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Abstract
Many HIV patients develop chronic pain and use opioid-derived medicine as primary analgesics. Emerging clinical evidence
suggests that chronic use of opioid analgesics paradoxically heightens pain states in patients. This side effect of opioid analgesics
has a significant negative impact on clinical practice, but the underlying pathogenic mechanism remains elusive. Using a mouse
model of HIV-associated pain, we simulated the development of morphine exacerbation on pain and investigated potential
underlying cellular and molecular pathways. We found that repeated morphine treatment promoted astrocyte activation in the
spinal dorsal horn (SDH) and up-regulation of pro-inflammatory cytokines IL-1β and TNF-α. Furthermore, we observed that
morphine administration potentiated mitochondrial reactive oxygen species (ROS) in the SDH of the HIV pain model, especially
on astrocytes. Systemic application of the ROS scavenger phenyl-N-t-butyl nitrone (PBN) not only blocked the enhancement of
gp120-induced hyperalgesia by morphine but also astrocytic activation and cytokine up-regulation. These findings suggest a
critical role of ROS in mediating the exacerbation of gp120-induced pain by morphine.

Keywords HIV-1 . gp120 . Pain . Opioid .Morphine . ROS .Mitochondria

Introduction

According to the latest report from the World Health
Organization, there were about 37.9 million people living with
HIV/AIDS at the end of 2018 (https://www.who.int/news-
room/fact-sheets/detail/hiv-aids). Among them, about 30–
40%, including up to 75% of patients in advanced stages of
HIV/AIDS, suffer from HIV-associated pain (Hewitt et al.
1997; Mirsattari et al. 1999; Evers et al. 2000). Chronic pain
severely deteriorates the patient’s quality of life. Unfortunately,
there is no specific and effective therapy to cure the pain syn-
drome. Opioid analgesics are widely used to treat chronic pain
(Nafziger and Barkin 2018). Many HIV patients prescribed
opioid analgesics to relieve pain (Smith 2011; Krashin et al.
2012) although the effectiveness of opioid analgesics is still
controversial (Voon et al. 2017; Cunningham 2018).
Although non-opioid analgesics such as gabapentin are becom-
ing standard painmedicines (Attal et al. 2010), HIV patients are
still more prevalence in using opioid analgesics, compared to

non-HIV patients (Edelman et al. 2013; Canan et al. 2019). The
higher prevalence is probably contributed by multiple factors,
including opioid abuse and responses to opioid analgesics in
some HIV patients. Another important reason for practitioners
to continue opioid analgesic prescription is to avoid withdraw
symptoms. However, clinical data indicate that chronic use of
opioids not only leads to tolerance, but also causes the expres-
sion of paradoxical pain states, i.e. opioid-induced hyperalgesia
(OIH) (Chu et al. 2008). OIH is thought to contribute to the
dosage escalation of opioid analgesics in clinical practice, and
consequently to opioid overdose and addiction (Collett 1998;
Angst and Clark 2006). To date, the mechanism by which
opioids exacerbate HIV-associated pain is poorly understood,
hampering the development of effective intervention.

Emerging evidence indicates that opioids may exacerbate
the detrimental effect of HIV-1 proteins on neurons and glia
(Turchan-Cholewo et al. 2009; Yao et al. 2009; Yang et al.
2010; Malik et al. 2011; Podhaizer et al. 2012). Opioids en-
hance HIV-1 Vpr-, Tat- or gp120-induced neuronal dysfunc-
tion, injury and apoptosis (Aksenov et al. 2006; Yao et al.
2009; Malik et al. 2011; Podhaizer et al. 2012). In support
of functional interaction between opioids and HIV-1 proteins,
the gp120 co-receptors CXCR4 and CCR5 are co-expressed
with the mu-opioid receptor (MOR) in neurons and are acti-
vated by opioids (Sengupta et al. 2009; Chen et al. 2011;
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Heinisch et al. 2011). Both opioids and gp120 may lead to
activation of the N-methyl-D-aspartate (NMDA) receptor and
downstream signaling cascades (Celerier et al. 1999; Kaul
et al. 2001; Roeckel et al. 2016; Ru and Tang 2016). On glial
cells, opioids cooperatively promote reaction of microglia or
astrocytes with HIV-1 proteins to elicit chemokine/cytokine
release (Turchan-Cholewo et al. 2009; Yang et al. 2010;
Grace et al. 2016). Although it is generally assumed that opi-
oids can significantly accelerate the progression of HIV-
associated neurological disorders (HAND), the underlying
mechanisms, especially in the context of exacerbation of
HIV-associated pain, are still poorly understood.

