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The easily developed morphine tolerance in bone cancer pain (BCP) significantly
hindered its clinical use. Increasing evidence suggests that histone deacetylases
(HDACs) regulate analgesic tolerance subsequent to continuous opioid exposure.
However, whether HDACs contribute to morphine tolerance in the pathogenesis of
BCP is still unknown. In the current study, we explored the possible engagement
of HDAGCs in morphine tolerance during the pathogenesis of BCP. After intra-tibia
tumor cell inoculation (TCI), we found that the increased expression of HDACs was
negatively correlated with the decreased expression of MOR in the DRG following
TCI. The paw withdrawal threshold (PWT) and percentage maximum possible effects
(MPEs) decreased rapidly in TCI rats when morphine was used alone. In contrast, the
concomitant use of SAHA and morphine significantly elevated the PWT and MPEs of
TCl rats compared to morphine alone. Additionally, we found that SAHA administration
significantly elevated MOR expression in the DRG of TCI rats with or without morphine
treatment. Moreover, the TCl-induced increase in the co-expression of MOR and
HDAC1 in neurons was significantly decreased after SAHA administration. These results
suggest that HDACs are correlated with the downregulation of MOR in the DRG during
the pathogenesis of BCP. Inhibition of HDACs using SAHA can be used to attenuate
morphine tolerance in BCP.

Keywords: bone cancer pain, morphine tolerance, HDACs, SAHA, MOR

INTRODUCTION

As advances in cancer therapy have extended the life expectancy of cancer patients, improving the
quality of patient life is critically important (Siegel et al., 2017). Many common cancers, such as
those arising from breast, prostate, kidney, and lung avidly metastasize to multiple skeletons and
induce severe bone pain (Mantyh, 2013; Vignani et al., 2016). Bone cancer pain (BCP) is one of
the most difficult types of chronic pain to fully control and thus negatively affects the quality of
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life of patients (Weilbaecher et al., 2011; Falk and Dickenson,
2014). Opioids are the mainstay for analgesic therapy in advanced
cancer pain according to a 3-step “analgesic ladder” promulgated
by WHO in 1986. However, the repeated use of opioids can easily
cause analgesic tolerance, the hallmark feature of which is opioid
dose escalation to maintain adequate pain relief (King et al., 2005;
Trang et al., 2015).

It has been reported that patients suffering from BCP require
significantly higher doses of morphine than individuals with
inflammatory pain. Animal experiments have shown that doses
of morphine required to relieve BCP are 10 times higher
than those required to block peak inflammatory pain (Luger
et al, 2002; Mercadante and Fulfaro, 2007; Glauben et al,
2009; Yao et al, 2016). Opioid effects (e.g., analgesia and
tolerance) are predominantly mediated by the p-opioid receptor
(MOR) (Yao et al., 2016). Several studies have shown that
MOR expression is significantly decreased in the DRG in a
mouse model of BCP, whereas MOR expression in the DRG
of a mouse model of inflammatory pain was unchanged (Mao
et al, 1995; Yamamoto et al., 2008; Yao et al., 2016). This
finding suggests that patients with BCP prone to morphine
tolerance may be due to the downregulation of MOR in the
DRG. Histone deacetylases (HDACs) are emerging tools for
the modulation of gene transcription (Sahbaie et al, 2016).
Compelling evidence has suggested that HDACs are involved
in MOR gene silencing (Hwang et al., 2007; Hou et al., 2017).
Our previous research has indicated that the hypoacetylation
state of histones H3 and H4 contributes to the decreased
expression of MOR in the DRG during the development of
BCP (Zhu C. et al,, 2017). Thus, we hypothesize that the
downregulation of MOR in the DRG of BCP may be correlated
with the increased expression of HDACs, and inhibition of
HDACs could enhance MOR expression to attenuate morphine
tolerance.

Therefore, the objectives of the current study were to
explore the potential interactions between HDACs and MOR
in the DRG in the pathogenesis of BCP and to examine
the efficacy of SAHA, a clinically used HDACi, on morphine
tolerance during the pathogenesis of BCP. First, we examined
the expression of HDACs and MOR in the DRG and
their correlations during the pathogenesis of BCP. Then,
we investigated the analgesic effects of morphine on BCP
and ascertained whether co-administration of SAHA with
morphine can attenuate morphine tolerance in BCP. Finally,
we determined the effects of SAHA on MOR expression
following tumor cell inoculation (TCI) with or without morphine
treatment.

MATERIALS AND METHODS

Animals

Female Sprague-Dawley (SD) rats (weight, 180-200 g) were
provided by the Laboratory Animal Center of the Fourth
Military Medical University (FMMU). All animal procedures
were carried out in accordance with the recommendation
of the Principles of Laboratory (NIH Publication no. 85-23,

revised 1985) and the ethics committee of the International
Association for the Study of Pain (Zimmermann, 1983). The
study was approved by the ethics committee for Animal Care
and Use Committees of the FMMU prior to the onset of
the experiments (Permit number: 20160101). Two to three
rats were housed per cage in pathogen-free conditions under
controlled ambient temperature (22 £+ 2°C) and photoperiods
(12-h light-dark cycle). All rats were allowed to acclimate to
these conditions for 5 days before beginning baseline testing.
Animals were randomly divided into groups (n = 6-8). For
each group of experiments, animals were age- and body weight-
matched.

Intrathecal Implantation

After baseline tests, intrathecal implantation was performed as
described in previous study (Xu et al, 2014; Xu H. et al,
2015; Wang et al,, 2016). Briefly, an intrathecal PE-10 catheter
(Becton Dickinson, San Jose, CA, United States) was inserted
into the subarachnoid space of the lumbar enlargement under
complete anesthesia. To confirm the success of catheterization,
10 pL of lidocaine (2%) was injected through the catheter on
the next day. Rats showing immediate hind limb paralysis after
injection were considered to have successful placement and were
prepared for the BCP model. At the end of each experiment, the
position of the polyethylene tubing in the intrathecal space was
visually verified by exposing the lumbar spinal cord. Data from
rats with incorrect PE tubing position were discarded from the
study.

Cell Preparation

Walker 256 breast carcinoma cells were purchased from
American Type Culture Collection (ATCC, United States).
Briefly, Walker 256 cells (2 x 107 in 0.5 mL) were injected
into the abdominal cavity of female SD rats. After 7-10 days,
the produced ascites (approximately 2 mL) was collected and
centrifuged at 1,000 g for 3 min. The cells in the ascites were
then washed with 10 mL of sterile phosphate-buffered saline
(PBS) three times. The samples were subsequently suspended
in sterile PBS to a final concentration of 5 x 10° cells/10 L.
The cells were kept on ice before being used. The same final
concentration of cells was boiled for 20 min and used as the Sham

group.

Bone Cancer Pain Model

The BCP model was performed at 7 days after intrathecal
implantation. As described in our previous studies (Chen et al.,
2013; Hu et al., 2016), rats were anesthetized with sodium
pentobarbital (50 mg/kg, i.p.), and a minimal skin incision
(8-10 mm) was then made to expose the tibia. 10 pL of the
Walker 256 carcinoma cell suspension (5 x 10° cells in sterile
PBS solution) was slowly injected into the intramedullary cavity
of the medial aspect of the tibia. The syringe was then removed,
and the injection hole was plugged immediately with bone wax to
prevent any escape of tumor cells. In the Sham group, the same
procedures were followed, except that an equal volume of heat-
killed carcinoma cells was injected instead of normal carcinoma
cells.
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Drug Administration

Drug doses were selected based on previous reports and
our preliminary experiments (Wang et al, 2016; Xu et al,
2014; Xu J. et al, 2015). When the PWT of TCI rats were
significantly decreased on post-operative day (POD) 8, 20 g/kg
morphine diluted in 10 pL PBS (Northeast Pharmaceutical
Group, Shenyang, China) was administered intrathecally (i.t.,
diluted with sterile PBS) twice daily (at 8:00 am and 6:00 pm)
from POD 8 to POD 14. Sham rats treated with the same volume
of vehicle solution (PBS) were used as the control group.

