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and hyperalgesia in rats

Junliang Qian" - Yanan Zhu' - Liying Bai® - Yan Gao'? - Mingjun Jiang' - Fei Xing? - Jian Zhang' - Wenchao Zhao' -
Hanwen Gu? . Yang Mi' - Yuan-Xiang Tao* - Ji-Tian Xu '~

Published online: 26 December 2019
© The American Society for Experimental NeuroTherapeutics, Inc. 2019

Abstract

Analgesic tolerance and hyperalgesia hinder the long-term utility of opioids. We examined whether spinal high mobility
group box 1 (HMGBI) is involved in morphine tolerance and its underlying mechanisms by using a model of repeated
intrathecal (i.t.) injections of morphine. The results showed that chronic i.t. morphine exposure led to increased expres-
sion of HMGBI, Toll-like receptor 4 (TLR4), and receptor for advanced glycation end products (RAGE) and their
mRNAs in the dorsal horn. Morphine challenge also promoted HMGBI1 expression and release in cultured spinal
neurons, but these effects were inhibited by TAK-242, naloxone (antagonists of TLR4), and TLR4 siRNA. Intrathecal
coadministration of morphine with TAK-242 or PDTC (inhibitor of NF-kB activation) also reduced HMGB1 expression
in the spinal cord. Repeated i.t. coinjections of morphine with glycyrrhizin (GL, an HMGBI inhibitor) or HMGB1
siRNA prevented reduction of the maximal possible analgesic effect (MPAE) of morphine and alleviated morphine
withdrawal-induced hyperalgesia. The established morphine tolerance and hyperalgesia were partially reversed when
i.t. injections of GL or HMGBI antibody started at day 7 of morphine injection. Repeated i.t. injections of morphine
with HMGBI siRNA inhibited the activation of NF-«kB, but not that of JNK and p38. A single i.t. injection of HMGBI
in naive rats caused pain-related hypersensitivity and reduction in MPAE. Moreover, phosphorylated NF-«kB p65,
TNF-«, and IL-1f levels in the dorsal horn were upregulated following this treatment, but this upregulation was
prevented by coinjection with TAK-242. Together, these results suggest that morphine-mediated upregulation of spinal
HMGBI contributes to analgesic tolerance and hyperalgesia via activation of TLR4/NF-«B signaling, and the HMGB1
inhibitor might be a promising adjuvant to morphine in the treatment of intractable pain in the clinic.
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Introduction therapeutic management of chronic pain, morphine and
related p-opioid receptor agonists are still the gold stan-
Chronic pain has become a major public health prob-  dard for its pharmacological treatment in clinical set-

lem. Although recent advances have been made in the  tings. However, opioid treatments often result in several
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adverse side effects, among which opioid-induced anal-
gesic tolerance and hyperalgesia largely hinder opioids’
long-term utility [1, 2]. Although considerable efforts
have been expended on developing an understanding
of the molecular and cellular processes of opioid-
induced tolerance and hyperalgesia, these conditions
are still ineffectively managed by existing drugs [3-5].
Therefore, the identification of novel molecular machin-
ery involved in opioid-induced tolerance is still a major
concern in the field of pain medicine research [6].

High mobility group box 1 (HMGBI1), a nonhistone
nuclear protein, is well known to bind to DNA and
stabilize DNA interactions with transcription factors to
regulate gene transcription [7]. Emerging evidence has
recently shown that HMGBI1 is a potent pro-
inflammatory mediator when extracellularly present in
various organs [8, 9]. The basic pathway of HMGBI
release from cells is active secretion, which is triggered
by cellular signal transduction through the interaction of
plasma membrane receptors with extracellular products
[10, 11]. Compelling evidence shows that the active
release of HMGBI is modulated by Toll-like receptor
4 (TLR4) signaling and inflammatory mediators [9,
12]. The long-term use of opioids, such as morphine,
not only creates analgesia via classical opioid receptors
(i, 6, and k), but also results in sterile neuroinflamma-
tion in the central nervous system via TLR4 signaling
activation [13—15]. Therefore, we postulate that chronic
morphine exposure may affect the active release of
HMGBI in the nervous system.

It has been well documented that chronic morphine
exposure-induced spinal neuroinflammation plays critical
role in the development and maintenance of morphine
analgesic tolerance and hyperalgesia [16, 17]. Therefore,
we promised that as pro-inflammatory cytokines and
chemokines, spinal HMGB1 might be another important
morphine-induced inflammatory mediator and contribute
to the development of morphine tolerance. However, the
expression and the role of HMGBI1 in morphine analgesic
tolerance and morphine withdrawal-induced hyperalgesia
still remain elusive. The results of present study have
provided evidence, for the first time in our knowledge,
that inhibition of spinal HMGBI1 activity effectively
prevented the reduction of analgesic tolerance, and allevi-
ated morphine withdrawal-induced hyperalgesia.

Materials and Methods
Animal Preparation

Male Sprague—Dawley rats weighing 200-300 g and
male C57BL/6 mice (7-8 weeks of age, weighing 18—

21 g) were used and randomly divided into different
groups. The female rats were also used in other groups
to evaluate the sex variable in the current study. The
animals were purchased from the Laboratory Animal
Center of Zhengzhou University, Zhengzhou, China,
and housed in separate cages with free access to food
and water. The room temperature was maintained at 23
+ 2°C under a 12:12-hour light-dark cycle. All animal
experimental procedures were approved by the
Institutional Animal Care and Use Committee of
Zhengzhou University in China and were carried out in
accordance with the National Institutes of Health’s guide-
lines on animal care and the ethical guidelines for the
experimental investigation of pain in conscious animals.

Intrathecal Catheterization and Drug Delivery

Drugs were delivered intrathecally. Intrathecal catheteriza-
tion was performed following the procedures described by
Storkson et al [18] with modifications. In brief, a
polyethylene-10 (OD, 0.61 mm; ID, 0.28 mm) catheter
was inserted into the rat’s subarachnoid space through the
intervertebral space between L5 and L6, and the tip of the
catheter was placed at the L5 level of the spinal cord. The
rats were allowed to recover for 7 days before behavioral
testing or i.t. injections of the drugs. The position of the
catheter was confirmed postmortem. Animals that
displayed any abnormal neurological signs were excluded
from the experiments. Morphine hydrochloride was pur-
chased from the Northeastern Pharmaceutical Group
(Shenyang, China) and diluted in normal saline prior to
use. The HMGBI inhibitor glycyrrhizin (GL), the Toll-
like receptor4 (TLR4) antagonist TAK-242, naloxone, and
the NF-kB activation inhibitor pyrrolidinedithiocarbamate
(PDTC) were purchased from Sigma (Sigma, St. Louis,
USA) and freshly dissolved daily in normal sterile saline
containing 10% DMSO prior to use. Anti-HMGBI1 neutral-
izing antibodies were purchased from CST (Cell Signaling
Technology, USA) and diluted with sterile artificial cere-
brospinal fluid (ACSF) containing 126.6 mM NaCl,
2.5 mM KCl, 2.0 mM MgCl,, and 1.3 mM CacCl,. The
recombinant disulfide HMGB1 was purchased from
HMGBiotech (HMGBiotech S.r.1., Milano, Italy), and the
dose used for i.t. injections (2 pg/10 pul) was based on that
used in a previously published paper [19]. The intrathecal
(i.t.) doses of GL (10, 20, 40 ug/10 ul) [20, 21], TAK-242
(20 ng/10 ul) [22], PDTC (0.5 ng/10 ul) [23], and the anti-
HMGBI antibody (2 png/10 pl) [24] used in the current
experiment were based on those used in previous studies.
The doses of TAK-242 (2 uM) [25], CTOP (10 uM), and
naloxone (100 uM) [26] used in the current in vitro study
were also based on previous published papers.
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Induction of Morphine Tolerance and Behavioral Tests
for Nociceptive

Morphine tolerance was induced following the methods
described by Lim [27] and our previously described meth-
od [26]. Briefly, rats were injected intrathecally with mor-
phine (10 png/10 pl) twice daily for 6 consecutive days.
Rats receiving i.t. saline (vehicle) (10 pl twice daily) for 6
days served as the control group. All rats were acclimated
to the testing environment for at least 3 days prior to
baseline measurements, and the pain-related behavioral
testing was carried out in a blinded manner. At least three
persons were involved in each experiment and only one
knew the design of the study for each test. The tail-flick
test was performed with baseline latencies of 4-5 s and a
cutoff time of 10 s using an analgesic meter (Model 33B
Tail Flick Analgesia Meter, IITC Life Science, Woodland
Hills, CA, USA). At least three trials were performed for
each rat with an interval of 1 min between the tests and
with a change in the tail area receiving radiant heat stim-
ulation at each trial. The percentage of morphine’s maxi-
mal possible analgesic effect (% MPAE) was determined
by comparing the baseline tail-flick latencies (BL) and the
latencies after drug injection (TL) using the following
equation: % MPAE = [(TL - BL)/ (10 - BL)] x 100%
(the constant 10 refers to the cutoff time in seconds).
Baseline tail-flick latencies were measured 1 day before
drug injection, and 0.5 hour after intrathecal morphine or
vehicle injection on the mornings of days 1, 3, 5, 7, 9, or
12 to assess the development and maintenance of mor-
phine tolerance.