HIV pain is probably caused by HIV-1 neurotoxic proteins
(Milligan et al. 2000; Herzberg and Sagen 2001; Milligan
et al. 2001; Oh et al. 2001; Keswani et al. 2006; Wallace
et al. 2007a, b; Zheng et al. 2011). The HIV-1 viral protein
R (Vpr) and trans-activator of transcription (Tat) were sug-
gested to cause HIV-1-associated pain by inducing
excitotoxicity in peripheral dorsal root ganglion (DRG) neu-
rons (Acharjee et al. 2010; Chi et al. 2011). Our analysis on
postmortem spinal dorsal horn (SDH) of HIV patients reveals
that gp120 is specifically associated with the development of
the pain disorder (Yuan et al. 2014). Furthermore, mouse
models generated by intrathecal injection of gp120 recapitu-
late multiple pain-associated neuropathologies (Keswani et al.
2004; Melli et al. 2006; Höke et al. 2009; Yuan et al. 2014).
For instance, gp120 induced sensory neuropathy by triggering
neuronal apoptosis, axonal degeneration, and peripheral nerve
fiber loss (Keswani et al. 2003; Melli et al. 2006; Yuan et al.
2014). Recent studies revealed that gp120 caused synaptic
degeneration and upregulation of pro-inflammatory cytokines
(e.g. TNFα and IL1β) in the SDH (Yuan et al. 2014; Ru et al.
2019). Yet, how opioids might interact with gp120 to promote
pain pathogenesis remains unclear.

In a recent study, we show that morphine and gp120 coop-
eratively promote pathogenesis in the SDH (Shi et al. 2019).
The goal of this study is to identify the molecular and cellular
processes contributing to the pathogenesis. To this end, we
simulated the exacerbation of HIV-associated pain by repeat-
ed administration of morphine in the gp120 mouse model and
examined potential cellular and molecular pathways contrib-
uting to the exacerbation. Our results suggest a critical role of
reactive oxygen species (ROS) that are generated by astro-
cytes in mediating the morphine potentiation of HIV-
associated pain.

Methods

Animals and Materials

Young adult C57BL6 mice (2–3 months old, 20–25 g) were
purchased fromHarlan Labs. Bothmale and female mice were

used in the experiments, and no significant gender effects
were observed. All animal procedures were performed by fol-
lowing an animal protocol that was approved by the
University of Texas Medical Branch Animal Care and Use
Committee.

Morphine (10 mg/mL) was purchased from West-Ward,
and recombinant HIV-1Bal envelope glycoprotein gp120
(Cat # 4961) was obtained from NIH AIDS Research and
Reference Reagent Program, Division of AIDS, National
Institute of Allergy and Infectious Diseases. Antibodies used
for immunoblotting and/or immunostaining included: GFAP
(1:5000, 04–1062 for immunoblotting; 1:500, MAB360 for
immunostaining; Millipore), IL-1β (1:500, ab1413-I,
Millipore), TNF-α (1:500, ab2148P, Millipore), and β-actin
(1:1000, sc-1616-R, Santa Cruz Biotechnology).