SAHA (purchased from Selleck) was dissolved in
dimethylsulfoxide (DMSO, Sigma, St. Louis, MO, United States),
diluted in physiological saline to a final concentration of 5 mg/mL
(in 5% v/v DMSO) and stored at —20°C. SAHA (20 mg/kg, i.p.)
was injected intraperitoneally daily 30 min after behavioral tests
from POD 8 to POD 14. Sham rats treated with a vehicle solution
containing 5% DMSO were used as a control for the SAHA

group.

Radiological Analysis

To confirm cancer development in the tibia, TCI and Sham
rats were radiographed on POD 14. Rats were anesthetized with
sodium pentobarbital (50 mg/kg, i.p.), and placed prone on an
X-ray film (Henry Schein blue sensitive film, Henry Schein,
Melville, NY, United States), and then exposed to an X-ray source
(Emerald 125) for 1/20 s at 40 KVP. The X-ray film was developed
in a film developer (Konica SRX-101A, Konica Minolta, Tokyo,
Japan).

Bone Histology

On POD 14, the ipsilateral tibias were removed after euthanasia
and decalcified in 10% ethylene diamine tetraacetic acid
(EDTA; Sigma) solution for 3-4 weeks. The bones were rinsed,
dehydrated, embedded in paraffin, cut into 7-pwm cross-sections
using a rotary microtome (Reichert-Jung 820, Cambridge
Instruments GmbH, Nussloch, Germany), and stained with
hematoxylin and eosin (H&E) to visualize normal marrow
elements and cancer cells under bright field microscopy.

MicroCT Analysis

Tibias were carefully harvested, fixed in 4% paraformaldehyde
and stored at —80°C until scanning with a high-resolution
microCT (GE Healthcare, Madison, WI, United States). The
scans were performed in the long axis of the diaphysis with
the following basic scanning parameters: voltage of 80 kVp,
current of 80 pA, exposure time of 3000 ms, total rotation
angle of 360° and rotation angle increment of 0.4°. Analysis
was performed using Micview V2.1.2 software. The 3D data
sets were low-pass filtered and segmented with a fixed threshold
filter (1000 mg HA/cm®) according to current guidelines
(Bouxsein et al., 2010). For the quantitative analysis of bone
destruction, the volume of interest (VOI) was defined as a
round yellow region that started at a distance of 0.1 mm
from the top end of the growth plate and extended to the
proximal end of the tibia for a distance of 1.5 mm. Only
spongiosa was included in the VOI. The bone mineral density

(BMD) of the trabeculae was then calculated based on microCT
scanning.

Mechanical Allodynia Test

The animals were habituated to the testing environment for
5 days. Baseline testing was performed before and after
intrathecal implantation. Animals were discarded in the present
study when the difference of the baseline before and after
intrathecal implantation was greater than 4 g. The average of
these two baseline tests was recorded as the baseline data. Rats
were placed on wire mesh platforms in clear cylindrical plastic
enclosures 10 cm in diameter and 40 cm in height. After 30 min
of acclimation, PWT were tested using Von Frey filaments
(Stoelting, Kiel, W1, United States) by experimenters who were
blinded to group assignment. Fibers of sequentially increasing
stiffness (0.4, 0.6, 1.0, 2, 4, 6, 8, 10, 15, and 26 g) were applied
to the plantar surface, pressed upward to cause a slight bend
in the fiber and left in place for 5-6 s. Each filament was
applied 10 times, and the minimal value that caused at least six
responses was recorded as the paw withdrawal threshold (PWT).
Acute withdrawal, biting, licking or shaking of the ipsilateral
hind limb and vocalization were considered positive signs of
withdrawal.

Hot Plate Test

A hot plate test was carried out to assess the chronic morphine
tolerance according to previous research (Cai et al., 2016; Hu
et al, 2016). Rats were placed on a 55°C hot plate (Socrel
hot-plate model DS37, Ugo Basile, Italy). The response latency
to either a hind paw lick or a jump was recorded. In the
absence of a response, a cutoff time of 20 s was set to avoid
tissue damage. Before morphine administration, the hot plate
latency was measured three times. The average was used as the
pre-drug response latency. To confirm the analgesic effects of
morphine, the hot plate latency was measured three times at
30 min after each injection. The average was then used as the
post-drug response latency. The percentage of maximal possible
effect (MPE) was calculated, where MPE (%) = ([post-drug
maximum response latency—pre-drug response latency]/[cutoff
time {20 s} — pre-drug response latency]) x 100%.

Western Blot

Animals were anesthetized with pentobarbital (50 mg/kg,
ip.) and rapidly sacrificed by decapitation. The L4 and
L5 dorsal root ganglia (DRG) were subsequently dissected
on ice. Then, total protein was extracted using lysis buffer
(Beyotime, Shanghai, China) with a mixture of proteinases
(Roche, Tucson, AZ, United States). Protein concentrations of
the lysates were estimated and equalized using the bicinchoninic
acid (BCA) method (with reagents from Thermo Scientific,
Rockford, IL, United States). The electrophoresis samples
were then heated at 100°C for 5 min and loaded onto
10% SDS-polyacrylamide gels with standard Laemmli solutions
(Bio-Rad Laboratories, Hercules, CA, United States). The
separated proteins were subsequently electroblotted onto a
polyvinylidene difluoride membrane (Millipore, Billerica, MA,
United States). The membranes were placed in a blocking
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solution containing Tris-buffered saline with 0.02% Tween-20
(TBS-T) and 4% non-fat milk for 1 h and then incubated
overnight under gentle agitation with primary antibodies. The
following primary antibodies were used: rabbit anti-HDAC1 IgG
(1:1000, Cell Signaling Technology, Beverly, MA, United States),
rabbit anti-HDAC2 IgG (1:1000, Cell Signaling Technology),
and rabbit anti-MOR IgG (1:1000, Abcam, Cambridge, MA,
United Kingdom). The membranes were then developed using
enhanced chemiluminescence reagents (Amersham Life Science,
Amersham, United Kingdom) after incubation with horseradish
peroxidase-conjugated anti-rabbit secondary antibody (1:5000;
Amersham Pharmacia Biotech, Piscataway, NJ, United States).
Data were analyzed using a Molecular Imager (ChemiDoc XRS;
Bio-Rad) and the associated software Image] (National Institute
of Health, Bethesda, MD, United States).

