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The development of opioid-induced analgesic tolerance is a clinical challenge in long-term use for managing chronic pain. The

mechanisms of morphine tolerance are poorly understood. Mitochondria-derived reactive oxygen species (ROS) is a crucial signal

inducing analgesic tolerance and pain. Chronic administration of morphine leads to robust ROS production and accumulation of

damaged mitochondria, which are immediately removed by mitophagy. Here, we show that morphine inhibits mitochondria

damage-induced accumulation of PTEN-induced putative kinase 1 (PINK1) in neurons. It interrupts the recruitment of Parkin to

the impaired mitochondria and inhibits the ubiquitination of mitochondrial proteins catalyzed by Parkin. Consequently, morphine

suppresses the recognition of autophagosomes to the damaged mitochondria mediated by LC3 and sequestosome-1 (SQSTM1/p62).

Thus, morphine inhibits autophagy flux and leads to the accumulation of SQSTM1/p62. Finally, the impaired mitochondria cannot

be delivered to lysosomes for degradation and ultimately induces robust ROS production and morphine tolerance. Our findings

suggest that the dysfunction of mitophagy is involved in morphine tolerance. The deficiency of PINK1/Parkin-mediated clearance

of damaged mitochondria is crucial for the generation of excessive ROS and important to the development of analgesic tolerance.

These findings suggest that the compounds capable of stabilizing PINK1 or restoring mitophagy may be utilized to prevent or

reduce opioid tolerance during chronic pain management.
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Introduction

Chronic pain as a serious public health problem afflicts mil-

lions of people in the world (Renfrey et al., 2003). Opioids, such

as morphine, play an important role in pain relief. Although lots

of opioids were discovered, morphine remains the most effect-

ive drug for the treatment of severe pain. However, long-term

use of morphine leads to analgesic tolerance and hyperalgesia,

which greatly reduce the utilization of this drug (Bekhit, 2010;

Morgan and Christie, 2011). For several decades, numerous

studies have been devoted to understanding the mechanisms

underlying morphine tolerance. Great progress was made and

the investigations mainly focused on the neuronal actions and

non-neuronal actions. With regard to neuronal actions, mor-

phine can cause β-arrestin-dependent internalization and pro-

tein kinase C (PKC)-associated desensitization of μ-opioid
receptor (MOR) (Macey et al., 2006; Bailey et al., 2009;

Miyatake et al., 2009). Furthermore, morphine could block long-

term potentiation of inhibitory synapses and brief treatment

with morphine blocked LTPGABA (Nugent et al., 2007). In add-

ition, many investigations suggested that long-term use of mor-

phine upregulated the phosphorylation of N-methyl-D-aspartic

acid (NMDA) receptor (Martin et al., 1999; Hutchinson et al.,

2011). The activated NMDA receptor exhibited enhanced cal-

cium conductance in neurons. As a result, these potentiated

neuronal excitabilities finally developed tolerance (Viviani et al.,

2003; Kleibeuker et al., 2007).
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In contrast, with regard to non-neuronal actions of morphine,

it was proved that morphine could induce central immune

responses. In addition to binding with MOR, morphine as an

exogenous ligand could be recognized by Toll-like receptor 4

(TLR4) accessory protein, myeloid differentiation protein 2 (MD-2),

inducing neuroinflammation (Wang et al., 2012). Blockade of

TLR4/MD2 suppresses morphine tolerance (Hutchinson et al.,

2012). Furthermore, long-term administration of morphine activated

NLRP3 inflammasome in spinal cord and then caused tolerance (Cai

et al., 2016). Morphine-induced reactive oxygen species (ROS)

derived from mitochondria is a crucial factor for the activation of

NLRP3 inflammasome and ROS scavenger could significantly sup-

press morphine tolerance (Cai et al., 2016).

ROS is a side product during oxidative phosphorylation and

the major source of intracellular ROS comes from mitochondria

(Balaban et al., 2005; Wallace et al., 2010). ROS acts as a posi-

tive regulator of adenosine 5′-monophosphate (AMP)-activated

protein kinase (AMPK), which is activated by a low ATP/AMP ratio

upon mitochondrial dysfunction (Zong et al., 2002; Dong et al.,

2014) and contributes to the attenuation of neuropathic pain (Lu

et al., 2017). Under pathological conditions, ROS increases and

causes cell damage by impairing organelles and leading to muta-

tions of genome (Tait and Green, 2010). Therefore, the accumu-

lated ROS from mitochondria should be detoxified and the

damaged mitochondria must be cleared. ROS could induce the

translocation of Parkin to the damaged mitochondria, initiating

mitophagy to clear damaged mitochondria (Narendra et al.,

2008). Mitophagy is an evolutionarily conserved cellular process.

