activate N-methyl-D-

aspartate receptors in the spinal cord, which is implicat-

ed in the development of pain by triggering downstream

cascades such as cytokine and chemokine signaling.26–31

The identification of shared pathways indicates that HIV

and morphine may cooperatively dysregulate pain

neural circuits to promote pain pathogenesis. However,

this hypothesis has not been directly tested.
In this study, we used the gp120 model to determine

the effect of repeated administration of morphine on

pain behaviors. In addition, we also determined the

effect of specific cellular and molecular pathologies

that are implicated in the development of gp120-

induced pain. Our results show that chronic morphine

treatment exacerbates not only the expression of pain in

the gp120 model but also the pain pathogenic processes.

These findings provide evidence for the opioid exacerba-

tion of HIV-associated pain in animals and reveal the

pathogenic process that involves Wnt5a-regulated

neuroinflammation.

Methods

Animals

Young adult C57BL6 mice (2–3months old, 20–25 g)

were purchased from Harlan Labs. Preliminary experi-

ments with male and female mice did not reveal evident

differences in molecular, cellular, and behavioral analy-

ses. Hence, we only included male animals to avoid the

potential compound effect of menstruation. Animal pro-

cedures were approved by the University of Texas

Medical Branch Animal Care and Use Committee.

Mice were housed in cages with soft bedding and free

access to food and water under a 12-h reverse light–dark

cycle and 20�C temperature control.

Materials

Recombinant HIV-1Bal envelope glycoprotein gp120
(Cat # 4961) was obtained through the National
Institutes of Health (NIH) AIDS Research and
Reference Reagent Program, Division of AIDS,
National Institute of Allergy and Infectious Diseases,
NIH. Antibodies used for immunoblotting and/or
immunostaining included glial fibrillary acidic protein
(GFAP; 1:5000, 04–1062 for immunoblotting; 1:500,
MAB360 for immunostaining; Millipore), Iba1 (1:1000,
ab178847, Abcam), CD11b (1:1000, ab13357, Abcam),
Wnt5a (1:1000, 2530, Cell Signaling Technology),
Wnt3a (1:1000, MAB1324, R&D), phosphorylated
c-Jun N-terminal kinase (p-JNK; 1:1000, 9251, Cell
Signaling Technology), caspase 1 (1:1000 for immuno-
blotting, 1:200 for immunostaining, 06–503, Millipore),
interleukin (IL)-1b (1:500, ab1413-I, Millipore), tumor
necrosis factor (TNF)-a (1:500, ab2148P, Millipore),
and b-actin (1:1000, sc-1616-R, Santa Cruz
Biotechnology).

I.t. injection

I.t. injection was performed as described before.7 Gp120
and Box5 (Storkbio Ltd.) were stored at �80�C and
dissolved in phosphate-buffered saline (PBS) immediate-
ly before i.t. injection. Briefly, mice were anesthetized
with isoflurane (3% during the first 1–2min induction
phase and 2% for the following maintenance phase) with
a flow of oxygen. For i.t. injection, a 30.5-gauge stainless
steel needle was attached to a 10 ml Luer tip syringe. The
operator used the left thumb and middle finger to hold
the mouse caudal paralumbar region and then used the
index finger to locate the intervertebral space between L5
and L6. After location orientation, the operator used the
right hand to insert the needle into the intervertebral
space at a 45� angle. A sudden tail movement or
twitch was identified as a correct i.t. placement of
needle tip. After getting the positive tail signal, drug
solution (5ml) was injected slowly (1 ml/s). To avoid
any spillage of solution, the needle was held at the posi-
tion for at least 30 s before removal.

Mechanical pain behavioral test

Paw withdrawal thresholds (PWTs) were measured by
von Frey testing on the plantar surface of the hind
paw. Three days before testing, mice were habituated
to the testing surroundings for 2 h per day. On the test-
ing day, a series of calibrated von Frey filaments (0.1 to
2.0 g) were applied perpendicularly to the central area of
the hind paw. The PWT values were calculated using
the Dixon “up and down paradigm” method. To mini-
mize the subjective effect and bias, behavioral tests
were performed under double-blind conditions.
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The experimenter did not know the particular treatment

of individual animals.