Immunofluorescent Staining

On POD 14, rats were anesthetized and perfused through
the ascending aorta with 0.05 M PBS, followed by 4% (w/v)
paraformaldehyde in 0.1 M phosphate buffer (PB). The L4
and L5 DRGs were immediately removed and dehydrated for
24 h in 0.01 M PB containing 30% sucrose at 4°C. Transverse
frozen DRG sections (15 wm in thickness) were cut with a
cryostat (Leica CM1800; Heidelberg, Germany) and collected
serially into several dishes. Each dish contained a complete set
of serial sections that were processed for immunofluorescence
staining. The sections in the dish were rinsed in 0.01 M
PBS (pH 7.3) 3 times (10 min each) and blocked with 2%
normal donkey serum in 0.01 M PBS containing 0.3% (v/v)
Triton X-100, 0.02% (w/v) sodium azide, and 0.12% (w/v)
carrageen (pH 7.4, all purchased form Sigma) for 1 h at
room temperature (RT, 20-25°C). The sections were incubated
overnight at 4°C with the following primary antibodies: rabbit
anti-HDACI1 IgG (1:300, Sigma), rabbit anti-HDAC2 IgG (1:300,
Sigma), and mouse anti-MOR IgG (1:200, Sigma). For double
immunofluorescence, sections were incubated with a mixture
of two primary antibodies, followed by a mixture of the two
respective secondary antibodies: Alexa 488 donkey anti-rabbit
IgG (1:500, Invitrogen, Carlsbad, CA, United States) and Alexa
594 donkey anti-mouse IgG (1:500; Invitrogen). Confocal images
were obtained using a confocal laser microscope (FV1000;
Olympus, Tokyo, Japan), and digital images were captured
with a FluoView 1000 microscope (Olympus). The specificity
of the staining was tested on sections in the second dish by
omission of the primary specific antibodies. No immunoreactive
products were found on these sections. To determine the number
of neurons double-labeled for MOR and HDAC1 or HDAC2,
only neurons with clearly visible nuclei were counted. Neurons
were determined as MOR/HDAC1/HDAC?2 positive if the signal
intensity was three-fold higher than the background using
Stereo Investigator software (MicroBrightField, Williston, VT,
United States). The double-labeled neurons were then counted
in at least five randomly selected DRG sections per animal. To
prevent the duplicate counting of neuron cell bodies, sections
that were 50 pwm apart were counted for each DRG. The work
was performed by experimenters who were blinded to group
assignment.

Statistical Analyses

All data were collected by researchers who were blinded to
the surgeries and reagents used. GraphPad Prism version 5.01
for Windows (San Diego, CA, United States) was used to
conduct all statistical analyses. Nociceptive behavioral tests
completed over time among groups were tested with the non-
parametric Friedman test for repeated measures followed by g
test. Differences in Western blot and immunofluorescence values
over time for each group were tested using the non-parametric
Mann-Whitney U test. Pearson correlation was used for the
linear correlation analysis. Statistical significance was considered
when p < 0.05.

RESULTS

Severe Bone Destruction and Decreased
PWT Following TCI

Radiology data showed a large area of radiolucent lesions in
the proximal epiphysis of the tibias in the TCI group on POD
14, but no change was observed in the tibias in the Sham
group (Figure 1A). The H&E staining showed that the tibial
marrow cavity of TCI rats was filled with cancer cells (black
arrows), and osteoclastic resorption pits (red arrows) on the
surface of trabecular bone. In contrast, no cancer cells or
osteoclasts were observed in the tibia marrow cavity of Sham rats
(Figure 1B). Similarly, microCT scanning showed a large area
of radiolucent lesions in the epiphysis and erosion of cortical
bone in the tibia of TCI rats. The BMD of the tibia in the
TCI group was decreased significantly compared to that in the
Sham group (Figure 1C). Meanwhile, the PWT of ipsilateral
hind paws was continually decreased on POD 5, and then
remained at a significantly lower level until the experiment ended
(Figure 1D).

Decreased MOR Expression in the DRG
Following TCI

Immunofluorescent staining showed that the distribution of
MOR-like immunoreactivities (red fluorescence) was observed
in the DRG. The immunofluorescence intensity of MOR was
continually decreased in the DRG at multiple time points (sham,
POD 7 and POD 14) following TCI (Figure 2A). Consistently,
Western blot analysis showed that the MOR expression in the
DRG was decreased rapidly and significantly from POD 7 to POD
21 (Figures 2B,C).

The Correlations of the Expression of
MOR and HDACs in the DRG Following

TCI

To explore whether HDACs contribute to the decreased MOR
expression in the DRG of TCI rats, the expression of HDAC1
and HDAC2 were analyzed by Western blot. Our data showed
that the expression levels of HDAC1 and HDAC2 in the
DRG were increased significantly from POD 7 to POD 21
compared with those of Sham rats. The upregulation of HDAC1
(Figure 3A) and HDAC2 (Figure 3B) persisted until POD 21.
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FIGURE 1 | Tumor cell inoculation (TCI)-induced bone destruction and mechanical allodynia. (A) Radiographs of tibia bone in the Sham and the TCl rats on POD 14.
(B) H&E staining of the trabecular bone in tibia marrow cavity of the Sham and the TCI group on POD 14. Black arrows indicate the infiltrated cancer cells; red
arrows indicate osteoclastic resorption pits. Original magnification: 400x (C) Micro-CT scanning of proximal tibias in the groups of the Sham and the TCI on POD
14. Bone mineral density (BMD) of trabecular bone of the tibia in the TCI was significantly decreased compared to that in the Sham group (n = 4 rats in each group).
(D) PWT of the TCl rats was significantly decreased following TCI (n = 6 rats in each group). Data are expressed as the mean + SEM. **P < 0.01, ***p < 0.001
versus the Sham group.
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FIGURE 2 | The downregulation of MOR in the DRG following TCI. (A) Immunofluorescent staining of MOR (red fluorescence) in the DRG at multiple time points
(Sham, POD 7, and POD 14). Scale bar: 100 wm. Representative bands (B) and quantitative analysis of MOR expression (C) in the DRG at multiple time points
(Sham, POD 7, POD 14, and POD 21) following TCI (n = 4 in each group). Analysis was based on mean gray values, normalized to B-actin. Data were expressed as
mean + SEM. **p < 0.01, ***p < 0.001 versus the Sham group.

The relationship between the expression of HDACs and MOR and HDAC2 expression levels (Figure 3D, r = —0.8261,
was analyzed subsequently. Linear correlation analysis showed p < 0.001) were negatively correlated with MOR protein
that both HDAC1 (Figure 3C, r = —0.7812, p < 0.001) expression.
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was based on mean gray values, normalized to -actin. Data are expressed as the mean + SEM. ***p < 0.001 versus the Sham group. (C,D) The correlation
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The Analgesic Effects of Morphine on

TCIl-Induced Mechanical Allodynia

To assess the analgesic effects of morphine on BCP, 20 pg/kg
morphine was injected i.t. twice daily from POD 8 to POD
14 (Figure 4A). Compared with the TCI + Vehicle group, i.t.
administration of morphine significantly elevated the PWT of
ipsilateral hind paws of TCI rats on POD 8. However, the PWT
of TCI + Morphine was subsequently decreased on a gradual
manner. No significant differences were observed between the
PWT of the TCI + Vehicle group and the TCI + Morphine group
from POD 11 to POD 14 (Figure 4B). Morphine tolerance in the
Sham + Morphine and TCI + Morphine groups was measured
by hot plate test following morphine administration from POD 8
to POD 14. The MPEs in both groups were decreased gradually
(Figure 4C). However, the MPEs of the TCI + Morphine group
were significantly lower than those of the Sham + Morphine
group during the first 2 days of morphine exposure (Figure 4C).

The Effects of SAHA Administration on

Morphine Tolerance in BCP

Given that the decreased MOR expression was negatively
correlated with the increased HDAC expression in the DRG
following TCI, we then examined whether inhibition of HDACs
by SAHA, a clinically used HDAC inhibitor, can attenuate
morphine tolerance during the pathogenesis of BCP (Figure 5A).
First, we examined the analgesic effects of SAHA alone on

BCP. When 20 mg/kg SAHA was i.p. injected from POD 8 to
POD 14, the PWT of the TCI + SAHA + Vehicle rats was
significantly increased from POD 12 to POD 14 compared with
the TCI + Vehicle group (Figures 5A,B). Then we explored the
concomitant administration of morphine and SAHA on BCP.
TCI rats were treated with both morphine (20 pg/kg, i.t., twice
daily) and SAHA (20 mg/kg, i.p., once daily) from POD 8 to POD
14 (Figure 5A). Compared with the TCI 4+ Morphine + Vehicle
group, the PWT of the TCI + Morphine + SAHA rats was
significantly increased from POD 11 to POD 14 (Figure 5C).
In addition, the TCI + Morphine + SAHA group showed
significantly higher PWT than the TCI 4+ SAHA + Vehicle group
from POD 8 to POD 11 (Figure 5D). Finally, we analyzed the
effects of SAHA on morphine tolerance during the pathogenesis
of BCP by hot plate test. The quantitative analysis showed that
the MPEs of the TCI + Morphine + SAHA group were also
significantly higher than that of the TCI 4+ Morphine + Vehicle
group from POD 9 to POD 14, which indicated that the SAHA
administration could significantly attenuate the development of
morphine tolerance in BCP (Figure 5E).