It is a fundamental process critical for maintaining mitochondrial

fitness, especially, for mitochondrial quality control. Mitophagy is

induced by the loss of mitochondrial membrane potential (MMP)

or the accumulation of misfolded proteins. During mitophagy,

PINK1 is stabilized on the outer mitochondrial membrane (OMM)

instead of being imported into mitochondria (Narendra et al.,

2010), and PINK1 activates Parkin ubiquitin ligase by phosphoryl-

ating Parkin and ubiquitin (Kane et al., 2014; Kazlauskaite et al.,

2014; Eiyama and Okamoto, 2015). After activation and recruit-

ment to mitochondria, Parkin mediates the engulfment of mito-

chondria by autophagosomes and the selective elimination of

impaired mitochondria (Narendra et al., 2008). In the previous

study, we found that morphine increased MDA level in the spinal

cord (Cai et al., 2016). It implicated that the chronic administra-

tion of morphine could induce excessive ROS; however, the

mechanism was poorly understood. Here, we unravel the key

steps of morphine to interrupt PINK1/Parkin-mediated mito-

phagy, thereby probably providing a link between mitophagy

dysfunction and morphine tolerance.

Results

Chronic administration of morphine induces excessive

generation of ROS and accumulation of damaged mitochondria

Variety of stress markedly induces mitochondrial ROS produc-

tion (Brookes et al., 2004). It was reported that the accumula-

tive ROS was associated with morphine tolerance and addiction

(Kim et al., 2004; Ma et al., 2015; Cai et al., 2016). To study the

effects of morphine on ROS and mitochondria, the animal model

for morphine tolerance was utilized. Daily intrathecal injection

of 10 μg/10 μl morphine for 7 days led to a time-dependent

decrease in morphine’s maximal possible effect (MPE). MPE

on Days 3, 5, and 7 was reduced to 44.5% (P < 0.001), 31.4%

(P < 0.001), and 19.3% (P < 0.001), respectively (Figure 1A).

Based on behavioral test, we next examined the level of ROS in

the spinal cord. Chronic administration of morphine induced sig-

nificant increase in ROS level (Figure 1B and C). Mitochondria

are the main source of cellular ROS. It was reported that the

deficiency of quality control mechanism, mitophagy, led to accu-

mulation of damaged mitochondria and excessive ROS (Eiyama

and Okamoto, 2015). In order to investigate whether morphine

led to the impairment of mitochondria or not, phosphorylation

level of AMPK was examined as an indicator for mitochondria

quality. Our results showed that morphine increased the phos-

phorylation of AMPK α subunit (Thr172) (Figure 1D), suggest-

ing that morphine caused mitochondria damage. Furthermore,

we investigated the levels of Bax and Bcl-2. Bax was reported

to translocate from cytosol to mitochondria inducing perme-

abilization of the OMM (Martinou and Green, 2001). In contrast

with Bax, Bcl-2 could interact with Bax inhibiting the mitochon-

drial permeability transition and cytochrome c release (Kluck

et al., 1997; Yang et al., 1997). Immunoblots showed that the

acute administration of morphine led to an increase in the

ratio of Bax/Bcl-2 at 24 hand the chronic administration of

morphine increased the ratio of Bax/Bcl-2 from Day 1 to Day 7

(Figure 1F and G), suggesting that morphine induced mito-

chondria damage. Furthermore, electron microscopy (EM) was

utilized to assess mitochondrial integrity and state. Results

showed that morphine induced the accumulation of swollen

mitochondria in the spinal cord and caused mitochondria dam-

age (Figure 1E).

Morphine activates the initiation of autophagy and leads to the

accumulation of SQSTM1/p62 protein

Morphine induced accumulation of damaged mitochondria.

The damaged mitochondria would evoke mitophagy, a quality

control process that sequesters and digests impaired mitochon-

dria (Ding and Yin, 2012). This process is stimulated through the

coordinated activation of several multiprotein complexes, such

as ULK1/2, Beclin 1, Atg 5, and LC3. Finally, the damaged mito-

chondria are targeted by autophagosomes mediated by the

autophagic adaptor SQSTM1/p62 (Bjorkoy et al., 2005; Pankiv

et al., 2007; Kim et al., 2008). Therefore, we investigated the

effects of morphine on this process. The protein levels of

autophagy-related markers, including Beclin 1, Atg 5, LC3, and

SQSTM1/p62, were assessed by western blotting. Immunoblots

showed that morphine upregulated Atg 5 level after 24 h of

administration and also increased Atg 5 level from Day 1 to

Day 7. However, morphine did not affect the level of Beclin 1

(Figure 2A and B). Furthermore, Figure 2C showed that morphine

increased the level of LC3-II by 31.3% after 24 h and LC3-II pro-

tein level on Day 7. However, the level of SQSTM1/p62 was not

affected after 24 h of morphine administration but increased
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Figure 1 Chronic intrathecal administration of morphine induces excessive generation of ROS and causes accumulation of damaged mito-