To assess mechanical sensitivity, the paw withdrawal
threshold (PWT) was determined by applying mechanical
stimuli to the plantar surface of the hind paw using von
Frey hairs (0.4, 0.6, 1, 1.4, 2, 4, 6, 8, and 15 g), and the
50% PWT was determined using the up—down method
[28]. Heat hypersensitivity was determined by measuring
the paw withdrawal latency (PWL) using the plantar test
(7370, Ugo Basile, Comeria, Italy) according to the
method described by Hargreaves et al [29]. Baseline
PWT and PWL values were measured 1 day before drug
injection, and 1 day after morphine withdrawal to assess
levels of hyperalgesia.

Spontaneous pain was detected by the single trial con-
ditioned place preference (CPP) following the method
described previously [30]. Preconditioning to an automat-
ed 3 chambers CPP box was performed, started at day 7
of morphine i.t. injection. All rats underwent a 2-day
habituation period in which they were exposed to the
environment with full access to all chambers for 30
min. Behavior was recorded for 15 min on day 3 and
analyzed to verify no preconditioning chamber prefer-
ence. The following day (one day after morphine
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withdrawal), rats received the appropriate control (i.t. ve-
hicle) paired with a randomly chosen chamber in the
morning, and the appropriate drug treatment (Group 1:
rats received vehicle i.t. injection served as control;
Group 2: rats received clonidine (10 pg) i.t. injection
served as positive control; Group 3: rats received GL
(40 pg) paired with the other chamber 4 hours later in
the afternoon. Chamber pairings were counterbalanced.
On test day, 20 hours following the afternoon pairing,
rats were placed in the CPP box with access to all cham-
bers and their behavior were recorded for 15 min for
analysis of chamber preference.

Western Blotting

Western blotting was performed according to our previous
published procedures [26, 31]. Briefly, the animals were
sacrificed by decapitation at a designated time point. The spi-
nal dorsal horn of the lumbar enlargement was harvested and
placed temporarily in liquid nitrogen. Then, the samples were
homogenized with ice-cold lysis buffer (10 mM Tris, 5 mM
EGTA, 0.5% Triton X-100, 2 mM benzamidine, 0.1 mM
PMSF, 40 mM leupeptin, 150 mM NaCl, and 1% phosphatase
inhibitor cocktail 2 and 3). The crude homogenate was centri-
fuged at 4°C for 15 min at 3000 r/min, and the supernatants
were collected. Then, 50% of the supernatant was removed
and considered to be the total soluble fraction. The remaining
supernatant was centrifuged at 37,000 g for 1 hour at 4°C. The
supernatant was considered to be the crude cytoplasmic frac-
tion, and the pellet was considered to be the crude plasma
membrane fraction. After the protein concentrations were
measured, the samples were heated for 5 min at 99°C, and
30-60 pg protein was loaded onto 10-12.5% SDS-
polyacrylamide gels. The proteins were electrophoretically
transferred onto PVDF membranes. The blotting membranes
were blocked with 3% nonfat dry milk for 1 hour and incu-
bated overnight at 4°C with a primary antibody. The following
primary antibodies were used: rabbit anti-HMGB1 (1:1000;
Sigma, St. Louis, USA), rabbit anti-TLR4 (1:1000; Abcam,
Cambridge, MA), rabbit anti-RAGE (1:1000; Abcam), rabbit
anti-NF-kB p-p65 (1:1000; Abcam), mouse anti-IkB-o
(1:300; Senta Cruz Biotech), rabbit anti-IL-1 (1:300;
Abcam), rabbit anti-TNF-o (1:300; Abcam), rabbit anti-p-
p38 (1:500; Cell Signaling Technology, USA), rabbit anti-p-
JNK (1:500; Cell Signaling), and mouse anti-f3-actin
(1:10,000; Sigma). The proteins were detected with horserad-
ish peroxidase-conjugated anti-mouse or anti-rabbit second-
ary antibodies (1:3000; Bio-Rad, Philadelphia, PA), visual-
ized using enhanced chemiluminescence reagents (Bio-Rad)
and detected by a ProteinSimple imager (FluorChem E, USA).
The intensities of the blots were quantified using a computer-
assisted imaging analysis system (ImagelJ; NIH, USA). Then,
the ratios of protein expression to (3-actin expression were
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calculated for each group, and each value of the control was
normalized to the mean of the control group. Next, the ratio of
each group (including that of the control group) was divided
by that of the control group.

Immunohistochemistry

Immunohistochemistry was carried out following the proce-
dures described by Ji et al [32] and our previous published
procedures [33]. Briefly, after 5 or 7 days of i.t. injections of
morphine, rats were deeply anesthetized with isoflurane and
perfused through the ascending aorta with normal saline,
followed by 4% paraformaldehyde in 0.1 mol/L phosphate
buffer. After perfusion, the lumbar (L4-6) spinal cord was
removed and postfixed in the same fixative for 3 h, and re-
placed in 30% sucrose in PBS for two nights. Transverse
spinal sections (25 pum) were cut on a cryostat (Leica,
CM1950) and prepared for immunofluorescence staining.
Sections were randomly selected and placed in different wells
of a 24-well plate. After washing with PBS, the sections were
blocked with 5% goat serum in 0.3% Triton X-100 for 1 hour
at 37°C, and incubated with primary antibody overnight at
4°C. For double immunofluorescence staining, the sections
were incubated in a mixture of primary antibody with a spe-
cific spinal cell marker antibody overnight and then incubated
with a mixture of Cy3- and FITC-conjugated secondary anti-
bodies for 1 hour at 37°C. The stained sections were mounted
on slides and examined under a fluorescence microscope
(Olympus BX53, Tokyo, Japan) or high-resolution laser con-
focal fluorescence microscope (Nikon A1R MP+, Japan) and
images were captured with a CCD spot camera. The primary
antibodies were rabbit anti-HMGB1 (1:200; Sigma), rabbit
anti-TLR4 (1:200; Abcam), and rabbit anti-RAGE (1:200;
Abcam). The spinal cell-specific marker antibodies were
monoclonal neuron-specific nuclear protein (NeuN) (neuronal
marker, 1:200; Chemicon, Billerica, MA), anti-microtubule-
associated protein 2 (MAP2) (1:200; Alexa Fluor® 488
Conjugate Antibody, Millipore), glial fibrillary acidic protein
(GFAP) (astrocyte marker, 1:400; Chemicon), and OX42
(CD11b, microglia marker, 1:200; Chemicon).

The specificity of anti-HMGBI1 antibody was evaluated
by preincubating the antibody with its specific antigen,
HMGBI, as described previously [34]. The specificity of
the TLR4 antibody was examined by i.t. injection of TLR4
siRNA. The results of the immunofluorescence staining
showed a clear decrease in TLR4-immunoreactivity in spi-
nal cord sections after rats received TLR4 siRNA treatment
(data not shown). The specificity of the RAGE antibody
was evaluated by omitting the primary antibody during
immunofluorescence staining, and further examined by
Western blot, in which the rabbit anti-RAGE antibody de-
tected a band at a size that correlated with the molecular
weight of RAGE.

RNA Extraction and Real-time Quantitative RT-PCR

Real-time quantitative RT-PCR was performed following the
method described previously [35]. After treatment with mor-
phine, the lumbar enlargement of the spinal dorsal horn from
rats and mice were harvested for quantitative real-time RT-
PCR. Total RNA was extracted via the Trizol method
(Invitrogen/ThermoFisher Scientific). Reverse transcription
was performed using oligo-dT primers and
PrimeScriptlIRTase (TAKARA) according to the manufac-
turer’s protocol. Each sample was run in triplicate in a 20 uL.
reaction with 10 uM each of forward and reverse primers,
10 pl of SYBR Green qPCR Super Mix (Invitrogen) and 25
ng of cDNA. Reactions were performed in an Applied
Biosystems 7500 Fast Real-Time PCR System. GAPDH
was used as an internal control for normalization. The relative
expression ratio of HMGB1 mRNA to GAPDH mRNA in
spinal tissues was quantified by the 2-AA“T method. The
mouse and rat-specific primer sequences used to detect
HMGB1 mRNA and GAPDH mRNA in the qPCR analysis
were as follows:

@O Mice HMGBI1 forward, 5'-CGAGCATCCTGGCT
TATC-3'; reverse, 5'-ATCCTCCTCATCATCTTCCT-3". @
mice GAPDH forward, 5-AACTTTGGCATTGTGGAAGG
-3'; reverse, 5'-GGATGCAGGGATGATGTTCT -3'. () rat
HMGBI1 forward, 5'-TCCTTCGGCCTTCTTCTTGT-3"; re-
verse, 5'-CGGCCTTCTTTTCATAGGGC-3'. @ rat TLR4
forward, 5'- GGGGGGTATTTGACACACTCTA-3’; reverse,
5'- TCCTTTGGATGTCTCTATGCGA-3'. (5 rat RAGE for-
ward, 5'-GACCATATGCACAGAAACG-3'; reverse, 5'-
TAGGGCTGCTTAATAGAC-3'. ®rat GAPDH forward, 5'-
TTCACCACCATGGAGAAGGC-3'; reverse, 5-TGCA
GGGATGATGTTCTGGG-3'