Intrathecal (I.T.) Injection

As described before (Yuan et al. 2014), HIV-1 gp120 protein
in PBS was stored in aliquots at −80 °C and thawed immedi-
ately prior to intrathecal (i.t.) injection. For i.t. injection, 30.5-
gauge stainless steel needles were attached to 10 μl Luer tip
syringes. While performing i.t. injection, mice were anesthe-
tized with 3% isoflurane with a flow of oxygen. The experi-
menter used the left thumb and middle finger to hold the
mouse caudal paralumbar region and then reached out the
index finger to locate the intervertebral space between L5
and L6. After location confirmation, the needle was inserted
into the intervertebral space at a 45° angle by using the right
hand. A correct intrathecal placement of needle tip was indi-
cated by a sudden tail twitch or flick. After getting the positive
tail signal, the experimenter released the left hand and pushed
gp120 solution (5 μl, diluted in 0.1% BSA, 0.1 M PBS) slow-
ly (1 μl/s) into the spinal canal. After drug delivery, the needle
was held at the position for at least 30 s before removal, to
avoid solution spillage. Heat-inactivated gp120 protein (i.t.)
was used as the control for gp120.

Mechanical Pain Behavioral Test

For mechanical pain behavioral test, von Frey testing on the
plantar surface of the hind pawwas performed tomeasure paw
withdrawal thresholds (PWT). Briefly, three days prior to test-
ing, the mice were brought to the behavioral testing room to
allow habituation to the surroundings for two hours once ev-
ery day. On the testing day, mice were first restrained in the
Plexiglas box for 20 min. After that, calibrated von Frey fila-
ments (0.1 to 2.0 g) were applied perpendicularly to the central
area of the hind paw until the filament began to bend after
holding for 2–3 s. The filament stick was only applied as
mouse hind paw plantar surface was flat on the metal mesh
floor. The responses including vertical or horizontal with-
drawing, shaking, lifting, and licking were deemed as positive
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signals. The Dixon “up-and-down” method was used to cal-
culate the PWT values. To minimize the subjective effects and
biases, the experiments were performed under double-blind
conditions. The experimenter did not have the information
about the treatment on individual animals.

Hindpaw Relaxation Measurement

To measure the spontaneous pain, hind paw relaxation was
scored as we described (Yuan et al. 2015). Briefly, immedi-
ately after testing mechanical allodynia with von Frey fila-
ments, five photographs of hindpaw postures were taken with
intervals of ≥15 s to score hind paw relaxation. The posture of
curled-up toes was used as an indicator of ongoing pain. Each
curled-up toe was scored 1, and hence the toe relaxation score
of an animal ranged from 0 to 10. A higher score indicated
more severe spontaneous pain.

Immunoblotting Analysis

To gain the spatial specificity of the data on the spinal pain
processing center, we dissected the dorsal half of the lumbar
spinal cord and stored the tissues at −80 °C. A PowerGen 125
homogenizer (Fisher Scientific) was used to homogenize the
tissue in 300 μl RIPA (radioimmunoprecipitation) lysis buffer
(1% Nonidet P-40, 0.1% SDS, 50 mM Tris-HCl, 0.25% Na-
deoxycholate, 150 mMNaCl, 1 mM ethylenediaminetetraace-
tic acid, pH 7.4), supplemented with protease inhibitor cock-
tails (Sigma). After homogenization, the lysates were shaken
(Fisher Scientific shaker) for 30min at 4 °C for thorough lysis,
followed by centrifugation at 12,000×g for 10 min. The su-
pernatants were collected and protein concentration was mea-
sured using a BCA protein assay kit (product 23,227; Pierce).
Equal amounts of protein (50 μg) were loaded on a 10–12%
SDS-polyacrylamide gel for electrophoresis. After gel separa-
tion, the proteins were transferred to 0.2 μm polyvinylidene
fluoride (PVDF) membranes and incubated with primary and
secondary antibodies. Protein bands were visualized with
Enhanced Chemiluminescence kits (Thermo Scientific).
Band intensities were quantified with NIH ImageJ. β-actin
was included as a loading control.