Western blotting analysis

The lumbar spinal dorsal horn (SDH) tissues were dis-
sected out and homogenized in 300 ml radioimmunopre-

cipitation assay lysis buffer (1% Nonidet P-40, 0.1%

sodium dodecyl sulfate (SDS), 50mM Tris-HCl, 0.25%

Na-deoxycholate, 150mM NaCl, 1mM ethylenedi-

aminetetraacetic acid, pH 7.4), supplemented with a pro-

tease inhibitor cocktail (Sigma). After homogenization,

the lysates were put on ice for 30min and centrifuged at

12,000�g for 10min. The supernatants were collected
and transferred to new tubes for protein concentration

assays using a bicinchoninic acid protein assay kit (prod-

uct 23227; Pierce). Equal amounts of protein (50mg)
were prepared and heated in SDS-polyacrylamide gel

electrophoresis sample buffer (95�C; 5min) and loaded

on a 10% to 12% SDS-polyacrylamide gel. After gel

separation and electrophoresis, the proteins were electro-

phoretically transferred to 0.2mm polyvinylidene fluo-

ride membranes. For hybridization, the membranes
were washed once in Tris-buffered saline with Tween

(TBST) buffer (50mM Tris, 150mM NaCl, 0.05%

Tween 20, pH 7.6) and incubated sequentially with pri-

mary antibodies and horseradish peroxidase-conjugated

secondary antibodies diluted in blocking buffer (TBST

buffer with 5% nonfat milk powder or 5% bovine serum

albumin (BSA)). Immunoblotting signals were visualized

using an Enhanced Chemiluminescence kit (Thermo
Scientific). The band intensity was quantified using

NIH ImageJ software, and b-actin was included as a

loading control.

Fluorescent immunostaining

Mice were anesthetized and transcardially perfused with

ice-cold PBS. The segments of lumbar spinal cord were

quickly dissected out and cut into two parts: one for
immunostaining and the other for immunoblotting.

For immunostaining, the tissues were immediately per-

fused with ice-cold fixative solution containing 4% para-

formaldehyde in PBS for 12 h at 4�C, followed by

cryoprotection in 30% sucrose for 24 h at 4�C. After

embedding in optimal cutting temperature compound

(Sakura Finetek), the tissues were mounted on a micro-

tome (Leica), and 10 mm frozen sections were prepared

for indirect fluorescent immunostaining. The sections
were incubated in blocking buffers (5% BSA, 0.3%

Triton X-100 in PBS) for 1 h at room temperature,

followed by overnight incubation with primary antibod-

ies diluted in blocking buffer. The sections were

subsequently stained with fluorescein isothiocyanate-

or Cy3-conjugated secondary antibodies (Jackson

ImmunoResearch) for 1 h at room temperature.
Stained sections were mounted with mounting
medium with 40,6-diamidino-2-phenylindole (Vector
Laboratories). All images were captured using a confo-
cal microscope system (Nikon). NIH ImageJ software
was used for quantitative analysis.

Statistical analysis

Statistical analysis was performed using Prism 7
(GraphPad) software. Information of specific statistical
test methods and animal numbers is provided in the
figure legends. Quantitative data were presented as
means� standard error of the mean.

Results

Chronic morphine administration exacerbated
gp120-induced pain

Our previous studies found that gp120 levels in the SDH
of pain-positive HIV patients were around 10-fold
higher than that in pain-negative patients, while Tat
(Trans-Activator of Transcription of HIV-1) and Vpr
(Viral Protein R of HIV-1) inversely correlated with
HIV-associated pain, suggesting that gp120 is a critical
contributor to the pathogenesis of HIV-associated pain.7