Primary Spinal Cord Neuronal Culture

Primary spinal cord neuronal cultures were established as de-
scribed previously [26]. Briefly, the spinal cords were separat-
ed from rat embryos at gestational day 12—14 under a surgical
microscope. Approximately 8 to 10 spinal cords were com-
bined in a 15-ml centrifuge tube and digested in 37°C Hanks
solution containing 0.2% trypsin and 0.06% Dnase for 10 min.
The reaction was then terminated with 0.1% trypsin inhibitor.
After filtration through a cell- filter, the cells were suspended
in neurobasal medium (Gibco) containing 20% B27 (Gibco),
2 mM glutamine, and 100 U/ml penicillin/streptomycin, and
seeded in poly-D-lysine coated 6-well plates at a density of
1.5x10° cells/ml. Then, the cells were cultured at 37°C in an
incubator containing 5% CO, and 95% O,. The cultures were
treated with 10 pg/ml cytosine-[3-arabinofuranoside (Sigma-
Aldrich) on days 4 and 5 to prevent the proliferation of
nonneuronal cells. The neuron purity was examined by double
immunofluorescence staining in which the cells were labeled

@ Springer



726

Qian et al.

with the neuronal marker MAP2, the astrocytic marker GFAP,
and the microglial marker OX42. The results showed that the
purity of the neurons reached to 88.7% on day 11. All exper-
iments were performed after plating on day 11. For the dose-
dependent experiment, different doses of morphine were
added to media to reach desired concentration (0, 10, 20, 40,
80, and 160 uM). After the cells were cultured for 12 hours,
the media and the cultured neurons were harvested. For the
time-dependent experiment, the 20 uM of morphine concen-
tration was used. The cells were cultured for 3, 6, 12, 24, or 48
hours. Then, the media and the cultured neurons were collect-
ed. The levels of HMGBI1 in media were measured by ELISA.
The expression of HMGBI in cultured neurons was detected
by Western blot assay. The concentration of morphine in me-
dia was determined by the dose of i.t. injection (10 pg mor-
phine in 10 ul saline is approximately 9.8 1M morphine) and
our previous published paper (26). To assess the quantity of
HMGBI passively released from dead cells, the neuronal
death assay was performed one day before morphine exposure
and immediately after the end of morphine treatment by
Hoechst/propidium iodide costaining of the cultures to distin-
guish the live and /dead cells. Neuronal cultures were treated
with 5 uM Hoechst 33342 and 2 uM propidium iodide to stain
the total and dead cells, respectively. Pictures were taken, and
the cells were counted using ImagelJ software (NIH).

Fluorescence in Situ Hybridization (FISH)

FISH was carried out following the method described pre-
viously [26, 36] by using the rat TLR4 FISH Assay Kit
(Boster Bio-Tech, Wuhan, China). The probe used for
TLR4 mRNA was labeled with digoxigenin as follows:
5'(DIG)-TTgTgCCCTgTgAggTTgAggTTAg-3". Briefly,
the spinal neurons isolated from rat embryos were seeded
onto coverslips in a 6-well plate and cultured at 37°C in an
incubator containing 5% CO, and 95% O, for 11 days.
After fixation with 4% paraformaldehyde for 15 min, the
coverslips were washed twice with DEPC-PBS and then
treated with 10 pg/mL proteinase K at 37°C for 10 min.
Then, the coverslips were washed in DEPC-PBS, rinsed
with DEPC-H,O, and prehybridized with ready-to-use
prehybridization solution for 3 hours at 50°C. The DIG-
labeled probes were diluted in hybridization buffer and
applied at a concentration of 4 ng/uL. The coverslips were
incubated at 45°C for 16 h. Posthybridization washing and
immunological detection using anti-DIG-HRP and
Tyramide Signal Amplification with cyanine 3 (TSAT™-
Cy3; Perkin Elmer, Waltham, MA, USA), were performed
as recommended by the manufacturer. Finally, the cover-
slips were rinsed with distilled H,O and then
immunolabeled for NeuN using a FITC-conjugated sec-
ondary antibody as described above. Red fluorescence
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indicates TLR4 mRNA; green fluorescence indicates im-
munohistochemical staining for neurons.

siRNA Transfection

siRNA transfection was carried out following our previously
described method [26]. The HMGBI small interfering RNA
(siRNA) target rat hmgbl was purchased from OriGene
(OriGene Technologies, Rockville, SR506455). A universal
scramble negative control RNA duplex was also provided
by OriGene. The TurboFect in vivo transfection reagent
(Thermo Scientific Inc.) was used as a delivery vehicle for
the siRNA to prevent degradation and enhance the cell mem-
brane penetration of the siRNA. Rats were injected intrathe-
cally with siRNA (at a dose of 0.1 nmol/10 ul) or vehicle
(transfection regent) one hour before morphine administration
once daily for 5 days. The sequences of rat HMGB1 siRNA
used were as follows: 5'-CAGG
AGGAAUACUGAACAUATAT-3' (sense) and 3'-dTdT
GUCCUCCUUAUGACUUGUA-5' (antisense).

The rat TLR4 siRNA was purchased from Santa Cruz
(Santa Cruz Biotechnology, Inc. SC-1560001). Once the spi-
nal cord neurons from rat embryos had been cultured for 11
days, the cells were transfected with TLR4 siRNA or scramble
RNA (scRNA) (Santa Cruz Biotechnology) at a final concen-
tration of 50 nM using Lipofectamine 2000 (Invitrogen) ac-
cording to the manufacturer’s instructions. Twelve hours after
transfection, the cells and media were harvested, and the effect
of siRNA on protein expression and HMGBI release was
determined by Western blot and ELISA. TLR4 siRNA deliv-
ery to the spinal cord was performed following the same meth-
od as that used for the HMGBI1 siRNA i.t. injections.

Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed following the method described previ-
ously [37]. After the spinal neurons were cultured for the
designated amount of time, the media were collected in
Eppendorf tubes and stored at -80°C. The HMGBI level
was tested with a rat HMGB1 ELISA kit (CSB-E08224r,
CUSABIO, China) according to the manufacturer’s instruc-
tions. A total of 100 ul of each diluted standard substance was
added to a 96-well plate to prepare a standard curve, and
100 pl of each sample was added to each well, and the sam-
ples were tested in triplicate. After incubation with a biotin-
antibody, HRP-avidin, and TMP substrate, 50 pl of stop buffer
was added sequentially, and the absorbance was measured at a
wavelength of 450 nm with a microplate reader (ELx808, Bio
Tec, USA). The linear regression equation of the standard
curve was calculated according to the concentrations of the
standards and the OD value. The sample concentrations were
calculated according to the standard curve.
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«Fig. 1 The expression of HMGBI1, TLR4, and RAGE proteins and
mRNA in the spinal dorsal horn. (a) Diagram of the timeline of this
experiment. (b-d) Images showing HMGB1 expression in the spinal
dorsal horn of naive rats (b) and rats receiving intrathecal (i.t.) injection
of saline (c) and i.t. injection of morphine (d). (e-g) Images showing
TLR4 expression in the spinal dorsal horn of naive rats (e) and rats
receiving i.t. injection of saline (f) and i.t. injection of morphine (g).
(gh-j) The images showing RAGE expressed in spinal dorsal horn in
rats of naive rats (h) and rats receiving i.t. injection of saline (i) and i.t.
injection of morphine (j). (k) Repeated intrathecal (i.t.) injections of
morphine led to a significant increase in the expression of HMGBI,
TLR4, and RAGE proteins in the spinal dorsal horn. * P < 0.05, ** P <
0.01 vs. control group (i.t. injection of saline daily for 6 days). (I)
Repeated i.t. injections of morphine led to a significant increase in the
expression of HMGB1, TLR4, and RAGE mRNA in the spinal dorsal
horn. * P<0.05, ** P<0.01, *** P<0.001 vs. saline group (i.t. injection
of saline daily for 6 days). (m) Repeated subcutaneous (s.c.) injections of
morphine caused increased expression of HMGB1 mRNA in the spinal
dorsal horn of mice. * P < 0.05; ** P < 0.01 vs. control (s.c. saline daily
for 9 days). Data are presented as the mean = SEM and were analyzed
with one-way ANOVA. Images in b-j, scale bar = 200 pum. Sa: saline

Statistical analysis

Statistical analyses were performed with Prism 4.02 (Graph-
Pad Software, USA) and SigmaStat (Systat, San Jose, CA).
The sample sizes were determined based on the power analy-
sis of a preliminary experiment and the experience of our
previous similar studies. All data are presented as the mean
+ SEM. For behavioral data, differences over time were tested
using two-way ANOVA with repeated measures followed by
Tukey’s post hoc test, and one-way ANOVA followed by
individual Tukey’s post hoc comparisons was carried out for
the data between groups at the same time point. The differ-
ences in Western blot and qPCR data were evaluated by one-
way ANOVA followed by Tukey’s post hoc tests or Student’s
t-test if only two groups were applied. The dose- and time-
dependent morphine-stimulated expression and release of
morphine in cultured spinal neurons were analyzed by two-
way ANOVA followed by Tukey’s post hoc test. P < 0.05 was
considered significant in all tests.