Fluorescent Immunostaining

Mice were anesthetized and transcardially perfused with 50 ml
ice-cold PBS. The segments of the lumbar spinal cord were
quickly dissected out and cut into halves – one half for immu-
nostaining and the other for immunoblotting. For immunostain-
ing, the tissues were immediately fixed in ice-cold fixative so-
lution containing 4% paraformaldehyde in PBS for 12 h at
4 °C. The tissues were then transferred to 30% sucrose at
4 °C for 24 h and then embedded in optimal cutting temperature
(OCT) compound (Sakura Finetek). The embedded tissues

were sectioned (10 μm) on a microtome (Leica). For fluores-
cent immunostaining, the sections were sequentially incubated
with primary and secondary antibodies. Images were captured
on a confocal microscope (Nikon). NIH ImageJ software was
used for image analysis and quantification.

Spinal Mitochondrial Superoxide Measurement

MitoSox Red (Invitrogen) was used to label the mitochondrial
ROS in the SDH, as described before (Schwartz et al. 2008,
2009; Kim et al. 2011). Briefly, MitoSox Red was dissolved
in 2% dimethyl sulfoxide at a concentration of 33 μM. After
gp120 and/or morphine administration, 10 μl of MitoSox Red
was i.t. injected into the spinal cord 4 h before euthanizing the
animals. The spinal cords were collected and sectioned for
immunostaining of the astrocyte marker GFAP. MitoSox
Red and GFAP signals were captured by confocal imaging.

Statistical Analysis

Statistical analysis was performed with Prism 7 (GraphPad).
Information of statistical test methods and animal numbers is
described in the results and figure legends. Quantitative data
are presented as means±SEM.

Results

Repeated Morphine Treatment Exacerbates
gp120-Induced Hyperalgesia in Mice

To study the effect of chronic opioid administration on HIV-
associated pain, we previously developed an experimental
procedure that lasted for 3 weeks (Shi et al. 2019). To avoid
this time-consuming procedure, we sought to refine a drug
administration paradigm with a shorter period, leading to the
procedure shown in Fig. 1a, which was used in this study.
Gp120 (100 ng) was intrathecally (i.t.) injected into male mice
every other day (days 0, 2, 4 and 6), while morphine
(20 mg/kg) was intraperitoneally (i.p.) injected into gp120
mice every day for a week. For co-administration, morphine
(i.p.) was injected immediately after gp120 injection (i.t.),
with the dosage of gp120 or morphine as in our previous
studies (Yuan et al. 2014; Shi et al. 2019). Mechanical sensi-
tivity was measured at 1 h prior to gp120 and/or morphine
injection by Von Frey tests, to avoid potential interference of
the acute analgesic effect of morphine and tolerance. The re-
sults showed that mice rapidly developed hyperalgesia at day
1 after a single gp120 injection, which peaked at day 3 after
the second gp120 injection and maintained for at least 7 days,
as compared to control animals injected with heat-inactivated
gp120 protein (Fig. 1b). Repeated morphine treatment also
induced hyperalgesia after day 3, although to a lesser degree
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than that induced by gp120 (Fig. 1b), indicating the develop-
ment of opioid-induced hyperalgesia (Chu et al. 2008).
Compared to gp120 treatment alone, adding morphine en-
hanced the gp120-induced hyperalgesia. This was evident af-
ter day 4, when the mechanical withdrawal threshold of the
combined treatment group was 0.23 ± 0.03 g, compared with
0.56 ± 0.06 g (gp120 alone) or 0.99 ± 0.11 g (morphine alone)
(n = 10, p < 0.05 vs. gp120; p < 0.001 vs. morphine), suggest-
ing that morphine treatment exacerbated the hyperalgesia in-
duced by gp120 (Fig. 1b). Given the gender disparities in pain
(Mogil 2012; Sorge et al. 2015; Chen et al. 2018), including
gp120-induced pain in rats (Guindon et al. 2019), female mice
were also examined in preliminary studies but similar results
were obtained, although more systematic investigation is
needed to confirm this preliminary finding.