As “pain-positive” HIV patients were inclined to use
opioids to alleviate pain, we chose a gp120 mouse
model to study the potential interaction of chronic mor-
phine and HIV-associated pain. To better imitate the
effect of opioids on HIV-associated pain, we used a par-
adigm of repeated drug administration (Figure 1(a)). As
shown in Figure 1(a), gp120 was intrathecally injected
into mice on days 0, 3, 5, 11, and 16. Morphine was
repeatedly injected into gp120 mice at a dose equivalent
to the high end of clinical application (intraperitoneal
(i.p.), 20mg/kg) on the same day. Mechanical sensitivity
was measured 5 h postmorphine injection. Von Frey
tests showed that the mice developed hyperalgesia after
a single gp120 injection, and multiple injections induced
mechanical hypersensitivity that maintained at least for
18 days (Figure 1(b)). The results showed that before day
5 the average withdrawal threshold of the gp120 group
was 0.53� 0.22 g (n¼ 6), while that of the gp120þmor-
phine group was 0.79� 0.18 g (n¼ 6; p< 0.05, gp120 vs.
gp120þmorphine). This observation indicated that mor-
phine caused an analgesic effect on gp120-induced pain
during this period of treatment (Figure 1(b)). However,
after day 5, the average threshold of the gp120 group
was 0.73� 0.25 g (n¼ 6), while that of the gp120þmor-
phine group was 0.43� 0.24 g (n¼ 6, p< 0.01) (Figure 1
(c)). This observation indicated that long-term morphine
administration potentiated the gp120-induced hyperal-
gesia. In contrast, for animals without gp120
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administration, although morphine treatment also

induced an analgesic effect during the early phase, it

did not cause detectable hyperalgesia during the later

phase (Figure 1(c)). This result suggested that under

these experimental conditions repeated morphine treat-

ment by itself did not cause hyperalgesia.

Chronic morphine exacerbated glial reaction in the

spinal cord

Next, we investigated the potential mechanism by which

chronic morphine use caused heightened chronic pain.

Because both HIV-1 proteins (e.g., gp120) and opioids

can activate glial cells in the SDH,7,31–33 we wondered

whether morphine potentiates gp120-induced pain by

enhancing the glial reaction in the SDH. To investigate

the potential interaction of chronic gp120 and morphine

on glial activation, we performed immunoblotting to

measure glial marker levels in the SDH at day 21

(Figure 2(a)), a time point that was chosen to assess

the chronic interaction between gp120 and morphine

on glia. The results showed that although repeated i.t.

gp120 or i.p. morphine injection separately upregulated

GFAP (astrocyte marker) by �70% (73� 38% and 78

� 40% vs. vehicle, respectively, p< 0.05), their combina-

tion increased GFAP expression by �300% (293� 51%

vs. vehicle; 127� 30% vs. gp120; 121� 29% vs. mor-

phine; all with p< 0.001) (Figure 2(b)), suggesting a

supra-additive effect (as opposed to a simple additive).

On the other hand, although chronic gp120 treatment

alone significantly increased the microglia/macrophage

marker Iba1 (2.3� 0.5-fold vs. vehicle, p< 0.01) or

CD11b (1.8� 0.4-fold vs. vehicle, p< 0.05), coadminis-

tration of gp120 and morphine did not significantly

enhance its upregulation (Figure 2(c) and (d)). It is

worth noting that microglia was not drastically activated

by morphine in this experiment, although we did observe

microglial activation in different paradigm of morphine

administration (unpublished results). Generally, these

data revealed an interaction of gp120 and morphine in

activating astrocytes but not microglia under the condi-

tions used in this study.