Results

Chronic intrathecal injections of morphine increase
the expression of HMGB1, TLR4, and RAGE in the rat
spinal dorsal horn

A previous study revealed that TLR4 and RAGE function as
receptors for HMGBI in the nervous system [9]. Therefore,
the expression levels of HMGBI1, TLR4, and RAGE in the
spinal dorsal horn were examined by immunofluorescence
staining, Western blot, and real-time quantitative PCR
(qPCR) following repeated i.t. administrations of morphine.
Compared to the saline group and naive rats, rats receiving

@ Springer

repeated i.t. injections of morphine exhibited markedly in-
creased immunoreactivity (IR) for HMGB1 (Fig. 1b-d),
TLR4 (Fig. le-g), and RAGE (Fig. 1h-j) in the spinal dorsal
horn. Western blot results showed a significant increase in the
expression of HMGBI1, TLR4, and RAGE in the dorsal horn
of the lumbar enlargement segments. A significant difference
in HMGBI expression compared to that in the rats in the
control group (which received saline i.t. for 6 days) occurred
at day 3 and persisted until day 7 of treatment in the rats
receiving morphine injections (* P < 0.05 vs. control, Fig.
1k). Chronic i.t. morphine exposure also increased the expres-
sion of TLR4 and RAGE in the spinal cord. A significant
increase in TLR4 and RAGE expression compared to that in
the rats in the control group occurred on day 1, peaked on day
5, and lasted until day 7 (* P < 0.05, ** P < 0.01, Fig. 1k) of
treatment. Moreover, morphine exposure also led to an in-
crease in the expression of HMGBI1 in L4 and L5 DRGs (data
not shown). To further verify the above protein changes, the
mRNA expression levels of HMGB1, TLR4, and RAGE in
the dorsal horn of the lumbar enlargement were examined by
qPCR. Compared to the rats in the i.t. saline group and the
naive rats, rats receiving chronic i.t. morphine exposure ex-
hibited a significant increase in the expression of HMGBI,
TLR4, and RAGE mRNA, which occurred on day 1, peaked
on day 3, and persisted until day 7 of the morphine injections
(* P<0.05, ** P<0.01, *** P <0.001 vs. saline group. Fig.
11). To exclude the results caused by possible inflammatory
reactions following repeated i.t. injections, repeated subcuta-
neous (s.c.) injections of morphine in mice (15 mg/kg, once
daily for 9 days) were performed to observe morphine-
induced HMGB1 mRNA expression in the spinal cord. The
results of the qPCR assay showed that, s.c. morphine led to
significantly increased expression of HMGB1 mRNA in the
dorsal horn compared to that induced by the control treatment
(saline s.c.), which started at day 1 (P < 0.05), peaked at day 3
(P < 0.01), and persisted until day 9 (P < 0.05, Fig. 1m) of
morphine injections. Taken together, these results indicate that
chronic i.t. morphine exposure stimulates the expression of
HMGBI, TLR4, and RAGE in the spinal dorsal horn.

Based on the above findings, double immunofluorescence
staining was performed to examine the cell types that express
HMGBI1, TLR4, and RAGE in the spinal cord in rats that
receive i.t. administration of morphine and vehicle (saline)
alone. In vehicle-treated group, the results showed that there
was somewhat expression of HMGB1 in spinal neurons, as-
trocytes, and microglia (S1a-i), and a little TLR4 expressed in
astrocytes and microglia (S2a-i), and RAGE slightly
colocalized with NeuN and GFAP (S3a-i). However, in
morphine-treated group, the results revealed that HMGBI1
colocalized with the neuronal marker NeuN (Fig. 2a), the
astrocytic marker GFAP (Fig. 2b), and the microglial marker
0X42 (Fig. 2c¢). TLR4 also colocalized with NeuN, GFAP,
and OX42 (Fig. 2d-f). However, RAGE colocalized with
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Fig. 2 The cell types that express HMGB1, TLR4, and RAGE in the rats
spinal dorsal horn following repeated intrathecal (i.t.) injections of
morphine. (a-c) Representative images showing that HMGBI1
colocalized with the spinal neuronal marker NeuN (a), the astrocytic
marker GFAP (b), and the microglial marker 0X42 (c). (d-f)

NeuN extensively (Fig. 2g) and slightly with GFAP (Fig. 2h),
but not with OX42 (Fig. 2i). The separated images for merged
HMGBI1, TLR4, and RAGE were provided in supplemental
data S4, S5, and S6.

Morphine exposure increases the expression
and release of HMGB1 in primary cultured spinal
heurons

Given that chronic i.t. morphine exposure significantly in-
creased the expression of HMGBI1 and TLR4 in spinal neu-
rons and glial cells, spinal neurons from fetal rats were cul-
tured to observe the direct effect of morphine exposure on the
expression and release of HMGBI. First, the purity of the
cultured spinal neurons was examined by double immunoflu-
orescence staining. The results showed that the percentage of
neurons in the culture reached 88.7% (Fig. 3b-g). Second, the
expression of TLR4 protein and mRNA in the cultured

Representative images showing TLR4 colocalization with NeuN (d),
GFAP (e), and OX42 (f). (g-i) Representative images showing RAGE
colocalization with NeuN (g) and GFAP (h) but not with OX42 (i).
Images in a-i, scale bar = 50 pm.

neurons was examined because TLR4 plays an important role
in the active release of HMGBI. The results showed that both
the TLR4 protein (Fig. 3h-j) and mRNA (Fig. 3k-m)
colocalized with the neuronal marker NeuN. Finally, the
morphine-stimulated expression and release of HMGB1 were
examined. The Western blot results showed that morphine
challenge resulted in an increase in the expression of
HMGBI in the cultured spinal neurons. The significant differ-
ences in HMGBI expression in the treatment groups in the
dose-dependent experiment compared to that in the control
treatment (in which saline was added to the medium) occurred
at a concentration of 10 uM of morphine (P < 0.05), peaked at
20 uM (P < 0.01), and persisted to 160 uM (P < 0.05) (two-
way ANOVA, Fig. 3n). In another experiment, the cultured
neurons were challenged with 20 uM morphine for different
amounts of time. The results showed an increase in HMGB1
expression compared to that in the control cells (which re-
ceived saline added to the medium) started at 3 hours (P <
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Fig. 3 Effects of morphine exposure on the expression and release of
HMGBI in primary cultured spinal neurons. (A) Diagram of the timeline
of this experiment. (b-g) The cultured neuron purity was calculated by
labeling neurons with the neuronal marker MAP2 and glial cells with
GFAP (an astrocytic marker) and OX42 (a microglial marker). The im-
ages were merged in (d) and (g). Scale bar = 50 um. (h-j) Representative
images showing the colocalization of the neuronal marker NeuN (h) with
the TLR4 protein (i) in cultured cells (j). (k-m) Images showing the
neuronal marker NeuN (K) colocalized with TLR4 mRNA (i) in cultured
cells (m). Images in h-m, scale bar = 50 pm. (n, 0) Morphine exposure

0.05), peaked at 12 hours (P < 0.01), and lasted until 48 hours
(P < 0.05) of morphine stimulation (two-way ANOVA, Fig.
30). Because HMGBI act as proinflammatory mediator only
when present extracellularly, the concentration of HMGBI in
the media was examined by ELISA. The results showed that
morphine challenge resulted in an increase in the release of
HMGBI in the media in a dose- and time-dependent manner
(Fig. 3p and q). The significant increase in HMGBI levels in
the media compared to those in the media of the control cells
(which received saline added to the media) occurred at a con-
centration of 10 uM morphine (P < 0.01), peaked at 20 uM (P
< 0.001), and persisted to 160 uM (P < 0.05) (two-way
ANOVA, Fig. 3p). In a time-dependent experiment, the sig-
nificant increase in HMGBI1 levels in cells treated with 20 uM
morphine compared to those in media of the control cells
occurred at 6 hours (P < 0.05), peaked at 12 hours (P <
0.01), and persisted until 48 hours (P < 0.05) of treatment
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promoted the expression of HMGBI in primary cultured spinal neurons
in a dose- (neurons were cultured with different concentrations of mor-
phine for 12 h) (n) and time- (neurons were cultured in medium contain-
ing 20 pM morphine for different amounts of time) (0) dependent man-
ner. * P < 0.05; ** P < 0.0; *** P < (0.001 vs. control group. (p, q)
Morphine challenge resulted in the increased release of HMGBI from
cultured neurons in a dose- (p) and time- (q) dependent manner. * P <
0.05; ** P<0.01; *** P <0.001 vs. control group. Data are presented as
the mean + SEM and were analyzed with two-way ANOVA.

(two-way ANOVA, Fig. 3q). Although the main source of
HMGBI1 may be the expression and release of the protein
from spinal glial cells in vivo, the above results provide direct
evidence that morphine stimulation leads to the increased ex-
pression and release of HMGBI.

Intrathecal glycyrrhizin, an inhibitor of HMGB1,
and HMGB1 siRNA impair the development

of morphine-induced analgesic tolerance

and hyperalgesia

We further evaluated the role of spinal HMGBI in the devel-
opment of morphine tolerance and morphine withdrawal-
induced hyperalgesia. As previously reported [26], repeated
twice-daily intrathecal injections of 10 g morphine plus ve-
hicle (saline) for 6 days led to a time-dependent decrease in
morphine’s maximal potential analgesic effect (MPAE). The
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MPAE:s on days 3, 5, and 7 postinjection compared with those
on day one were reduced by 2.0%, 73.2%, and 96.31%, re-
spectively (Fig. 4b). Because recent studies have shown that
glycyrrhizin (GL) works as an HMGB1 inhibitor and can bind
directly to HMGBI1 and inhibit its extracellular cytokine
activities [20, 21, 38], i.t. coinjections of morphine with GL
were performed. The results showed that the reduction of
morphine’s MPAE was prevented by the once-daily coadmin-
istration of GL with morphine. Compared with that in the
morphine plus vehicle group, the MPAE in the morphine plus
GL groups decreased 69.2% at a GL concentration of 10 pg,
48.4% at 20 png, and 23.42% at 40 pg of GL on day 7 (Fig.
4b). The basal MPAE value was not changed when rats re-
ceived GL (40 pg/d, i.t.) alone. Consistent with previous re-
ports, 6 days of repeated intrathecal morphine injections in-
duced mechanical and thermal pain hypersensitivities on day
8, one day after morphine withdrawal. The paw withdrawal
thresholds (PWTs) in response to mechanical stimuli were
reduced by 63.1% and 64.7% in the left and right hand paws,
respectively, compared with those at baseline, and paw with-
drawal latencies (PWLs) in response to thermal stimuli were
reduced by 49.72% and 47.28% in left and right hind paws,
respectively (data for the right paw are not shown, Fig. 4c and
d). These reductions were partially prevented by the coadmin-
istration of GL dose-dependently. The coinjection of GL clear-
ly reduced the decrease in the PWTs (Fig. 4c) and PWLs
compared to that observed upon control treatment (morphine
plus vehicle) (Fig. 4d). GL alone did not alter basal paw with-
drawal responses to mechanical and thermal stimuli (Fig. 4c
and d).