Repeated Morphine Treatment Enhances Astrocytic
Reaction and Pro-inflammatory Cytokine
Up-Regulation in Spinal Cords of the gp120 Mouse
Model

Next, we sought to investigate the potential mechanism by
which morphine treatment potentiates gp120-induced pain.
Previous studies indicate a potential role of reactive glia in
the development of HIV-associated pain in human patients
(Shi et al. 2012) and animal models of gp120- or opioid-
induced hyperalgesia (Milligan et al. 2001; Huang et al.
2012; Yuan et al. 2014; Roeckel et al. 2016). Thus, we wanted
to test the hypothesis that morphine exacerbated HIV-
associated pain by enhancing glial activation in the SDH. To
this end, we performed immunoblotting analysis on mouse
SDH tissues collected at day 7. We observed that gp120 or
morphine treatment led to increased expression of the astro-
cyte marker GFAP by ~60% and ~ 50% (p < 0.05, vs.
Vehicle), respectively (Fig. 2a, b). The combinatorial treat-
ment with both gp120 and morphine boosted the GFAP level
by ~160% (160 ± 14% vs. vehicle, p < 0.001; 58 ± 9% vs.
gp120, p < 0.01; 69 ± 9% vs. morphine, p < 0.01), indicating
a supra-additive effect (rather than a simple additive
effect) of gp120 and morphine co-administration on as-
trocytic activation (Fig. 2a, b). We also investigated the
microglial responses to gp120 and morphine and the
functional contribution of the microglia to gp120- and
morphine-induced hyperalgesia, which will be reported sepa-
rately (in preparation).

As activated astrocytes produce pro-inflammatory cyto-
kines (Colombo and Farina 2016), we further determined the
potential cooperative effect of gp120 and morphine on cyto-
kine levels. Indeed, although gp120 or morphine separately
increased mature IL-1β expression (1.9 ± 0.1 fold and 1.9 ±
0.1 fold, respectively, p < 0.01), their co-administration
caused considerable further increase of IL-1β (3.6 ± 0.2 fold
vs. vehicle; 1.8 ± 0.1 fold vs. gp120; 1.9 ± 0.1 fold vs.

morphine; all with p < 0.001) (Fig. 2a, c). Similar profiles of
TNF-α increase were observed by the gp120 and/or morphine
treatment (gp120 + morphine: 2.8 ± 0.1 fold vs. vehicle,
p < 0.001; 1.4 ± 0.1 fold vs. gp120, p < 0.05; 1.5 ± 0.1 fold
vs. morphine, p < 0.01) (Fig. 2a, d).

To explore if gp120 or morphine receptor is related to the
interaction of gp120 and morphine on glial activation, the
protein levels of CCR5 (co-receptor of gp120) and MOR
(Mu opioid receptor) were also measured. Immunoblotting
results showed that gp120, morphine, or their combination
did not significantly change the levels of CCR5 or MOR pro-
teins (Fig. 2a, e, f), suggesting that the enhancement of astro-
cytic activation by morphine in the gp120 models may not
depend on receptor upregulation.

We also performed fluorescent immunostaining of GFAP
to further confirm the astrocyte reaction. We observed more
GFAP+ astrocyte cells in the SDH from the gp120 +morphine

Fig. 1 Repeated morphine treatment exacerbates gp120-induced
hyperalgesia. a Temporal diagram of drug administration. Morphine
(20 mg/Kg/day) and gp120 (100 ng/2 days) were administered alone or
in combination for 7 days. For co-administration, morphine was injected
immediately after gp120 injection. Animals were sacrificed one day after
the last time of drug administration to allow the expression of drug effect.
b Von Frey testing was performed 1 h prior to gp120 or morphine injec-
tion to measure mechanical withdrawal threshold at hind paws to evaluate
the expression of mechanical hyperalgesia. Gp120- and morphine-
induced mechanical hyperalgesia was detected at day 1 and 3, respective-
ly. Morphine exacerbation of the hyperalgesia in the gp120 model was
observed after day 4 (*, p < 0.05; **, p < 0.01; ***, p < 0.001; Two-Way
ANOVA with Tukey Test for Multiple Comparisons, n = 10). Control
animals were administered with heat-inactivated gp120 (i.t.) and saline
(i.p.)
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group, compared with gp120- or morphine-only treatment
(p < 0.05) (Fig. 2g, h).