Morphine and gp120 cooperatively enhanced spinal

Wnt5a upregulation

Given the critical role of active astrocytes in HIV-

associated pain,7 we sought to reveal the cellular basis

of the pro-hyperalgesic effect of chronic morphine on

astrocyte activation. Our recent studies with primary

neuron/glia cocultures showed that Wnt5a stimulated

TNF-a and IL-1b expression, indicating that Wnt5a

activity is involved in activating glial cells.9

Additionally, we found Wnt ligands (including Wnt5a

and Wnt3a) and downstream effector proteins that

were specifically increased in the SDH of HIV patient

with chronic pain but not in the “pain-negative” HIV

patients.11 Based on these and other data, we wondered

Figure 1. Chronic morphine administration potentiated gp120-induced hyperalgesia. (a) Temporal diagram of drug administration. Gp120
and morphine were administrated by intrathecal and intraperitoneal injection, respectively, to simulate chronic presence. At day 21, the
mice were euthanized for molecular and cellular analyses. (b) Threshold of mechanical pain (hyperalgesia) in the hind paw was measured by
von Frey tests. Pain behavioral test was performed 5 h postmorphine injection. (c) Statistical comparison of the data points among groups
in the shaded area in panel (b). Morphine exacerbation of gp120-induced pain started to express after day 6. With this administration
paradigm, morphine alone did not cause significant hyperalgesia (p> 0.05). (**p< 0.01; ***p< 0.001; one-way analysis of variance, n¼ 6).
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whether chronic morphine use promoted astrocyte acti-

vation in the gp120 model through Wnt signaling.

To test this, we firstly determined the expression levels

of Wnt ligands. Immunoblotting results showed repeat-

ed i.t. gp120 or i.p. morphine injection individually

increased Wnt5a protein (2.2� 0.4-fold and 2.3� 0.1-

fold vs. vehicle, respectively, p< 0.01). However,

cotreatment of gp120 and morphine caused a potentia-

tion of upregulation of Wnt5a (5.7� 0.5-fold vs. vehicle;

2.5� 0.2-fold vs. gp120; 2.4� 0.2-fold vs. morphine; all

with p< 0.001) (Figure 3(a) and (b)). In contrast,

although gp120 or morphine treatment upregulated

Wn3a protein (2.4� 0.3-fold and 2.5� 0.1-fold vs. vehi-

cle, respectively, p< 0.01), their combination did not

drastically enhance further Wnt3a upregulation

(Figure 3(a) and (c)). We also measured the protein

level of p-JNK because our previous studies revealed

that Wnt5a regulated gp120-induced expression of cyto-

kines through the JNK signaling pathway.9 Similar to

Wnt5a, gp120 and morphine cotreatment also coopera-

tively facilitated upregulation of p-JNK (3.7� 0.2-fold

vs. vehicle; 1.8� 0.1-fold vs. gp120; 1.7� 0.1-fold vs.

morphine; all with p< 0.001), indicating that there is a

potential role of Wnt5a/JNK signaling in the interaction

of morphine and gp120 on astrocyte activation.

Inhibition of Wnt5a signaling suppressed spinal

astrocyte activation induced by gp120 and morphine

To determine whether Wnt5a signaling is critical for the

astrocytic activation driven by chronic gp120 and mor-

phine administration, we inhibited Wnt5a signaling with

Box5, which is a Wnt5a-derived hexapeptide that

specifically antagonizes Wnt5a activity.34 To block

Wnt5a signaling, Box5 (16mg) was i.t. administrated

30min prior to gp120/morphine injection.

Immunoblotting results showed that gp120þmorphine

injection significantly increased the expression of

GFAP (2.0� 0.3-fold vs. vehicle, p< 0.01) at day 21

and that Box5 markedly attenuated the increase of

GFAP by 85% (p< 0.05) (Figure 4(a) and (b)). Box5

alone had no effect on basal GFAP levels (data not

shown). Similarly, the increase of p-JNK, a downstream

effector protein of Wnt5a signaling, was also diminished

by Box5 administration (p< 0.001) (Figure 4(a) and (c)).

To further confirm that Box5 not only inhibited the

increase of GFAP protein but also the activation of

astrocyte cells, the spinal cord tissues were collected

for immunofluorescent staining of GFAP. The staining

results indicated that the number of GFAPþ astrocyte

cells in the SDH increased after gp120 and morphine

cotreatment (2.2� 0.3-fold vs. vehicle, p< 0.01).

Importantly, Box5 blocked the increase of astrocyte

cells by 92% (p< 0.05) (Figure 4(d) and (e)), which is

consistent with the immunoblotting results. These results

suggest that Wnt5a/JNK signaling might lead to the col-

laborative effect of gp120 and morphine on astrocyt-

ic activation.