To further confirm our pharmacological results, repeated
i.t. injections of HMGBI1 siRNA were performed to inhibit
HMGBI1 expression in the spinal cord. Behavioral data
showed that the reduction of the MPAE following 6 days of
i.t. morphine administration was dramatically prevented by
coinjections of HMGB1 siRNA once daily for 5 days.
Compared with that in the morphine plus vehicle and mor-
phine plus scramble RNA groups, the MPAE in the morphine
plus HMGBI siRNA group decreased 33.5% on day 7 (P <
0.01, Fig. 4e). The morphine withdrawal-induced mechanical
allodynia and thermal hyperalgesia were also alleviated in rats
that received HMGB1 siRNA treatment (left PWT: P < 0.001
vs. morphine plus vehicle or morphine plus scRNA, Fig. 4f;
left PWL: P < 0.05 vs. morphine plus vehicle or morphine
plus scRNA, Fig. 4g). Repeated i.t. injections of HMGBI
siRNA or vehicle (transfection reagent) alone did not change
the basal tail-flick response to thermal stimulation and
morphine-induced hyperalgesia (Fig. 4e-g). Western blot data
showed that the level of HMGBI protein in the L4-6 spinal
cord in the morphine plus vehicle group increased 2.12-fold
compared to that in the vehicle alone group. This increase was
clearly inhibited by the coadministration of HMGB1 siRNA
(morphine plus vehicle vs. morphine plus HMGBI1 siRNA: P

< 0.001) but not by HMGBI1 scramble RNA (P > 0.05, Fig.
4h). The results of qPCR showed that the i.t. administration of
HMGBI siRNA significantly inhibited the morphine-induced
expression of HMGB1 mRNA in the spinal cord (morphine
plus vehicle vs. morphine plus HMGBI siRNA: P < 0.001,
Fig. 4i).

Intrathecal GL and an HMGB1 neutralizing antibody
partially reverse established morphine tolerance
and hyperalgesia

We also investigated the role of spinal HMGBI1 in the main-
tenance of morphine tolerance and hyperalgesia. GL or an
HMGBI neutralizing antibody was administered with mor-
phine intrathecally beginning on day 7 (a time point at which
morphine tolerance and hyperalgesia have been fully
established) of an 11-day course of morphine injections. The
results showed that both the GL and HMGBI neutralizing
antibody treatments clearly reversed the morphine-induced
reduction in MPAE and the morphine withdrawal-induced
decreases in PWTs and PWLs (Fig. 5). Compared with that
of the control (morphine plus vehicle) group, the MPAE
increased 68.28% (Fig. 5b), the PWT increased 3.7-fold
(Fig. 5¢), and the PWL (Fig. 5d) increased by 41.1% in the
morphine plus GL group. Repeated i.t. injections of GL (40
pg) or saline alone did not change the basal values of the
MPAE, PWTs, and PWLs (Fig. 5b-d). In the group of rats
treated with the HMGBI neutralizing antibody (2 png, once
daily for 3 days), the MPAE increased by 43.74% (Fig. Se),
the PWT increased 2.3-fold (Fig. 5f), and the PWL (Fig. 5g)
increased 42.8%, compared to the values in the rats treated
with morphine plus vehicle or with morphine plus control
IgG. The basal values of the MPAE, PWTs, and PWLs were
not changed in rats that received the HMGB1 neutralizing
antibody or ACSF i.t. injection alone (Fig. Se-g).

The role of spinal HMGB1 in morphine tolerance
and morphine withdrawal-induced hyperalgesia
in female rats

To compare the effect of spinal HMGB1 in morphine toler-
ance between male and female rats, the expression of
HMGBI1, TKLR4, and RAGE in the spinal dorsal horn in
female rats were also examined following 6 days of repeated
1.t. injections of morphine. As observed in male rats, the mor-
phine treatment also elicited significant increase in the expres-
sion of HMGB1, TKLR4, and RAGE in the spinal dorsal horn
(Fig. 6a). Compared with control group, the statistical differ-
ence occurred on day 1, peaked on day 5, and persisted until
stopping morphine treatment (* P < 0.05, ** P < 0.01, Fig.
6a). Behavioral data assay showed that the repeated injections
of morphine resulted in significant reduction of morphine’s
MPAE at day 7. But this decrease was partially prevented by
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Fig. 4 The role of the chronic i.t. morphine exposure-induced upregula-
tion of HMGBI in the spinal dorsal horn in the development of analgesic
tolerance and hyperalgesia. (a) Diagram of the timeline of this experi-
ment. (b) Repeated i.t. injections of morphine led to a significant reduc-
tion in morphine’s maximal possible analgesic effect (% MPAE). # P <
0.05; ## P < 0.01 vs. day one. Data are presented as the mean + SEM and
were analyzed by two-way ANOVA. Intrathecal coadministration of mor-
phine (Mor) plus glycyrrhizin (GL), an inhibitor of HMGBI, dose-
dependently prevented the decrease in the MPAE. * P < 0.05; ** P <
0.01; *** P < 0.001 vs. morphine plus vehicle (Veh) group (one-way
ANOVA). (¢, d) Chronic i.t. morphine exposure resulted in decreased
paw withdrawal threshold (PWT) (¢) and paw withdrawal latency
(PWL) (d) in the left hind paw. ## P < 0.01 vs. baseline. Repeated
intrathecal coinjections of morphine plus GL prevented the reduction in
PWT and PWL after morphine withdrawal. * P < 0.05; ** P < 0.01 vs.
morphine plus vehicle group (Student’s #-test). The basal tail-flick re-
sponse, PWT and PWL were not changed by repeated i.t. injections of
GL alone. (e) Repeated i.t. injections of morphine plus vehicle (Veh:
transfection regent) or morphine plus scramble (sc) RNA resulted in
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significant reductions in the MPAE at day 5 and day 7. ## P < 0.01 vs.
day one (two-way ANOVA). This effect was clearly prevented by the
coadministration of morphine with HMGBI1 siRNA intrathecally. ** P
< 0.01; *** P < (0.001 vs. morphine plus vehicle or morphine plus
HMGBI1 scRNA (one-way ANOVA). (f, g) Repeated i.t. injections of
morphine plus vehicle or morphine plus HMGB1 scRNA led to signifi-
cant decreases in PWT (f) and PWL (g) in the left hind paw, but these
reductions were prevented by i.t. coinjections of morphine plus HMGB1
SiRNA. # P < 0.05, ## P < 0.01 vs. baseline; * P < 0.05, ** P < 0.01 vs.
morphine plus vehicle or morphine plus HMGB1 scRNA (Student’s #
test). The basal tail-flick response, PWT, and PWL were not changed by
repeated i.t. injections of HMGBI1 siRNA or transfection regent alone. (h,
i) Repeated i.t. coinjections of morphine plus vehicle or morphine plus
HMGBI scRNA led to significantly increased expression of the HMGB1
protein (h) and HMGB1 mRNA (i) in the spinal dorsal horn. These effects
were inhibited by i.t. coadministration of morphine with HMGB1 siRNA.
* P <0.05, #* P<0.01 vs. vehicle group; ### P < 0.001 vs. morphine
plus vehicle or morphine plus scramble RNA (one-way ANOVA).
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Fig.5 The effects of repeated i.t. administration of glycyrrhizin (GL) and
an HMGBI1 neutralizing antibody on established morphine tolerance and
hyperalgesia. (a) Diagram of the timeline of this experiment. (b-d)
Repeated i.t. coinjections of morphine plus vehicle (saline) resulted in a
significant decrease in the MPAE on day 7, day 9 and day 11. ### P <
0.001 vs. day one (two-way ANOVA) (b). This reduction was reversed by
the i.t. coadministration of morphine with GL started at day 7. ** P <
0.01, *** P < (0.001 vs. morphine plus vehicle group (Student’s r-test).
The morphine withdrawal-induced reductions in PWT (¢) and PWL (d) in
the left hind paw were also partially reversed in the morphine plus GL
group. # P < 0.05, ### P < 0.001 vs. baseline. * P <0.01, ** P<0.01 vs.
morphine plus vehicle group (Student’s #-test). The basal tail-flick

the pretreatment of i.t. injection of GL (Morphine plus GL vs.
Morphine plus Vehicle group, ** P < 0.01, *** P < 0.001. ##
P < 0.01, ## P < 0.001 vs. day 1. Fig. 6b). The morphine
withdrawal-induced reductions of PWT and PWL were also
partially prevented by the treatment (# P < 0.05, ## P < 0.01
vs. baseline. * P < 0.05 vs. morphine plus vehicle group. Fig.
6¢, d). When i.t. injection of HMGBI neutralizing antibody
started at day 7, a time-point of morphine tolerance has been
established fully, the decreased morphine’s MPAE and mor-
phine withdrawal-induced reductions of PWT and PWL were
also partially reversed (* P < 0.05, ** P<0.01, *** P < (0.001

response, PWT, and PWL were not changed by repeated i.t. injections
of GL or saline alone. (e) The reduction in the MPAE induced by repeated
i.t. injections of morphine were also partially reversed by the i.t.
coinjection of morphine with an HMGBI neutralizing antibody starting
at day 7. * P < 0.05, ** P < 0.01 vs. morphine plus vehicle group
(Student’s #-test). (f, g) Coadministration of morphine with an HMGB1
neutralizing antibody alleviated morphine withdrawal-induced mechani-
cal allodynia (f) and thermal hyperalgesia (g). * P < 0.05 vs. morphine
plus vehicle group (Student’s #-test). The basal tail-flick response, PWT,
and PWL were not changed by repeated i.t. injections of control IgG or
ACSF alone. ACSEF: artificial cerebrospinal fluid; Mor: morphine; Veh:
vehicle.

vs. morphine plus vehicle group. # P < 0.05, ## P < 0.01, ###
P < 0.001 vs. baseline or day 1. Fig. 6e-g).