Morphine Treatment Prompts an Increase
in Mitochondrial ROS in the gp120 Pain Model

ROS are implicated not only in HIV-related neuropathic pain
(Iida et al. 2016; Kanda et al. 2016; Godai et al. 2019), but also
opioid-induced analgesic tolerance and hyperalgesia (Doyle
et al. 2009; Skrabalova et al. 2013). As both HIV proteins
(e.g., gp120 and Tat) (Roggero et al. 2001; Aksenov et al.
2006; Thomas et al. 2009; Yao et al. 2009; Yang et al.
2010; Malik et al. 2011) and morphine (Mastronicola et al.
2004; Lin et al. 2009; Malik et al. 2011) were reported to
dysregulate ROS generation in mitochondria, we hypothe-
sized that mitochondrial ROS (MitoROS) contribute to mor-
phine potentiation of astrocytic activation in gp120 mice. To

test this idea, we measured the levels of MitoROS in the SDH
usingMitoSox, as described (Schwartz et al. 2008, 2009; Kim
et al. 2011). The results showed that either gp120 or morphine
increased MitoSox+ cells by ~50% (51 ± 6%, gp120 vs. vehi-
cle; 63 ± 9%, morphine vs. vehicle; both p < 0.05). Co-
administration of gp120 and morphine drastically increased
MitoSox+ cells by ~110% (111 ± 13% vs. vehicle, p < 0.001;
40 ± 9% vs. gp120, p < 0.05; 30 ± 8% vs. morphine, p < 0.05)
(Fig. 3a, e). Among MitoSox+ cells, gp120 + morphine in-
duced an increase of MitoSox+/GFAP+ cells by 219 ± 24%
(vs. vehicle, p < 0.001; 52 ± 12% vs. gp120, p < 0.05; 49 ±
11% vs. morphine, p < 0.05) (Fig. 3f). In contrast, although
gp120 or morphine separately up-regulated MitoSox+/GFAP−

cells by around 50% (53 ± 5%, gp120 vs. vehicle; 49 ± 7%,
morphine vs. vehicle; both with p < 0.05), the combination
only evoked MitoSox+/GFAP− increase by 82 ± 16% (vs. ve-
hicle, p < 0.01; nonsignificant vs. gp120 or morphine,

Fig. 2 Morphine and gp120 cooperatively promote astrocytic activation
and cytokine expression in the SDH. a Immunoblots of GFAP, IL-1β,
TNF-α, CCR5, and MOR in the spinal dorsal horn (SDH). b–f
Quantitative summaries of A. G. Immunostaining of GFAP in the SDH.
h Quantification of GFAP+ cells in the SDH of E. The samples were

collected from the animals as shown in Fig. 1 (*, p < 0.05; **, p < 0.01;
***, p < 0.001; NS, non-significant; One-WayANOVAwith Tukey post-
hoc tests, n = 3; scale bar, 100 μm). Control animals were administered
with heat-inactivated gp120 (i.t.) and saline (i.p.)
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p > 0.05) (Fig. 3g). We also quantified the MitoSox signals in
MitoSox+/GFAP+ cells and found that MitoSox+/GFAP+ cells
from the gp120 + morphine group contained significantly
more MitoSox clusters (95 ± 32% vs. vehicle, p < 0.01; 87 ±

29% vs. gp120, p < 0.05; 56 ± 26% vs. morphine, p < 0.05;
Fig. 3h). These data suggest that co-administration of gp120
and morphine induces MitoROS in reactive astrocytes in the
SDH.