The Effects of SAHA on HDAC and MOR
Expression in the DRG of TCI Rats With

or Without Morphine Treatment
Since HDACs can suppress gene transcription via promoting
the deacetylation of histones, we further investigated whether
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inhibiting HDACs by SAHA could rescue the decreased MOR
expression. When SAHA (20 mg/kg) was injected i.p. once daily
from POD 8 to POD 14, both HDACI (Figure 6A) and HDAC2
(Figure 6B) expression in the DRG were significantly decreased.
Conversely, the TCI-induced downregulation of MOR was
significantly upregulated on POD 14 (Figure 6C). Furthermore,
we examined the effects of SAHA on the expression of MOR,
HDACI, and HDAC2 in the DRG of TCI rats with morphine
co-administration. When morphine (20 pg/kg) was injected,
i.t. twice daily from POD 8 to POD 14, the Western blot
analysis showed that HDAC1 (Figure 6D), HDAC2 (Figure 6E),
and MOR (Figure 6F) expression in the DRG all maintained
unchanged on POD 14 compared with TCI + Vehicle group.
However, when morphine and SAHA were injected from POD
8 to POD 14, our data showed that both HDAC1 (Figure 6D)
and HDAC?2 (Figure 6E) expression was significantly decreased.
Conversely, the MOR expression (Figure 6F) was significantly
increased on POD 14.

The Co-localization of HDACs and MOR
in the DRG of the Sham + Vehicle, the
TCI + Vehicle and the TCI + SAHA Rats

Immunofluorescent staining showed that the distributions of
MOR- and HDACI-like immunoreactivities in the DRG in all
three tested groups (Figure 7A). Consistent with the Western blot

results, the immunofluorescence intensity of HDACI in the DRG
was increased, while the immunofluorescence intensity of MOR
was decreased on POD 14. Meanwhile, the immunofluorescent
staining showed that HDACI-like immunoreactivities were
mainly located in the cytoplasm of the neurons in the DRG
of Sham + Vehicle and TCI + SAHA group, while located in
the nuclei of neurons in the TCI + Vehicle group (Figure 7A).
Moreover, the number of double-labeled neurons was increased
in the DRG of the TCI + Vehicle group on POD 14. When
SAHA (20 mg/kg) was injected i.p. from POD 8 to POD 14,
both MOR- and HDACI1-like immunoreactivities in the DRG
recovered (Figure 7A). The quantitative analysis also showed
that the number of double-labeled neurons in the DRG of the
TCI + Vehicle group was significantly higher than that in the
DRG of the Sham + Vehicle group. However, i.p. administration
of SAHA reversed the increase in double-labeled neurons in the
DRG (Figure 7B).

Similar to the HDAC1 results, immunofluorescent
staining showed the distribution of MOR- and HDAC2-like
immunoreactivities in the DRG of all three tested groups
(Figure 8A). Although the immunofluorescence intensity of
MOR was decreased following TCI, the number of double-labeled
neurons was unchanged in all three tested groups (Figure 8A).
Consistently, the quantitative analysis also showed no significant
difference in the number of double-labeled neurons in all three
tested groups (Figure 8B).
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DISCUSSION

Although the mechanism of morphine tolerance has been
explored in several studies, most of these researches have
explored the underlying mechanism based on normal conditions
(Mayer et al, 1999; Hu et al, 2016; Sahbaie et al, 2016).
However, the development of morphine tolerance under
physiological conditions might be quite different from that
under pathological conditions. It has been reported that the
analgesic effects of morphine on BCP are much poorer than
those on non-cancer pain, but the underlying mechanism is still
unknown. In the current study, we showed that the weakened

antinociceptive effects of morphine and rapid development of
morphine tolerance during the pathogenesis of BCP might
be correlated with the increased HDAC expression in the
DRG. Our major findings were as follows: First, the increased
HDAC expression was correlated with the decreased MOR
expression in the DRG of TCI rats; and second, morphine
tolerance occurred much earlier in TCI rats than in Sham
rats. Co-administration of SAHA with morphine significantly
delayed the occurrence of morphine tolerance in BCP. Third,
SAHA administration reversed the upregulation of HDACs
and restored TCl-induced decreased MOR expression in
the DRG.
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The analgesic effects of morphine mainly depend on MOR
expression. Decreased MOR expression can contribute to the
impaired analgesic effects of morphine and MOR agonists
(Rashid et al., 2004; Kohno et al., 2005; Xu et al., 2014). In
contrast, the upregulation of MOR by transgene expression in
DRG neurons potentiates the antinociceptive effects of morphine
(Xu et al, 2003; Zhang et al, 2016). Prior studies have
demonstrated that MOR is downregulated in distinct populations
of DRG neurons in BCP (Mao et al., 1995; Mercadante and
Fulfaro, 2007; Yamamoto et al., 2008; Yao et al., 2016), whereas
its expression is unchanged in the DRG under conditions of
inflammatory pain (Kim et al., 2006; Yamamoto et al., 2008).
This may explain why BCP is more resistant to morphine
treatment than inflammatory pain (Luger et al.,, 2002; Zollner
et al., 2008; Zhao et al., 2015). In the present study, we found
that MOR expression in the DRG was significantly decreased
following TCI. When morphine was i.t. injected, the PWT of
the TCI + Morphine group was increased at the beginning but
subsequently decreased sharply. To confirm whether decreased
MOR expression contributed to morphine tolerance in BCP, we
then compared morphine tolerance in TCI rats and Sham rats.
When morphine was i.t. injected twice daily from POD 8 to
POD 14, the decreasing trend in the MPE line chart for TCI rats
was significantly lower than that for Sham rats on POD 8 and
POD 9. Considering that MOR expression was significantly lower
in TCI rats than in Sham rats from POD 7, our data implied
that morphine tolerance occurred more easily under pathological
conditions of BCP than under physiological conditions, which
might be due to the decreased MOR expression in the DRG of
BCP.