Wnt5a signaling was critical for spinal

neuroinflammation induced by gp120 and morphine

A major biological phenotype of activated astrocytes is

the release of pro-inflammatory cytokines, which plays

critical roles in chronic pain pathogenesis.35 Because

astrocyte activation in HIV patients with chronic pain

Figure 2. gp120 and morphine cooperatively induced astrocyte activation in the SDH. (a) Immunoblots of GFAP (astrocyte marker), Iba1,
and CD11b (microglia/macrophage marker). (b to d) Quantitative summary of panel (a). The same animals used for Figure 1 were analyzed
(*p< 0.05; **p< 0.01; ***p< 0.001; N.S., not significant; one-way analysis of variance with Tukey post hoc tests, n¼ 6). GFAP: glial fibrillary
acidic protein.
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is associated with increases of the pro-inflammatory

cytokines IL-1b and TNF-a, we determined whether

chronic gp120 and morphine administration acted coop-

eratively on cytokine release. Immunoblotting results

showed that gp120 or morphine treatment alone upregu-

lated mature IL-1b protein (5.1� 1.6-fold and 4.9� 0.7-

fold vs. vehicle, respectively, p< 0.01). Notably, the

combination of gp120 and morphine cooperatively

Figure 3. Enhancement of Wnt5a upregulation by gp120 and morphine in the SDH. (a) Immunoblots of Wnt5a, Wnt3a, and p-JNK. (b to
d) Quantitative summary of panel (a). Potentiation of gp120 and morphine on Wnt5a and p-JNK but not Wnt3a (**p< 0.01; ***p< 0.001;
one-way analysis of variance with Tukey post hoc tests, n¼ 6). The same animals used for Figure 1 were analyzed. JNK: c-Jun N-termi-
nal kinase.

Figure 4. Box5 abolished the activation of astrocytes induced by gp120 and morphine. (a) Immunoblots of GFAP and p-JNK. (b and c)
Quantitative summary of panel (a). (d) Immunostaining of GFAP in the SDH. Mice were administrated with gp120 and morphine as
described in Figure 1(a), except that Box5 (16mg, Wnt5a antagonist) was i.t. injected 30min before gp120/morphine administration.
The regions shown in the representative micrograph were indicated by the box in the scheme on the left. (e) Quantification of GFAPþ

cells in the SDH of panel (d) (*p< 0.05; **p< 0.01; ***p< 0.001; one-way analysis of variance with Tukey post hoc tests, n¼ 3). GFAP: glial
fibrillary acidic protein; JNK: c-Jun N-terminal kinase.
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enhanced IL-1b expression (8.3� 0.4-fold vs. vehicle;
1.6� 0.1-fold vs. gp120; and 1.7� 0.1-fold vs. morphine;

all with p< 0.01) (Figure 5(a) and (b)). Similar to IL-1b,
an enhancement of mature TNF-a increase was also

observed (3.7� 0.1-fold vs. vehicle, p< 0.001; 1.7� 0.1-
fold vs. gp120, p< 0.01; 1.8� 0.1-fold vs. morphine,

p< 0.01) (Figure 5(a) and (c)). To study the potential

role of the inflammasome in regulating cytokine process-
ing in activated astrocytes in the SDH, we measured the

protein level of caspase 1, which converts pro-cytokines
to mature cytokines (e.g., IL-1b and IL-18) after being

activated by the inflammasome.36 Interestingly, neither
gp120 nor morphine upregulated the active form of cas-