Fig. 3 Morphine potentiates
gp120-induced mitochondrial
ROS increase in SDH astrocytes.
a–d Mitochondrial ROS
(MitoROS) in astrocytes was la-
beled by MitoSox fluorogenic
dye after immunostaining of
GFAP. e–h Quantification analy-
sis of MitoSox+,
MitoSox+/GFAP+, or MitoSox+/
GFAP− cells, and MitoSox sig-
nals within astrocytes. gp120 and/
or morphine were administered as
described in
Fig. 1A, and MitoSox was i.t.
injected 4 h before sacrifice at day
7 (*, p < 0.05; **, p < 0.01; ***,
p < 0.001; NS, not significant;
One-Way ANOVA with Tukey
post-hoc tests, n = 3; scale bar,
50 μm). Control animals were
administered with heat-
inactivated gp120 (i.t.)
and saline (i.p.)
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ROS Scavenger Blocks Morphine Exacerbation
of gp120-Induced Pain

To determine if MitoROS is critical for morphine potentiation
of gp120-induced hyperalgesia, an ROS scavenger, phenyl-N-
t-butyl nitrone (PBN), was intraperitoneally (i.p.) injected into
the gp120 mouse model every day for a week (Fig. 4a); the
dosage of 100 mg/Kg was used, because previous studies
found this dose was potent to inhibit ROS (Gao et al. 2007;
Schwartz et al. 2008). We observed that the mechanical with-
drawal threshold induced by gp120 +morphine was signifi-
cantly reversed 3 days after PBN administration (Fig. 4b; n =
10, gp120 +Mor+PBN vs. gp120 +Mor, p < 0.01), indicating
a significant reduction of the hyperalgesia induced by gp120 +
morphine. This effect of PBN continued afterward until the
termination of experimentation at day 7. However, PBN failed
to completely eliminate the hyperalgesia (Fig. 4b).

We also investigated the effect of PBN on spontaneous
pain, by measuring hindpaw relaxation as we previously de-
scribed (Yuan et al. 2015). The results showed that mice
injected with gp120 or morphine alone showed significant
increase of spontaneous pain at day 5 (Fig. 4c, d; n = 6,
gp120 or Mor vs. Control, p < 0.001). Co-administration of
gp120 and morphine significantly enhanced spontaneous
pain, in comparison with gp120 or morphine (Fig. 4c, d; n =
6, gp120 +Mor vs. gp120 or Mor, p < 0.001). PBN signifi-
cantly attenuated morphine potentiation of gp120-induced
pain (Fig. 4c, d; n = 6, gp120 +Mor+PBN vs. gp120 +Mor,
p < 0.001), although without a complete reversal (gp120 +
Mor+PBN vs. Control, p < 0.05). Similar results were obtain-
ed at days 4, 6, and 7 (data not shown). Taken together, the
results showed that PBN not only diminished morphine exac-
erbation of gp120-induced mechanical allodynia but also
spontaneous pain.

Fig. 4 PBN blocks morphine exacerbation of gp120-induced mechanical
hyperalgesia and spontaneous pain. a Drug administration paradigm.
ROS scavenger PBN (100mg/Kg) was injected (i.p.) every day for 7 days
along with morphine and gp120 administration. bHyperalgesia measured
by von Frey tests (**, p < 0.01; ***, p < 0.001; gp120 +Mor+PBN vs.
gp120 + Mor, Two-Way ANOVA with Tukey Test for Multiple
Comparisons, n = 10). c Images of hindpaw postures at day 5. The control

mice displayed a more relaxed hindpaw posture with toes extending on
mesh. Mice after administration of gp120 or/and morphine showed pos-
tures with curled toes, which were related by PBN treatment. d
Quantitative analysis of hindpaw relaxation scores (***, p < 0.001;
One-Way ANOVA with Tukey post-hoc tests, n = 6). Control animals
were administered with heat-inactivated gp120 (i.t.) and saline (i.p.)
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ROS Scavenger Inhibits Spinal Astrocyte Activation
and Cytokine Up-Regulation Induced by gp120
and Morphine

To explore the potential mechanism by which ROS contribute
to morphine exacerbation of gp120-induced pain, we next test-
ed the hypothesis of MitoROS-modulated astrocytic activation.
Immunoblotting analysis showed that the GFAP protein level
induced by gp120 +morphine was reversed by PBN treatment
(p < 0.05, Fig. 5a, b), indicating its inhibitory effect on the
astrocytic activation. In addition to the suppression of astrocytic
reaction, PBN also abolished the up-regulation of pro-
inflammatory cytokines such as IL-1β and TNF-α (p < 0.05
vs. gp120 + morphine, Fig. 5a–d). These data indicate that
ROS may contribute to the development of the hyperalgesia
induced by gp120 +morphine by promoting astrocytic activa-
tion and pro-inflammatory cytokine production.