The morphine withdrawal-induced spontaneous pain was
also examined after 7 days repeated i.t. injections of morphine
in male (Fig. 6h) and female rats (Fig. 61), respectively. All rats
showed equivalent preconditioning time in the vehicle-, clo-
nidine-, and GL-paired groups, indicating no preconditioning
bias for either group (Fig. 6h and i). After rats received vehi-
cle, clonidine, and GL i.t. injection, the times that spent in
chambers between vehicle-, clonidine-, and GL-paired group
were not reached statistical difference at testing day (Fig.
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Fig. 6 The role of spinal HMGBI1 in morphine tolerance and morphine
withdrawal-induced hyperalgesia in female rats. (a) Repeated intrathecal
(i.t.) injections of morphine led to a significant increase in the expression
of HMGBI, TLR4, and RAGE proteins in the spinal dorsal horn. * P <
0.05, ** P < 0.01 vs. control group (i.t. injection of saline daily for 6
days). (b) Intrathecal coadministration of morphine (Mor) plus
glycyrrhizin (GL), an inhibitor of HMGBI, prevented the decrease in
the MPAE. * P < 0.05; ** P < 0.01; *** P < 0.001 vs. morphine plus
vehicle (Veh) group (one-way ANOVA). (c, d) Repeated intrathecal
coinjections of morphine plus GL prevented the reduction in PWT and
PWL after morphine withdrawal. * P < 0.05; ** P < 0.01 vs. morphine
plus vehicle group (Student’s #-test). (e) The reduction in the MPAE
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induced by repeated i.t. injections of morphine were also partially re-
versed by the i.t. coinjection of morphine with an HMGBI1 neutralizing
antibody starting at day 7. * P < 0.05, ** P < 0.01 vs. morphine plus
vehicle group (Student’s #-test). (f, g) Coadministration of morphine with
an HMGBI neutralizing antibody alleviated morphine withdrawal-
induced mechanical allodynia (f) and thermal hyperalgesia (g). * P <
0.05 vs. morphine plus vehicle group (Student’s r-test). (h, 1) All rats,
male (h) and female (i) showed equivalent time in the pairing chambers
prior to conditioning day. After rats received vehicle, clonidine, and GL
i.t. injection, the times that spent in chambers between vehicle-, clonidine-
, and GL-paired group were no reached statistical difference at testing day
in male(h) and female rats (i).
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6h, 1). It implies that morphine withdrawal did not lead to
spontaneous pain in male and female rats.

The signaling pathway involved

in the morphine-mediated increased expression
and release of HMGB1 in cultured spinal neurons
and in spinal cord

Previous studies have revealed that not only opioid recep-
tors but also TLR4 likely function as receptors of mor-
phine in the spinal cord [5]. To investigate the signaling
pathway of morphine-induced HMGBI1 expression and
release, an in vitro study was performed with primary
spinal neuron culture. CTOP, a specific antagonist of p-
opioid receptors; TAK-242, a specific antagonist of
TLR4; and naloxone (50 pug), a nonspecific opioid recep-
tor antagonist that has also been demonstrated to act as a
TLR4 antagonist were added to media alone or in combi-
nation with morphine. Compared with control treatment
(saline plus vehicle), morphine plus vehicle treatment led
to a markedly increased expression in HMGBI in cultured
spinal neurons (P < 0.05). This increase was not
prevented in the morphine plus CTOP group (P > 0.05,
Fig. 7b), whereas it was clearly inhibited when the cells
were treated with morphine plus TAK-242 (morphine plus
vehicle vs. morphine plus TAK-242: P < 0.05, Fig. 7c) or
morphine with naloxone (morphine plus vehicle vs. mor-
phine plus naloxone: P < 0.05, Fig. 7d). The basal expres-
sion levels of HMGB1 were not changed by treatment
with CTOP, TAK-242, or naloxone alone. To further con-
firm these pharmacological observations, TLR4 siRNA
was used to knockdown the expression of TLR4 in the
cultured spinal neurons. In the morphine plus TLR4
siRNA group, but not in the scrambled RNA group, the
expression of TLR4 decreased 121.23% compared to that
in the morphine plus vehicle group (P < 0.05, Fig. 7e).
The morphine-induced increased expression of HMGBI
was significantly inhibited in the morphine plus TLR4
siRNA group (P < 0.05 vs. morphine plus vehicle
group, Fig. 7e). Similar to the effect of CTOP treatment
on morphine-induced HMGB1 expression, the HMGB1
levels in media were not changed significantly in the
group receiving morphine with CTOP (P > 0.05 vs.
morphine plus vehicle group, Fig. 7f). However, the re-
lease of HMGB1 from cultured neurons treated with mor-
phine with TAK-242 (P < 0.01 vs. morphine plus vehicle
group, Fig. 7g), morphine with naloxone (P < 0.01 vs.
morphine plus vehicle group, Fig. 7h), and morphine with
TLR4 siRNA (P < 0.05 vs. morphine plus vehicle group,
Fig. 7i) decreased significantly. The release of HMGBI in
the vehicle alone-treated group were not changed com-
pared to that in the normal control group (in which noth-
ing was added to the media), in the above 4 experiments

(Fig. 7f-1). To assess the quantity of HMGBI1 released
from dead cells, the neuronal death assay was performed
by double staining cultured neurons with propidium io-
dide (PI, red staining, to label dead cells) and Hoechst
33342 (to label all cells). The result showed that the death
rate between the normal and morphine-treated cells was
not changed significantly (0 uM morphine vs. 20 uM
morphine: 12.31 + 3.69% vs. 13.78 + 4.17%, P > 0.05,
Fig. 7j-m). This implies that the morphine-induced in-
crease in expression and release of HMGBI in cultured
spinal neurons might be mediated by TLR4 signaling.

Then, an in vivo study was carried out to further validate
the role of TLR4 signaling in morphine-mediated spinal
HMGBI expression through the coadministration of mor-
phine with TAK-242 intrathecally. Compared with injec-
tions of the control treatment (saline plus vehicle), i.t. in-
jections of morphine plus vehicle resulted in a significant
increase in the expression of p-p65 in the dorsal horn of the
lumbar enlargement segments (Fig. 8a). This increase was
clearly inhibited by the coinjection of morphine with TAK-
242 (20 pg once daily for 3 days) (P < 0.01, Fig. 8a). In
addition, the intrathecal morphine-induced enhanced ex-
pression of HMGBI1 in the spinal cord was markedly
inhibited by the coinjection of morphine with TAk-242
(morphine plus vehicle vs. morphine plus TAK-242: P <
0.05, Fig. 8a). To further confirm that TLR4/NF-«kB sig-
naling activation mediates HMGB1 expression, repeated
i.t. injections of morphine with PDTC (0.5 pug once daily
for 3 days), an inhibitor of NF-kB activation, was per-
formed. The results showed that the increased expression
of HMGBI in the morphine plus vehicle group was signif-
icantly inhibited by i.t. injections of PDTC (morphine plus
vehicle vs. morphine plus PDTC: P < 0.05, Fig. 8b). As
reported by a previous study, repeated i.t. injections of
TAK-242 prevented the reduction of morphine’s MPAE
(morphine plus TAK-242 vs. morphine plus vehicle: * P
< 0.05, ** P < 0.01, Fig. 8c) and alleviated morphine
withdrawal-induced mechanical allodynia and thermal
hyperalgesia (morphine plus TAK-242 vs. morphine plus
vehicle: * P < 0.05, ** P < 0.01, Fig. 8d and c). These
results indicate that TLR4/NF-«B signaling activation me-
diates the increase in HMGB1 expression in the spinal cord
following repeated i.t. injections of morphine.