pase 1 (P20) in the SDH (Figure 5(a) and (c)). Only the

Figure 5. Wnt5a antagonist blocked pro-inflammatory pathways activated by gp120 and morphine. (a) Immunoblots of IL-1b, TNF-a, and
caspase 1 after gp120/morphine treatment. The same animals were analyzed as in Figure 1. (b to d) Quantitative summary of panel
(a). Gp120 and morphine promoted the upregulation of pro-inflammatory regulators. (e) Effect of Box5 on IL-1b, TNF-a, and caspase 1
upregulation induced by gp120 and morphine. (f to h) Quantitative summary of panel (e). The same animals were analyzed as in Figure 4.
Box5 attenuated the upregulation of pro-inflammatory regulators in the SDH. (i to k) Double staining of GFAP and caspase 1 in the SDH.
The regions shown in the representative micrograph were indicated by the box in the scheme on the right. (l to n) Quantification of
caspase 1þ, caspase 1þ/GFAPþ, and caspase 1 staining intensity in the GFAPþ cells in the SDH. Box5 blocked caspase 1 activation in
astrocytes in the SDH (*p< 0.05; **p< 0.01; ***p< 0.001; one-way analysis of variance with Tukey post hoc tests; for experiment (a) to
(d), n¼ 6; for experiment (e) to (n), n¼ 3). GFAP: glial fibrillary acidic protein; IL: interleukin; TNF: tumor necrosis factor; DAPI:
40,6-diamidino-2-phenylindole.
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combination of gp120 and morphine significantly

increased the active caspase 1 (2.3� 0.3-fold vs. vehicle,

p< 0.01; 2.1� 0.2-fold vs. gp120, p< 0.05; 1.8� 0.2-fold
vs. morphine, p< 0.05) (Figure 5(a) and (c)), suggesting

that chronic treatment of gp120 and morphine can act
cooperatively on cytokine production through activation

of the inflammasome.
Next, to explore the significance of Wnt5a signaling in

regulating the neuroinflammation induced by gp120 and

morphine, we used Box5 to antagonize Wnt5a activity.
The immunoblotting results showed that after Box5 was

applied to the spinal cord, the combination of gp120 and

morphine failed to drive IL-1b and TNF-a upregulation
(Figure 5(e) to (g)). Importantly, Box5 also prevented

the gp120þmorphine-induced increase of caspase 1
(Figure 5(e) and (h)), indicating a crucial role of

Wnt5a signaling in controlling inflammasome activation.

To further confirm that gp120þmorphine-induced
inflammasome activation occurred in reactive astrocytes

in the SDH, double staining of caspase 1 and GFAP in
the spinal cord was performed. Fluorescent staining

results revealed that the combination of gp120 and mor-
phine markedly increased the number of caspase 1þ cells

in the SDH (1.7� 0.2-fold vs. vehicle, p< 0.01) (Figure 5

(i) and (l)). Notably, both the quantity (2.4� 0.4-fold vs.
vehicle, p< 0.01) (Figure 5(i) and (m)) and signal inten-

sity (2.3� 0.3-fold vs. vehicle, p< 0.05) (Figure 5(i) and
(n)) of caspase 1þ/GFAPþ cells significantly increased

upon gp120þmorphine stimulation, demonstrating that

inflammasome-mediated cytokine processing occurred in

reactive astrocytes in the SDH. Similar to the immuno-

blotting results, Wnt5a inhibition by Box5 also abol-

ished the caspase 1 upregulation in astrocytes (Figure 5

(i) to (n)). These data reveal a critical role of Wnt5a

signaling in the inflammasome-mediated neuroinflam-

mation induced by gp120 and morphine.

Wnt5a signaling is essential for morphine to

exacerbate gp120-induced pain

The above results revealed that Wnt5a signaling is cru-

cial to regulate gp120þmorphine-induced neuroinflam-

mation and astrocytic activation at the molecular and

cellular levels. We next evaluated the effect of Wnt5a

signaling on morphine enhancement of gp120-induced

hyperalgesia at the behavioral level. Considering that

the exacerbated effect of morphine on gp120-induced

hyperalgesia was clearly detectable at day 6 (Figure 1),

we designed a short-term injection program (Figure 6

(a)). Similar to the results of Figure 1, gp120 injection

induced long-lasting hyperalgesia, and morphine mark-

edly potentiated the pain (p< 0.001) (Figure 6(b) and

(c)). Importantly, after injection of the Wnt5a antagonist

Box5, the average PWT (between days 4 and 9) signifi-

cantly rose from (0.45� 0.11 g) to (0.88� 0.13 g)

(p< 0.001) (Figure 6(b) and (c)). These data show that

Wn5a signaling is critical for morphine to enhance

gp120-induced hyperalgesia.