Epigenetic changes are chemical modifications to chromatin
that modulate gene activity without altering the DNA sequence
(Wei, 2008). HDACs can remove the acetyl group from histones,
which tightens chromatin structure and leads to decreased gene
transcription (Wei, 2008). Accumulating evidence suggests that
opioids and nociceptive signaling can converge on epigenetic
mechanisms to enhance or prolong neural plasticity, which
contributes to morphine tolerance and addiction (Wang et al,,
2007; Sun et al., 2013; Sahbaie et al., 2016). Formisano et al.
(2007) reported that ischemia could promote the deacetylation
of core histone proteins H3 and H4 to silence MOR expression
in hippocampal neurons. Our previous study also indicated
that hypoacetylation of histone H3 and H4 promoted neuron-
restrictive silence factor (NRSF) binding to the neuron-restrictive
silencer element within the promoter area of the MOR
gene, which drove the NRSF-induced downregulation of MOR
transcription in the DRG (Zhu C. et al,, 2017). In the current
study, we found that the expression of HDACI and HDAC2
was negatively correlated with the expression of MOR in the
DRG following TCI. The increased co-localization of HDACI1
and MOR was observed in TCI rats, which implied a close
relationship between HDAC and MOR expression. Meanwhile,
we found that HDAC1 was mainly located in the cytoplasm of
neurons in the DRG of the Sham + Vehicle group and the
TCI + SAHA group, while located in the nuclei of neurons
in the DRG of the TCI + Vehicle group. However, it should
be noted that the redistribution of HDACI1 from cytoplasm to

nuclei still needs more evidences, such as immunofluorescent
double staining of HDAC1 and DAPI or Western blot analysis
of HDACI1 protein in nuclei and cytoplasm before and after TCI.
The locations of different classes of HDACs are quite different
from each other (Zhu Y. et al., 2017). Class II HDACs and
HDACI are known to shuttle between the cytoplasm and the
nuclei in physical and pathological conditions (Zhu Y. et al,
2017). Previous researches have indicated that HDAC1 is mainly
located in neuronal nuclei in brain regions, such as hippocampus,
to repress gene translation (Tao et al., 2017), but cytosolic
HDACI1 could be observed in damaged axons in animal models
of demyelination (Kim et al., 2010; Takase et al., 2013). Therefore,
we hypothesized that the redistribution of HDAC1 might be
associated with the pathogenesis of BCP. Our previous research
has shown that HDAC1 could transport from cytoplasm to nuclei
in the SDH of TCI rats (Hu et al., 2017). Therefore, the cytoplasm-
nuclei translocation of HDACI in the DRG was consistent with
our previous research. However, the underlying mechanism still
needs further research. Furthermore, our data showed that SAHA
administration reversed not only the upregulation of HDAC1
and HDAC2 but also TCI-induced downregulation of MOR in
the DRG of TCI rats treated morphine or not. Collectively, these
results indicate that morphine treatment could not influence the
expression levels of HDACs in the DRG, and that the inhibition
of HDACs could restore MOR expression levels in the DRG of
TCI rats.

The effects of HDACi on morphine tolerance are
controversial. Some studies have indicated that HDACi can
enhance the analgesic effects of morphine and attenuate
morphine tolerance (Dobashi et al., 2010; Tsai et al., 2016;
Hou et al.,, 2017; Liao et al., 2018). However, some studies
have demonstrated that chronic morphine treatment with
simultaneous SAHA treatment can enhance opioid-induced
hyperalgesia (Liang et al., 2013). In the present study, we found
that systemic administration of SAHA (i.p., 20 mg/kg) combined
with morphine (it, 20 pg/kg) produced a synergistically
antinociceptive effect on BCP compared with SAHA or
morphine alone. When morphine or SAHA was injected
from POD 8 to POD 14, the pharmacological effects of
morphine peaked immediately after the first dose, but its
efficacy was decreased subsequently, whereas the analgesic
effects of SAHA on BCP occurred following a pre-dosing
treatment of 4 days. Thus, it appeared that the increased PWT
of TCI + Morphine + SAHA rats from POD 11 to POD 14
compared with that of TCI + Morphine + Vehicle was due
to the analgesic effects of pre-dosing SAHA. To rule out this
possibility, we then analyzed the MPE which is one of the most
widespread and convincing ways to evaluate morphine tolerance
(Marcus et al., 2015; Corder et al., 2017). Our data showed that
concomitant use of SAHA and morphine could improve the
MPEs of TCI + Morphine rats, which suggested that morphine
tolerance was attenuated by SAHA administration. Altogether,
these results indicated that SAHA administration attenuated
morphine tolerance in BCP. The different effects of SAHA
on opioid-induced pain behavior might be due to different
pathological conditions. Liang et al. studied the effects of
SAHA on morphine-induced hyperalgesia in normal conditions
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(Liang et al, 2013), while our study and those by other
researchers examined the effects of SAHA on morphine tolerance
in the pathogenesis of chronic pain (Hou et al, 2017; Liao
et al, 2018). HDAC expression and histone acetylation in
pathological conditions may be quite different from those
in physiological conditions. We believe that exploring the
mechanism of morphine tolerance in pain states will provide
more appropriate data for clinical applications. However, it
should be noted that SAHA administration could not completely
eliminate morphine tolerance; no significant difference was
observed between the PWT of the TCI 4+ Morphine + SAHA
group and the TCI + SAHA + Vehicle group from POD 12 to
POD 14. The reason might be lie in that morphine tolerance in
BCP relies not only on MOR changes in the DRG but also on
other mechanisms, such as neuroplasticity changes (Lutz et al.,
2015; Trang et al., 2015).

Although many studies have interrogated the effects of SAHA
on neurochemical changes in the DRG of BCP models via i.p.
injection (Chiechio et al., 2009; Zammataro et al., 2014), the
effects of SAHA on supra-spinal central nervous system (CNS)
and SDH could not be ruled out. Previous research has indicated
that ip. SAHA injection could epigenetically increase gad65
activities in the rat brain stem nucleus raphe magnus (Zhang
et al., 2011). Our previous research also indicated that i.p. SAHA
administration could down-regulate the expression levels of
HDAC: in the spinal dorsal horn (SDH) of TCI rats (data under
submission). Thus, i.p. administration of SAHA can influence the
supra-spinal CNS and SDH, which may confound our findings.
Intrathecal or intraganglionic administration of SAHA may be a
better way to circumvent these drawbacks. In our future study,
we will study the underlying mechanism of attenuating morphine
tolerance via intrathecal administration of SAHA.

The anti-tumor effects of SAHA on BCP may also obscure
our findings. However, the anti-tumor effects of SAHA on
BCP have been studied in our previous research. When SAHA
(50 mg/kg) was injected ip. from POD 1 to POD 14, the
infiltration of cancer cells and severe osteolytic lesions were still
easily observed in tibial marrow cavity, which suggested that
SAHA administration could not inhibit cancer growth or cancer-
induced bone destruction (data under submission). In the present
study, 20 mg/kg SAHA was injected from POD 8 to POD 14.
Either the dose or administration time of SAHA was less than
that used in our previous research. Thus, we think the effects of
SAHA on the analgesic effects of morphine could not be due to
its anti-tumor effects.

Our previous research has indicated that the expression
of NRSE also called repressor element silencing transcription
factor, was negatively correlated with MOR expression in a
sarcoma murine model (Zhu C. et al., 2017). We found that
NRSF could repress MOR gene translation via binding to the
neuron-restrictive silencer element within the promoter area of

REFERENCES

Bouxsein, M. L., Boyd, S. K., Christiansen, B. A., Guldberg, R. E., Jepsen, K. J.,
and Miiller, R. (2010). Guidelines for assessment of bone microstructure in

the MOR gene. Furthermore, the NRSF activity was correlated
with the hypoacetylation state of histone H3 and H4 (Zhu C.
et al., 2017). Kim et al. (2004) also showed that NRSF-mediated
MOR repression is sensitive to TSA, a HDAC inhibitor. Thus,
we speculate that the increased HDACs may modulate NRSF
activities to repress MOR expression in neurons in BCP models.

Repetitive use of morphine can easily cause analgesic
tolerance, which hinders its prolonged use in clinical practice
(King et al., 2005; Trang et al., 2015). Given that morphine
is the mainstay for analgesic therapy in advanced cancer pain,
there is an urgent need to explore the mechanisms underlying
the easily occurred morphine tolerance in BCP and to find a
way to attenuate such tolerance. The data in the current study
suggest that HDACs may contribute to the impaired analgesic
effects of morphine and easily occurred morphine tolerance by
decreasing MOR expression in the DRG during the pathogenesis
of BCP. And inhibition of HDACs by SAHA could improve the
analgesic effects of morphine and attenuate morphine tolerance
via restoring MOR expression in the DRG. These findings reveal
a possible mechanism underlying morphine tolerance during the
pathogenesis of BCP and provide a possible way to attenuate
morphine tolerance in BCP.