The molecular mechanisms of spinal
HMGB1-mediated morphine analgesic tolerance
and hyperalgesia

To investigate the mechanisms of HMGB1-mediated mor-
phine tolerance, the expression levels of NF-kB p-p65,
IkB—o, p-JNK, and p-p38 in the dorsal horn of the lumbar
enlargement were examined following repeated i.t. injec-
tion of HMGBI1 siRNA with morphine. Compared with
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Fig. 7 The signaling pathway involved in the morphine-mediated in-
crease in the expression and release of HMGB1 in primary cultured spinal
neurons. (a) Diagram of the timeline of this experiment. (b-e) The mor-
phine plus vehicle-induced increased expression of HMGBI in cultured
spinal neurons was not blocked by the treatment of morphine plus CTOP
(b) but was blocked by morphine plus TAK-242 (c), morphine plus nal-
oxone (d), and morphine plus TLR4 siRNA (e). The concentration of
morphine in the media was 20 uM, and the neurons were cultured for
12 hours. (f-i) The treatment of morphine plus CTOP in cultured spinal
neurons did not reduce the morphine-stimulated increase in the release of
HMGBI (f). However, morphine plus TAK-242 (g), morphine plus nal-
oxone (h), and morphine plus TLR4 siRNA (i) treatments resulted in

morphine plus vehicle treatment, coadministration of mor-
phine with HMGB1 siRNA resulted in a significant de-
crease in the expression of HMGBI1 (P < 0.01) and p-p65
(P < 0.01) and increased cytoplasmic IkB—o (P < 0.05).
However, levels of p-p38 (P > 0.05) and p-JNK (P > 0.05,
Fig. 9a) were not changed by the treatment. Morphine
plus scramble RNA did not affect the increase in the ex-
pression of spinal HMGB1 (* P < 0.05 vs. vehicle group)
and p-p65 (** P < 0.01 vs. vehicle group) or the decrease
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significant reductions in the release of HMGBI1 from cultured neurons.
Compared to the normal control neurons (in which nothing was added to
the media), the neurons treated with vehicle alone did not exhibit a change
in the levels of HMGBI released. * P < 0.05, ** P < 0.01 vs. control
(Vehicle). # P < 0.05, ## P < 0.01 vs. morphine plus vehicle (Veh: b, ¢, d,
f, g, and h: normal saline containing 10% DMSO; e and i: transfection
regent). Data are presented as the mean + SEM and were analyzed by one-
way ANOVA. (j-m) Images showing the results of the cell death assay for
cultured spinal neurons. (j) and (k) are the normal cultured neurons under
different magnifications. (1) and (m) are the neurons treated with mor-
phine and costained with Hoechst/propidium iodide (PI). Images in j
scale bar = 100 um; k-m scale bar = 50 um.

in the expression of IkB—« (* P < 0.05 vs. vehicle group,
Fig. 9a). The total levels of NF-kB p65, JNK, and p38
were not changed in the morphine plus vehicle, morphine
plus HMGBI1 siRNA, or morphine plus HMGB1 scramble
RNA groups compared to those in the vehicle group (data
not shown). This finding indicates that spinal NF-kB sig-
naling activation might mediate HMGB1 activity follow-
ing chronic i.t. morphine exposure. To further confirm
these results, i.t. injection of recombinant HMGBI in
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Fig. 8 Effects of TLR4/NF-kB signaling activation on the expression of
HMGBI in the spinal cord and the development of morphine tolerance
and hyperalgesia. (a) Repeated i.t. coinjections of morphine with TAK-
242 inhibited the phosphorylation of NF-«kB p65 and reduced HMGB1
expression. (b) Repeated i.t. coinjections of morphine with PDTC re-
duced HMGBI1 expression. Data shown in (a) and (b) are presented as
the mean + SEM and were analyzed by one-way ANOVA. * P < (.05, **
P <0.01 vs. control (i.t. saline containing 10% DMSO); # P < 0.05, ## P
< 0.01 vs. morphine plus vehicle group. (¢) Repeated i.t. coinjections of
morphine plus TAK-242 dose-dependently prevented the decrease in
morphine’s MPAE. ### P < 0.001 vs. day one (two-way ANOVA); * P

naive rats was performed. Compared with the control
treatment (i.t. injection of ACSF), bolus HMGBI i.t. in-
jection caused significantly increased expression of p-p65
starting at 3 hours (P < 0.05) and persisting to 6 hours (P
< 0.05, Fig. 9b) after injection into the spinal cord. Spinal
TNF-« and IL-1f3 expression was also upregulated 3
hours after HMGB1 administration (* P < 0.05, ** P <
0.01 vs. control, Fig. 9b). However, these increased ex-
pression levels were markedly inhibited by coinjection of
TAK-242 (# P < 0.05 vs. HMGBI plus vehicle, Fig. 9c¢).
Behavioral observations showed that the coinjection of
morphine with HMGBI led to significant reductions in
the MPAE (* P < 0.05 vs. morphine plus vehicle, Fig.
9d), which occurred one hour after the treatment. The
PWTs and PWLs in the hind paw were also decreased in
the animals receiving i.t. injection of HMGBI1 (* P < 0.05
vs. ACSF i.t., Fig. 9¢ and f), and this change occurred at 3
hours and persisted to 6 hours after the treatment. Taken

Bascline

1 d after Mor withdrawal

<0.05,** P<0.01, *** P<0.001 vs. morphine plus vehicle group (one-
way ANOVA). Repeated i.t. injections of saline or TAK-242 alone did not
change the basal MPAE value. (d, e) Chronic i.t. morphine exposure
resulted in decreased paw withdrawal threshold (PWT) (d) and paw with-
drawal latency (PWL) (e) in the left hind paw. ## P < 0.01 vs. baseline.
Repeated i.t. coinjections of morphine plus TAK-242 prevented the re-
duction in PWT and PWL after morphine withdrawal. * P < 0.05; ** P <
0.01 vs. morphine plus vehicle group (Student’s #-test). The basal tail-
flick response, PWT and PWL were not changed by repeated i.t. injec-
tions of TAK-242 alone.

together, these results imply that TLR4-NF-kB signaling
activation through the upregulation of TNF-« and IL-1f3
in the spinal dorsal horn may mediate HMGBI1 activity
during the development of morphine tolerance and
hyperalgesia.

Discussion

Here, we studied the role of spinal HMGBI in the patho-
genesis of morphine tolerance and hyperalgesia as well as
its underlying mechanisms. Our results showed that
chronic morphine exposure resulted in an increase in the
expression of HMGB1 and TLR4 in spinal neurons, as-
trocytes, and microglia. And these upregulations contrib-
ute to the development and maintenance of morphine tol-
erance and hyperalgesia via TLR4/NF-kB signaling
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Fig. 9 Signaling pathway of spinal HMGB1-mediated morphine toler-
ance and hyperalgesia. (a) Compared to morphine plus vehicle treatment,
intrathecal administration of morphine with HMGB1 siRNA inhibited the
increase in NF-kB p-p65 levels and the decrease in cytoplasmic IkB-o
levels. However, p-p38 and p-JNK levels were not changed by this treat-
ment. Data are presented as the mean + SEM and were analyzed by one-
way ANOVA. * P < 0.05, ** P < 0.01 vs. vehicle (Veh: transfection
regent); # P < 0.05, ## P < 0.01 vs. morphine plus vehicle or morphine
plus scramble (sc) RNA group. (b, ¢) A single i.t. injection of recombi-
nant HMGBI resulted in the increased expression of p-p65, TNF-« and
IL-1f3 in the dorsal horn at 3 hours, which persisted to 6 hours after the

mediated releasing of pro-inflammatory cytokines IL-1f3
and TNF-a.

Chronic morphine exposure increases the expression
of HMGB1 in the spinal dorsal horn

Compelling evidence has demonstrated that chronic morphine
exposure induces sterile neuroinflammation in the spinal cord,
which has been linked to the suppression of morphine analge-
sia as well as the enhancement of morphine tolerance and
hyperalgesia [5, 39, 40]. HMGBI1 has been implicated as a
key factor in the mediation of neuroinflammatory processes in
several pathophysiological conditions, including seizure, is-
chemia, and chronic pain [9, 11, 41]. However, whether
chronic morphine exposure can lead to the expression and
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injection (b). These effects were partially blocked by the coinjection of
HMGBI with TAK-242 (¢). * P < 0.05, ** P < 0.01 vs. control (i.t.
ACSF); # P < 0.05 vs. HMGBI plus vehicle (Veh: ACSF). (d) A bolus
i.t. coinjection of morphine with HMGB1 reduced the analgesic efficacy
of morphine. * P < 0.05 vs. morphine plus ACSF group. (e-f) Bolus i.t.
injection of HMGBI led to a reduction in the paw withdrawal threshold
(e) and paw withdrawal latency (f) in the left hind paw, which occurred at
3 hours and persisted to 6 hours after the injection. * P < 0.05 vs. baseline;
# P < 0.05 vs. ACSF group. ACSF: artificial cerebrospinal fluid. Data of
(d), (e), and (f) were analyzed by Student’s ¢-test.

release of HMGBI in the nervous system remains unclear.
In the current study, we found that chronic i.t. morphine in-
jection increased the expression of HMGBI in spinal dorsal
horn neurons, astrocytes, and microglia. qPCR results also
showed significantly increased expression of spinal HMGB1
mRNA following chronic i.t. morphine administration.
Results from female rats also showed clear increased repres-
sion expression of HMGBI in the spinal cord after repeated
i.t. injections of morphine. To observe the systemic effect of
morphine and to exclude the possible effect of i.t. injection
itself on HMGBI expression, an experiment of repeated s.c.
injections of morphine in mice was performed, and the result
showed an significant increased expression of HMGBI
mRNA in the dorsal horn. It implies that morphine works as
a potent inducer of HMGBI1 expression in spinal cord. It has
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been reported that HMGB1 can be detected in the cell culture
media and cytosol of BV2 cells, a microglial cell line, in
response to LPS stimulation and in human astrocytes in re-
sponse to IL-1 [8, 42]. In the present study, to obtain more
direct evidence of morphine-induced HMGB1 expression and
release, primary spinal neuron culture was used. We found
that morphine challenge led to the enhanced expression of
HMGBI in cultured neurons, which correlated with an in-
crease in the levels of the HMGBI1 protein in the culture me-
dia. These results indicating that morphine treatment not only
promote HMGBI expression, but also stimulate it release. Our
in vivo double immunofluorescence staining and a previous
study [43], in which a model of chronic pain was used,
showed that in addition to neurons, spinal astrocytes and mi-
croglia also displayed significantly increased expression of
HMGBI. Therefore, although the present study showed a di-
rect effect of morphine on cultured neurons on HMGBI re-
lease, in vivo conditions, the main source of HMGBI1 might
be its release from activated glial cells following morphine
exposure.