Discussion

In the current opioid epidemic crisis, HIV patients who abuse
opioids have significantly increased (Reardon 2019). Opioid-
abusing HIV patients are more susceptible to developingmore
severe symptoms of neuroAIDS, including sensory neuropa-
thy, gliosis, neuro-inflammation, behavioral and cognitive
perturbations, and dementia (Schweitzer et al. 1991;
Peterson et al. 1994; Kumar et al. 2004; Skrabalova et al.
2013). In support of this notion, the results from this study
show that repeatedmorphine treatment exaggerates pain in the
gp120 mouse model (Fig. 1). This finding is consistent with
clinical observations of the paradoxical effect of chronic use

of opioid analgesics onHIV-associated pain (Chen et al. 2011;
Smith 2011; Önen et al. 2012; Godai et al. 2019). Our data
further reveal that morphine enhances ROS generation in re-
active astrocytes in the SDH of the gp120 model. The patho-
genic significance of ROS is suggested by the observation that
the PBN scavenger significantly attenuates the morphine ex-
acerbation of gp120-induced hyperalgesia, glial reaction and
cytokine up-regulation. These findings are in line with the
previous studies that suggest a role of ROS in the de-
velopment of neuropathic pain (Gao et al. 2007; Lee et al.
2007; Iida et al. 2016; Kanda et al. 2016; Godai et al. 2019)
and opioid-induced hyperalgesia (Doyle et al. 2009;
Skrabalova et al. 2013).

ROS may contribute to pain pathogenesis via various path-
ways. For example, in neuropathic pain models, ROS play a
critical role in central sensitization by regulating NMDA re-
ceptor activation and spinal GABA release (Gao et al. 2007;
Lee et al. 2007; Yowtak et al. 2011; Ye et al. 2016). ROS-
induced oxidative stress may cause cell dysfunction and apo-
ptosis in the CNS that are implicated in the development of
neuropathic pain and OIH (Klein and Ackerman 2003).
Further, ROS also modulate neuroinflammatory responses in
neurodegenerative diseases such as Alzheimer’s disease,
Parkinson’s disease, and multiple sclerosis (Hsieh and Yang
2013), and can cause activation of microglia and astrocytes
(Pawate et al. 2004). Our results suggest a critical role of ROS
in astrocytic activation and cytokine up-regulation in pain
pathogenesis.

Although our data indicate that reactive astrocytes are the
main cell type that accumulates ROS in the SDH in response
to gp120 and morphine co-administration (Fig. 3), we cannot
exclude the possibility of ROS-induced oxidative stress in

Fig. 5 PBN inhibits spinal
astrocyte activation and cytokine
up-regulation induced by
gp120 +morphine. a
Immunoblots of GFAP, IL-1β
and TNF-α in the SDH. b–d
Quantitative summaries of A. The
samples were collected from the
animals as shown in Fig. 4 (*,
p < 0.05; **, p < 0.01; One-Way
ANOVA with Tukey post-hoc
tests, n = 3). Control animals were
administered with heat-
inactivated gp120 (i.t.)
and saline (i.p.)
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other neural cells. Indeed, both neurons and microglia were
reported to produce ROS after gp120 and opioid administra-
tion (Samikkannu et al. 2015; Godai et al. 2019). In this study,
we also observed ROS accumulation in the SDH neurons
(data not shown). Because PBN was administered systemati-
cally, it likely would also remove ROS in other organs in
addition to the spinal cord.

In summary, our results reveal that ROS, especially in re-
active astrocytes, play a critical role in morphine potentiation
of HIV-associated pain. This finding indicates that ROS are a
potential drug target for alleviating the side effect of opioid
analgesics in managing HIV-associated pain.
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