AUTHOR CONTRIBUTIONS

All authors fulfill the authorship requirements and have approved
the final version of the manuscript. Y-LD, Y-QL, and Z-XG:
conceived and designed the experiments. X-TH, K-XZ, and
W-JZ: performed the experiments. X-TH, CZ, and J-PD: analyzed
the data. Y-LD, Y-QL, and F-MC: wrote or contributed to the
writing of the manuscript.

FUNDING

This work was supported by grants from the National Natural
Science Foundation of China (Nos. 31671087, 81571000, and
81671197), the Intramural grant of the Fourth Military Medical
University (4139C4IAA1), the International Scientific and
Technological Cooperation and Exchange Program of Shaanxi
Province (2016KW-019), and the Natural Science Foundation of
Shaanxi Province (2017]JZ030).

ACKNOWLEDGMENTS

The authors would like to thanks Dr. Hu Xiao-Fan (Department
of Orthopedics, Xijing Hospital, The Fourth Military Medical
University) for his exceptional help to perform the intrathecal
implantation in this study.

rodents using micro-computed tomography. J. Bone Miner. Res. 25, 1468-1486.
doi: 10.1002/jbmr.141

Cai, Y., Kong, H., Pan, Y. B, Jiang, L., Pan, X. X,, Hu, L., et al. (2016).
Procyanidins alleviates morphine tolerance by inhibiting activation of NLRP3

Frontiers in Pharmacology | www.frontiersin.org

May 2018 | Volume 9 | Article 509


https://doi.org/10.1002/jbmr.141
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

He et al.

Epigenetic Mechanism in Morphine Tolerance

inflammasome in microglia. J. Neuroinflamm. 13:53. doi: 10.1186/s12974-016-
0520-z

Chen, L., Zhu, L, Wang, K, Wang, W., Mei, X. P, Liu, T, et al. (2013).
Antinociceptive effect of prostatic acid phosphatase in a rat model of cancer-
induced bone pain. Pain Physician 16, 533-546.

Chiechio, S., Zammataro, M., Morales, M. E., Busceti, C. L., Drago, F., Gereau,
R. W. IV, et al. (2009). Epigenetic modulation of mGlu2 receptors by histone
deacetylase inhibitors in the treatment of inflammatory pain. Mol. Pharmacol.
75, 1014-1020. doi: 10.1124/mol.108.054346

Corder, G., Tawfik, V. L., Wang, D., Sypek, E. I, Low, S. A., Dickinson, J. R,,
et al. (2017). Loss of p-opioid receptor signaling in nociceptors, and not spinal
microglia, abrogates morphine tolerance without disrupting analgesic efficacy.
Nat. Med. 23, 164-173. doi: 10.1038/nm.4262

Dobashi, T., Tanabe, S., Jin, H., Nishino, T., and Aoe, T. (2010). Valproate
attenuates the development of morphine antinociceptive tolerance. Neurosci.
Lett. 485, 125-128. doi: 10.1016/j.neulet.2010.08.084

Falk, S., and Dickenson, A. H. (2014). Pain and nociception: mechanisms of cancer-
induced bone pain. J. Clin. Oncol. 32, 1647-1654. doi: 10.1200/JCO.2013.51.
7219

Formisano, L., Noh, K. M., Miyawaki, T., Mashiko, T., Bennett, M. V., and Zukin,
R.S. (2007). Ischemic insults promote epigenetic reprogramming of mu opioid
receptor expression in hippocampal neurons. Proc. Natl. Acad. Sci. U.S.A. 104,
4170-4175. doi: 10.1073/pnas.0611704104

Glauben, R., Sonnenberg, E., Zeitz, M., and Siegmund, B. (2009). HDAC inhibitors
in models of inflammation-related tumorigenesis. Cancer Lett. 280, 154-159.
doi: 10.1016/j.canlet.2008.11.019

Hou, X.,, Weng, Y., Ouyang, B., Ding, Z., Song, Z., Zou, W., et al. (2017).
HDAC inhibitor TSA ameliorates mechanical hypersensitivity and potentiates
analgesic effect of morphine in a rat model of bone cancer pain by restoring
p-opioid receptor in spinal cord. Brain Res. 1669, 97-105. doi: 10.1016/j.
brainres.2017.05.014

Hu, X. F,, He, X. T., Zhou, K. X, Zhang, C., Zhao, W. J., Zhang, T., et al. (2017).
The analgesic effects of triptolide in the bone cancer pain rats via inhibiting
the upregulation of HDACs in spinal glial cells. J. Neuroinflamm. 14:213.
doi: 10.1186/s12974-017-0988- 1

Hu, X. M., Cao, S. B., Zhang, H. L., Lyu, D. M., Chen, L. P., Xu, H,, et al.
(2016). Downregulation of miR-219 enhances brain-derived neurotrophic
factor production in mouse dorsal root ganglia to mediate morphine
analgesic tolerance by upregulating CaMKIIy. Mol. Pain 12:1744806916666283.
doi: 10.1177/1744806916666283

Hwang, C. K,, Song, K. Y., Kim, C. S., Choi, H. S., Guo, X. H., Law, P. Y,, et al.
(2007). Evidence of endogenous mu opioid receptor regulation by epigenetic
control of the promoters. Mol. Cell Biol. 27, 4720-4736. doi: 10.1128/MCB.
00073-07

Kim, C. S., Choi, H. S., Hwang, C. K, Song, K. Y., Lee, B. K., Law, P. Y., et al. (2006).
Evidence of the neuron-restrictive silencer factor (NRSF) interaction with Sp3
and its synergic repression to the mu opioid receptor (MOR) gene. Nucleic Acids
Res. 34, 6392-6403. doi: 10.1093/nar/gkl724

Kim, C. S., Hwang, C. K., Choi, H. S., Song, K. Y., Law, P. Y., Wei, L. N,, et al. (2004).
Neuron-restrictive silencer factor (NRSF) functions as a repressor in neuronal
cells to regulate the mu opioid receptor gene. J. Biol. Chem. 279, 46464-46473.
doi: 10.1074/jbc.M403633200

Kim, J. Y., Shen, S., Dietz, K., He, Y., Howell, O., Reynolds, R., et al. (2010). HDAC1
nuclear export induced by pathological conditions is essential for the onset of
axonal damage. Nat. Neurosci. 13, 180-189. doi: 10.1038/nn.2471

King, T., Ossipov, M. H., Vanderah, T. W., Porreca, F., and Lai, J. (2005).
Is paradoxical pain induced by sustained opioid exposure an underlying
mechanism of opioid antinociceptive tolerance. Neurosignals 14, 194-205.
doi: 10.1159/000087658

Kohno, T., Ji, R. R, Ito, N., Allchorne, A. J., Befort, K., Karchewski, L. A., et al.
(2005). Peripheral axonal injury results in reduced mu opioid receptor pre- and
post-synaptic action in the spinal cord. Pain 117, 77-87. doi: 10.1016/j.pain.
2005.05.035

Liang, D. Y., Li, X,, and Clark, J. D. (2013). Epigenetic regulation of opioid-
induced hyperalgesia, dependence, and tolerance in mice. J. Pain 14, 36-47.
doi: 10.1016/j.jpain.2012.10.005

Liao, Y. H., Wang, J., Wei, Y. Y., Zhang, T., Zhang, Y., Zuo, Z. F,, et al. (2018).
Histone deacetylase 2 is involved in p-opioid receptor suppression in the spinal

dorsal horn in a rat model of chronic pancreatitis pain. Mol. Med. Rep. 17,
2803-2810. doi: 10.3892/mmr.2017.8245