Signaling pathway of morphine-induced spinal
HMGB1 expression and release

It has been well documented that HMGBI release occurs ei-
ther passively or actively during pathogen invasion and tissue
injury. The passive release of HMGBI1 from dead, dying or
injured cells is rapid and associated with increased cell per-
meability, whereas active secretion occurs more slowly and is
initiated by membrane receptor interactions with extracellular
products and intracellular signal transduction in which TLR4
plays a critical role [9, 11]. Here, we found that the morphine-
induced increased expression and release of HMGBI in cul-
tured spinal neurons was suppressed by TAK-242, naloxone,
and TLR4 siRNA, but not by CTOP, a specific antagonist of
p-opioid receptors. Both TAK-242 and naloxone have been
identified as antagonists of TLR4 [44]. By double immuno-
fluorescence staining and Hoechst/propidium iodide
costaining of cultured cells, we found that the neuron purity
reached 88.7% and the cell death rate was less than 14%.
Using a method of fluorescence in situ hybridization com-
bined with immunofluorescence staining, we found that both
the TLR4 protein and mRNA colocalized with the neuronal
marker NeuN in cultured spinal neurons. Therefore, the source
of HMGBI in media was likely TLR4-mediated active release
from cultured neurons following morphine exposure. Our
in vivo study indicated that repeated intrathecal coinjections
of morphine with TAK-242 also resulted in the reduced ex-
pression of HMGBI, which correlated with inhibited NF-xB
activation in the dorsal horn. Double immunofluorescence
staining revealed that both TLR4 and HMGBI colocalized
with spinal neurons, astrocytes, and microglia. Token together
these in vitro and in vivo results have provided clear evidence

and indicate that TLR4/ NF-«kB signaling activation mediates
the increase in HMGBI1 expression and its release in the spinal
cord following chronic morphine exposure. Hutchinson et al.
[15] reported that repeated i.t. coinjections of morphine with
TAK-242 prevents the reduction of morphine’s MPAE and
alleviates morphine withdrawal-induced hyperalgesia.
However, previous studies have reported contradictory find-
ings regarding the cell types that express TLR4 in the nervous
system. Some researchers have reported that TLR4 is
expressed in neurons and satellite glial cells in the DRG and
is highly expressed in microglia, somewhat in astrocytes, but
not in neurons in the central nervous system [45]. Liu et al.
[46] reported that in addition to astrocytes displaying robust
expression of TLR4, spinal neurons are also positively stained
in a chronic itch model. In the brain, the HMGB1-TLR4 path-
way is upregulated in the neurons and astrocytes inside focal
cortical dysplasia type II lesions in children [47] as well as in
short- and long-term cultures of rat hippocampal neurons [48].
We think these discrepancies may be due to the different
models and time points used. Although our in vitro study
showed a direct effect of morphine-mediated HMGBI release
from cultured spinal neurons, the main source of HMGBI1
in vivo may be spinal glial cells, which are mediated by
TLR4/NF-kB signaling activation.

Spinal HMGB1 level upregulation is involved
in the development and maintenance of morphine
tolerance and hyperalgesia

Although the role of HMGBI in chronic pain has been impli-
cated by previous studies [41], the role of HMGBI1 in mor-
phine tolerance and morphine withdrawal-induced
hyperalgesia still remains elusive. Our present study in male
and female rats found that chronic i.t. morphine exposure
results in the upregulation of HMGBI in the spinal cord and
the reduction of morphine’s MPAE at day 7 of repeated i.t.
injections of morphine. Morphine withdrawal induced clear
mechanical allodynia and thermal hyperalgesia, but no spon-
taneous pain when examined by CPP. Spinal HMGBI1 knock-
down or i.t. injection of GL, an inhibitor that can bind directly
to HMGBI and inhibit its extracellular cytokine activities [20,
21, 38], effectively prevented the reduction in morphine’s
MPAE and alleviated mechanical allodynia and thermal
hyperalgesia after morphine withdrawal. Established
morphine tolerance was also partially reversed by i.t.
injections of an HMGBI1 neutralizing antibody and GL.
Because chronic i.t. morphine exposure also increased the
expression of HMGBI1 in L4 and L5 DRGs, it cannot be
excluded that the effect of intrathecal HMGBI1 siRNA, GL,
and an HMGBI neutralizing antibody on morphine tolerance
involved the DRG. These results imply that morphine-
induced upregulation of HMGBI in spinal cord was involved
in the development and maintenance of morphine tolerance
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and morphine withdrawal-induced hyperalgesia. Recently,
Grace et al. [49] reported that a short course of morphine
treatment starting 10 days after chronic sciatica nerve injury
results in increased spinal HMGBI release via TLR4 and
P2X3R that is responsible for maintaining persistent allodynia
after morphine ceases. This is the only published paper that
has observed this effect of morphine treatment on spinal
HMGBI1 expression in established neuropathic pain. Their
results support our present finding that morphine-mediated
HMGBI1 expression is involved in morphine tolerance and
spinal pain processing.

Downstream molecular mechanisms of spinal
HMGB1-mediated morphine tolerance

Previous studies have revealed that HMGB1 mediates its activ-
ities by serving as a ligand for several different receptors, in-
cluding TLR2, TLR4, TLRS, TLRY, and RAGE [9]. HMGBI
mediates the chemotaxis, proliferation, and differentiation of
immune cells and other cells through RAGE signaling.
Additionally, HMGB1-mediated TLR4 signaling is a strong
inducer of cytokine production in a fashion strictly dependent
on the redox state of HMGBI [11, 12]. In a paradigm of 6-day
it. injections of morphine, we detected markedly increased ex-
pression of TLR4 and RAGE in the spinal dorsal horn. This
finding is in agreement with previous studies [39, 50].
However, the mechanisms of morphine-induced upregulation
of TLR4 in central nervous system (CNS) still remain elusive. It
has been reported morphine exposure results in a down-
regulated TLR4 expression via p-opioid receptor in cultured
murine macrophages [51]. But, a p-opioid receptor-indepen-
dent increased expression of TLR4 is evidenced in the spinal
cord and brain following chronic morphine exposure [52]. It
suggests that may have different mechanisms of morphine-
induced TLR4 expression between peripheral and CNS, and
its detail signal pathway still need to further study in future.
We also found that spinal HMGB1 knockdown by i.t. injection
of HMGBI siRNA clearly reduced the phosphorylation level of
NF-kB p65 and increased cytoplasmic IkB-o (an inhibitor of
NF-kB p65 translocation to the nucleus and degradation after
dissociation from p65) but did not influence the activation of
MAPK p38 and JNK in the spinal cord following chronic i.t.
morphine exposure. It indicates that morphine-induced TLR4/
NF-kB signaling activation dependent on the effect of spinal
HMGBI. To further verify the signal pathway and the effect of
spinal HMGB1 on morphine’s analgesic efficacy, a bolus i.t.
injection of recombinant disulfide HMGBI1 in naive rats was
performed because only disulfidle HMGB1 combines with
TLR4 and exhibits proinflammatory cytokine activity [53,54].
Our results showed that a single dose of HMGBI 1i.t. injection
caused a significant reduction in morphine’s MPAE and pain-
related hypersensitivity in the hind paws. Moreover, the expres-
sion levels of phosphorylated NF-kB p65, TNF-«, and IL-1(3
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in the spinal cord were also significantly increased after
HMGBI i.t. injection and blocked by coinjection of TAK-
242. These results imply that spinal HMGBI is sufficient to
lead to spinal neuroinflammation and reduce the analgesic effi-
cacy of morphine and that the effects are dependent on TLR4/
NF-kB signaling activation. Our results also imply that may
have a positive loop which started from morphine-mediated
TLR4 activation, ended at increased expression and release of
HMGBI, IL-1p3, and TNF-«, and backed by the HMGBI to
cause stronger TLR4/NF-kB signaling activation and more se-
cretions of HMGBI, IL-1(3, and TNF-« in spinal cord, and at
last decreased the analgesic effect of morphine by aggravating
the local neuroinflammation. Therefore, the inhibition of
HMGBI release and activity might be a promising therapeutic
strategy to prevent morphine tolerance in the clinic. Moreover,
our present study also observed significantly increased expres-
sion of RAGE mRNA and protein in the spinal cord following
repeated i.t. injection of morphine. Hence the response of
RAGE to chronic i.t. morphine exposure needs to be verified
in the future.

Conclusions

The present study have provided evidence, for the first time in
our knowledge, that inhibition of spinal HMGBI1 activity ef-
fectively prevented the reduction of analgesic tolerance, and
alleviated morphine withdrawal-induced hyperalgesia. The
underlying mechanisms involves in the inhibition of
HMGBI-mediated IL-13 and TNF-«x release. Therefore, the
HMGBI inhibitor might be a promising adjuvant to morphine
in treatment of intractable pain in the clinic, which it may not
only prevent the development of morphine tolerance, but also
reduce its side effects.
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