Figure 6. Box5 blocked the morphine potentiation of gp120-induced pain. (a) Drug administration paradigm. In the simplified procedure,
gp120 was i.t. injected on day 0 and morphine was i.p. administrated on days 0, 2, 4, and 6. Box 5 was i.t. delivered 30min before gp120/
morphine injection on days 0 and 6. (b) Hyperalgesia measured by von Frey tests. Identical to Figure 1(a), mechanical pain test was
performed 5 h postmorphine injection. (c) Statistical comparison of the data points among groups in the shaded area in panel (b). After day
4, Box5 attenuated the potentiation effect of morphine on gp120-induced hyperalgesia (***p< 0.001; N.S., not significant; one-way analysis
of variance with Tukey post hoc tests, n¼ 6).
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Discussion

In this study, we show that repeated administration of
morphine in the gp120 pain model leads to increased
hypersensitivity to mechanical stimulation. This obser-
vation is consistent with the clinical findings that chronic
use of morphine and other opioid analgesics exacerbates
pain in HIV patients.4,5 Therefore, this animal model
may provide a relevant system to elucidate the spinal
pathogenic mechanism of opioid analgesic-induced exac-
erbation of HIV-associated pain. Indeed, the model not
only develops morphine-exacerbated pain behaviors but
also manifests various cellular and molecular patholo-
gies observed in the pain-positive patients,7,8,11 including
neuroinflammation, that are implicated in pain patho-
genesis.7,8,11 The effect of opioids in potentiating the
preexisting pain conditions was reported by previous
clinical or preclinical studies.37–39 For example, in a rat
neuropathic pain model, morphine administration mark-
edly prolonged pain condition.40

Our data reveal multiple cellular and molecular
changes in the gp120 model that are exacerbated by mor-
phine treatment. For instance, astrocytes are known to
specifically activate in the spinal cords of HIV patients
who develop pain but not from patients who do not
develop pain, indicating their critical roles in the patho-
genesis of HIV-associated pain.8 Significantly, repeated
morphine treatments enhanced the activation of astro-
cytes in the gp120 model, supporting the idea that mor-
phine promotes the astroglial reaction to facilitate the
development of gp120-induced pain. The expression of
neuroinflammation, as suggested by the upregulation of
pro-inflammatory cytokines usually together with glial
activation, is a prominent molecular hallmark that
develops specifically in the spinal cord of the “pain-
positive” HIV patients, indicating its potentially impor-
tant contribution to the pathogenesis of HIV pain.7

Again, this HIV pain-associated process is exacerbated
by morphine administration. It is possible that morphine
exacerbates the gp120-induced pain via a mechanism
involving these cellular and molecular processes.

Interestingly, we did not observe evident microglial
activation in this study (Figure 2). Previous studies iden-
tified microglial activation as a crucial modulator of
OIH and tolerance.41–43 The discrepancy is probably
due to the differences in experimental conditions, includ-
ing morphine administration paradigms (e.g., temporal
patterns of administration, doses, and delivery routes)
and animal species. Consistent with this notation, we
also observed morphine-induced microglial activation
in other studies with different paradigm of drug admin-
istration (in preparation for submission).

Our previous studies elucidated that Wnt5a plays a
key role in regulating the pathogenesis of HIV-
associated pain in the gp120 model.11,12 Significantly,

Wnt5a, which is specifically upregulated in the “pain-

positive” patients,11 increases in the gp120 model, and

this upregulation is enhanced by morphine (Figure 3).

Furthermore, we show here that a Wnt5a-specific antag-

onist abolishes the exacerbation of astrocyte activation

as well as cytokine upregulation in the gp120 model.

These findings suggest that Wnt5a is a master regulator

through which morphine causes the exacerbation

of gp120-induced pain. In support of this idea,

we demonstrated that inhibition of Wnt5a by the antag-

onist abolished the exacerbation of mechanical

allodynia induced by morphine (Figure 6). Based on

these collective findings, we suggest that morphine func-

tionally interacts with gp120 to exacerbate the pathogen-

esis of HIV-associated pain via Wnt5a-regulated

neuroinflammation.
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