Luger, N. M., Sabino, M. A., Schwei, M. J., Mach, D. B., Pomonis, J. D., Keyser, C. P.,
et al. (2002). Efficacy of systemic morphine suggests a fundamental difference
in the mechanisms that generate bone cancer vs inflammatory pain. Pain 99,
397-406. doi: 10.1016/S0304-3959(02)00102- 1

Lutz, B. M., Nia, S., Xiong, M., Tao, Y. X., and Bekker, A. (2015). mTOR, a new
potential target for chronic pain and opioid-induced tolerance and hyperalgesia.
Mol. Pain 11:32. doi: 10.1186/5s12990-015-0030-5

Mantyh, P. (2013). Bone cancer pain: causes, consequences, and therapeutic
opportunities. Pain 154, S54-562. doi: 10.1016/j.pain.2013.07.044

Mao, J., Price, D. D., and Mayer, D. J. (1995). Experimental mononeuropathy
reduces the antinociceptive effects of morphine: implications for common
intracellular mechanisms involved in morphine tolerance and neuropathic
pain. Pain 61, 353-364. doi: 10.1016/0304-3959(95)00022-K

Marcus, D. J., Zee, M., Hughes, A., Yuill, M. B., Hohmann, A. G., Mackie, K., et al.
(2015). Tolerance to the antinociceptive effects of chronic morphine requires
c-Jun N-terminal kinase. Mol. Pain 11:34. doi: 10.1186/s12990-015-0031-4

Mayer, D. J., Mao, J., Holt, J., and Price, D. D. (1999). Cellular mechanisms of
neuropathic pain, morphine tolerance, and their interactions. Proc. Natl. Acad.
Sci. U.S.A. 96, 7731-7736. doi: 10.1073/pnas.96.14.7731

Mercadante, S., and Fulfaro, F. (2007). Management of painful bone metastases.
Curr. Opin. Oncol. 19, 308-314. doi: 10.1097/CCO.0b013e3281214400

Rashid, M. H., Inoue, M., Toda, K., and Ueda, H. (2004). Loss of peripheral
morphine analgesia contributes to the reduced effectiveness of systemic
morphine in neuropathic pain. J. Pharmacol. Exp. Ther. 309, 380-387.
doi: 10.1124/jpet.103.060582

Sahbaie, P., Liang, D. Y., Shi, X. Y., Sun, Y., and Clark, J. D. (2016). Epigenetic
regulation of spinal cord gene expression contributes to enhanced postoperative
pain and analgesic tolerance subsequent to continuous opioid exposure. Mol.
Pain 18:12. doi: 10.1177/1744806916641950

Siegel, R. L., Miller, K. D., and Jemal, A. (2017). Cancer statistics, 2017. CA Cancer
J. Clin. 67, 7-30. doi: 10.3322/caac.21387

Sun, Y., Sahbaie, P, Liang, D. Y., Li, W. W,, Li, X. Q., Shi, X. Y,, et al. (2013).
Epigenetic regulation of spinal CXCR?2 signaling in incisional hypersensitivity
in mice. Anesthesiology 119, 1198-1208. doi: 10.1097/ALN.0b013e31829ce340

Takase, K., Oda, S., Kuroda, M., and Funato, H. (2013). Monoaminergic
and neuropeptidergic neurons have distinct expression profiles of histone
deacetylases. PLoS One 8:58473. doi: 10.1371/journal.pone.0058473

Tao, C. C,, Hsu, W. L., Ma, Y. L., Cheng, S. J., and Lee, E. H. (2017). Epigenetic
regulation of HDAC1 SUMOylation as an endogenous neuroprotection against
AP toxicity in a mouse model of Alzheimer’s disease. Cell Death Differ. 24,
597-614. doi: 10.1038/cdd.2016.161

Trang, T., Al-Hasani, R., Salvemini, D., Salter, M. W., Gutstein, H., and Cabhill,
C. M. (2015). Pain and poppies: the good, the bad, and the ugly of opioid
analgesics. J. Neurosci. 35, 13879-13888. doi: 10.1523/JNEUROSCI.2711-15.
2015

Tsai, R. Y., Wang, J. C., Chou, K. Y., Wong, C. S., and Cherng, C. H. (2016).
Resveratrol reverses morphine-induced neuroinflammation in morphine-
tolerant rats by reversal HDACI expression. J. Formos. Med. Assoc. 115,
445-454. doi: 10.1016/j.jfma.2015.05.010

Vignani, F., Bertaglia, V., Buttigliero, C., Tucci, M., Scagliotti, G. V., and Di
Maio, M. (2016). Skeletal metastases and impact of anticancer and bone-
targeted agents in patients with castration-resistant prostate cancer. Cancer
Treat. Rev. 44, 61-73. doi: 10.1016/j.ctrv.2016.02.002

Wang, S. F,, Dong, C. G., Yang, X., and Yin, J. J. (2016). Upregulation of (C-
X-C motif) ligand 13 (CXCL13) attenuates morphine analgesia in rats with
cancer-induced bone pain. Med. Sci. Monit. 22, 4612-4622. doi: 10.12659/MSM.
897702

Wang, Y., Krishnan, H. R., Ghezzi, A., Yin, J. C., and Atkinson, N. S. (2007).
Drug-induced epigenetic changes produce drug tolerance. PLoS Biol. 5:e265.
doi: 10.1371/journal.pbio.0050265

Wei, L. N. (2008). Epigenetic control of the expression of opioid receptor genes.
Epigenetics 3, 119-121. doi: 10.4161/epi.3.3.6296

Weilbaecher, K. N., Guise, T. A., and McCauley, L. K. (2011). Cancer to bone: a
fatal attraction. Nat. Rev. Cancer 11, 411-425. doi: 10.1038/nrc3055

Xu, H, Xu, T, Ma, X, and Jiang, W. (2015). Involvement of neuronal
TGF-B activated kinase 1 in the development of tolerance to morphine-

Frontiers in Pharmacology | www.frontiersin.org

May 2018 | Volume 9 | Article 509


https://doi.org/10.1186/s12974-016-0520-z
https://doi.org/10.1186/s12974-016-0520-z
https://doi.org/10.1124/mol.108.054346
https://doi.org/10.1038/nm.4262
https://doi.org/10.1016/j.neulet.2010.08.084
https://doi.org/10.1200/JCO.2013.51.7219
https://doi.org/10.1200/JCO.2013.51.7219
https://doi.org/10.1073/pnas.0611704104
https://doi.org/10.1016/j.canlet.2008.11.019
https://doi.org/10.1016/j.brainres.2017.05.014
https://doi.org/10.1016/j.brainres.2017.05.014
https://doi.org/10.1186/s12974-017-0988-1
https://doi.org/10.1177/1744806916666283
https://doi.org/10.1128/MCB.00073-07
https://doi.org/10.1128/MCB.00073-07
https://doi.org/10.1093/nar/gkl724
https://doi.org/10.1074/jbc.M403633200
https://doi.org/10.1038/nn.2471
https://doi.org/10.1159/000087658
https://doi.org/10.1016/j.pain.2005.05.035
https://doi.org/10.1016/j.pain.2005.05.035
https://doi.org/10.1016/j.jpain.2012.10.005
https://doi.org/10.3892/mmr.2017.8245
https://doi.org/10.1016/S0304-3959(02)00102-1
https://doi.org/10.1186/s12990-015-0030-5
https://doi.org/10.1016/j.pain.2013.07.044
https://doi.org/10.1016/0304-3959(95)00022-K
https://doi.org/10.1186/s12990-015-0031-4
https://doi.org/10.1073/pnas.96.14.7731
https://doi.org/10.1097/CCO.0b013e3281214400
https://doi.org/10.1124/jpet.103.060582
https://doi.org/10.1177/1744806916641950
https://doi.org/10.3322/caac.21387
https://doi.org/10.1097/ALN.0b013e31829ce340
https://doi.org/10.1371/journal.pone.0058473
https://doi.org/10.1038/cdd.2016.161
https://doi.org/10.1523/JNEUROSCI.2711-15.2015
https://doi.org/10.1523/JNEUROSCI.2711-15.2015
https://doi.org/10.1016/j.jfma.2015.05.010
https://doi.org/10.1016/j.ctrv.2016.02.002
https://doi.org/10.12659/MSM.897702
https://doi.org/10.12659/MSM.897702
https://doi.org/10.1371/journal.pbio.0050265
https://doi.org/10.4161/epi.3.3.6296
https://doi.org/10.1038/nrc3055
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

He et al.

Epigenetic Mechanism in Morphine Tolerance

induced antinociception in rat spinal cord. Br. J. Pharmacol. 172, 2892-2904.
doi: 10.1111/bph.13094

Xu, J., Faskowitz, A. J., Rossi, G. C., Xu, M., Lu, Z., Pan, Y. X,, et al. (2015).
Stabilization of morphine tolerance with long-term dosing: association with
selective upregulation of mu-opioid receptor splice variant mRNAs. Proc. Natl.
Acad. Sci. U.S.A. 112, 279-284. doi: 10.1073/pnas.1419183112

Xu, J. T., Zhao, J. Y., Zhao, X., Ligons, D., Tiwari, V., Atianjoh, F. E., et al. (2014).
Opioid receptor-triggered spinal mTORCI activation contributes to morphine
tolerance and hyperalgesia. J. Clin. Invest. 124, 592-603. doi: 10.1172/JCI
70236

Xu, Y., Gu, Y., Xu, G. Y., Wu, P, Li, G. W,, and Huang, L. Y. (2003). Adeno-
associated viral transfer of opioid receptor gene to primary sensory neurons:
a strategy to increase opioid antinociception. Proc. Natl. Acad. Sci. U.S.A. 100,
6204-6209. doi: 10.1073/pnas.0930324100

Yamamoto, J., Kawamata, T., Niiyama, Y., Omote, K., and Namiki, A.
(2008). Down-regulation of mu opioid receptor expression within distinct
subpopulations of dorsal root ganglion neurons in a murine model of bone
cancer pain. Neuroscience 151, 843-853. doi: 10.1016/j.neuroscience.2007.
11.025

Yao, P., Ding, Y., Wang, Z., Ma, J., Hong, T., Zhu, Y., et al. (2016). Impacts of
anti-nerve growth factor antibody on pain-related behaviors and expressions
of opioid receptor in spinal dorsal horn and dorsal root ganglia of rats with
cancer-induced bone pain. Mol. Pain 12:1744806916644928. doi: 10.1177/
1744806916644928

Zammataro, M., Sortino, M. A., Parenti, C., Gereau, R. W. IV, and Chiechio, S.
(2014). HDAC and HAT inhibitors differently affect analgesia mediated by
group II metabotropic glutamate receptors. Mol. Pain 10:68. doi: 10.1186/1744-
8069-10-68

Zhang, M., Wang, K., Ma, M., Tian, S., Wei, N., and Wang, G. (2016). Low-
dose cannabinoid type 2 receptor agonist attenuates tolerance to repeated
morphine administration via regulating j.-opioid receptor expression in walker
256 tumor-bearing rats. Anesth. Analg. 122, 1031-1037. doi: 10.1213/ANE.
0000000000001129

Zhang, Z., Cai, Y. Q., Zou, F., Bie, B., and Pan, Z. Z. (2011). Epigenetic suppression
of GAD65 expression mediates persistent pain. Nat. Med. 17, 1448-1455.
doi: 10.1038/nm.2442

Zhao, X. H., Zhao, Y. Q., Zhu, C., Chen, L, Hu, W., Zhang, T., et al
(2015). Different analgesic effects of intrathecal endomorphin-2 on thermal
hyperalgesia and evoked inflammatory pain in ovariectomized rats. Pain
Physician 18, 195-205.

Zhu, C,, Tang, J., Ding, T., Chen, L., Wang, W., Mei, X. P., et al. (2017). Neuron-
restrictive silencer factor-mediated downregulation of p-opioid receptor
contributes to the reduced morphine analgesia in bone cancer pain. Pain 158,
879-890. doi: 10.1097/.pain.0000000000000848

Zhu, Y., Vidaurre, O. G., Adula, K. P., Kezunovic, N., Wentling, M., Huntley, G. W.,
et al. (2017). Distribution of HDACI in neurotoxic conditions is dependent on
serine phosphorylation. J. Neurosci. 37, 7547-7559. doi: 10.1523/J]NEUROSCI.
3000-16.2017

Zimmermann, M. (1983). Ethical guidelines for investigations of experimental pain
in conscious animals. Pain 16, 109-110. doi: 10.1016/0304-3959(83)90201-4

Zollner, C., Mousa, S. A., Fischer, O., Rittner, H. L., Shaqura, M., Brack, A., et al.
(2008). Chronic morphine use does not induce peripheral tolerance in a rat
model of inflammatory pain. J. Clin. Invest. 118, 1065-1073. doi: 10.1172/
JCI25911

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 He, Zhou, Zhao, Zhang, Deng, Chen, Gu, Li and Dong. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org

13

May 2018 | Volume 9 | Article 509


https://doi.org/10.1111/bph.13094
https://doi.org/10.1073/pnas.1419183112
https://doi.org/10.1172/JCI70236
https://doi.org/10.1172/JCI70236
https://doi.org/10.1073/pnas.0930324100
https://doi.org/10.1016/j.neuroscience.2007.11.025
https://doi.org/10.1016/j.neuroscience.2007.11.025
https://doi.org/10.1177/1744806916644928
https://doi.org/10.1177/1744806916644928
https://doi.org/10.1186/1744-8069-10-68
https://doi.org/10.1186/1744-8069-10-68
https://doi.org/10.1213/ANE.0000000000001129
https://doi.org/10.1213/ANE.0000000000001129
https://doi.org/10.1038/nm.2442
https://doi.org/10.1097/j.pain.0000000000000848
https://doi.org/10.1523/JNEUROSCI.3000-16.2017
https://doi.org/10.1523/JNEUROSCI.3000-16.2017
https://doi.org/10.1016/0304-3959(83)90201-4
https://doi.org/10.1172/JCI25911
https://doi.org/10.1172/JCI25911
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Inhibition of Histone Deacetylases Attenuates Morphine Tolerance and Restores MOR Expression in the DRG of BCP Rats
	Introduction
	Materials and Methods
	Animals
	Intrathecal Implantation
	Cell Preparation
	Bone Cancer Pain Model
	Drug Administration
	Radiological Analysis
	Bone Histology
	MicroCT Analysis
	Mechanical Allodynia Test
	Hot Plate Test
	Western Blot
	Immunofluorescent Staining
	Statistical Analyses

	Results
	Severe Bone Destruction and Decreased PWT Following TCI
	Decreased MOR Expression in the DRG Following TCI
	The Correlations of the Expression of MOR and HDACs in the DRG Following TCI
	The Analgesic Effects of Morphine on TCI-Induced Mechanical Allodynia
	The Effects of SAHA Administration on Morphine Tolerance in BCP
	The Effects of SAHA on HDAC and MOR Expression in the DRG of TCI Rats With or Without Morphine Treatment
	The Co-localization of HDACs and MOR in the DRG of the Sham + Vehicle, the TCI + Vehicle and the TCI + SAHA Rats

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	References