chondria in spinal cord. (A) Tail-flick method was performed to evaluate morphine tolerance. Data are shown as percentage of MPE. Chronic

administration reduced morphine’s MPE from Day 3 to Day 7. The saline-treated group served as control. The MPE from Day 3 to Day 7 were

44.5%, 35.5%, 31.4%, 23.4%, and 19.3%, respectively. One-way ANOVA followed by Tukey’s multiple comparisons test. n = 8, ***P < 0.001 vs.

MPE of Day 1. (B and C) The levels of ROS and MDA on Day 7 from spinal cord tissue were assessed by DCFH-DA staining and MDA detec-

tion kit. The ROS level and MDA level increased by 99.1% and 32.9%, respectively, compared with control group. Student’s t-test. n = 6,

***P < 0.001 vs. control group. (D) Increased phosphorylation of AMPK (Thr172) was detected in morphine-treated group compared with

control group. Student’s t-test. n = 4, *P < 0.05 vs. control group. (E) Sections of spinal cord from mice chronically administrated with mor-

phine were fixed and subjected to EM examination. Morphine induced a significant damage and accumulation of abnormal mitochondria

compared with control group. Scale bar, 500 nm. (F and G) Morphine increased the ratio of Bax/Bcl-2 after 24 h of administration; in long-

term treatment, morphine significantly increased the ratio of Bax/Bcl-2 from Day 1 to Day 7. n = 4, *P < 0.05, ***P < 0.001 vs. control

group.
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after seven consecutive days of administration (Figure 2D). We

also utilized immunostaining to assess the effect of morphine on

SQSTM1/p62 in the spinal cord. As shown in Figure 3A–C, mor-

phine sufficiently elevated the number of reactive staining and

increased the intensity of fluorescence staining for SQSTM1/p62

in neurons. Our data showed that chronic morphine administra-

tion activated the initiation of autophagy and led to the accumu-

lation of SQSTM1/p62 protein in neurons of spinal cord dorsal

horn.

Morphine induces the dysfunction of mitochondria and inhibits

autophagic flux

Next, we investigated the effects of morphine on mitochondria

in neurons with SH-SY5Y cells. JC-1 staining showed that mor-

phine sufficiently decreased ΔΨm (Figure 4A), while MitoSOX

staining showed that morphine increased the level of ROS

(Figure 4B). Our data indicated that morphine induced mitochon-

drial depolarization and dysfunction. To avoid cellular damage,

ROS-generating and damaged mitochondria were removed by

mitophagy (Goldman et al., 2010). As shown in Figure 4C, mor-

phine increased the level of the autophagy marker LC3-II. In

accordance with the in vivo study, morphine also increased the

protein level of SQSTM1/p62 but not affected the mRNA level of

SQSTM1/p62 (Supplementary Figure S1). Furthermore, naloxone

suppressed morphine-inudced increase of LC3-II and SQSTM1/p62

(Figure 4C), suggesting the effect of morphine is the opioid recep-

tor dependent.

Next, we assessed the levels of LC3-II and SQSTM1/p62 in the

presence or absence of the inhibitor of lysosomal degradation in

SH-SY5Y cells. Bafilomycin A1 was used in this study as an inhibi-

tor of fusion between autophagosomes and lysosomes and as an

inhibitor of lysosomal degradation. Western blot analysis showed

that the level of LC3-II increased after the administration of rapa-

mycin, morphine and bafilomycin A1 respectively comparing to

control group (Figure 4D). In addition, morphine and bafilomycin

A1 further increased the level of LC3-II induced by rapamycin. We

also found that the increasing of LC3-II induced by bafilomycin A1

was higher than that induced by morphine (Figure 4D), it sug-

gested that morphine did not generally inhibit the maturation of

autophagosome like bafilomycin A1, but may specially disturb the

delivery of damaged mitochondria to lysosomes. Furthermore, the

level of SQSTM1/p62 was also increased in morphine and bafilo-

mycin A1 groups comparing to control group. In addition, compar-

ing with rapamycin group, morphine and bafilomycin A1 further

increased the level of SQSTM1/p62 in the presence of rapamycin.

These implied that the morphine enhanced the initiation of autop-

hagy, however, inhibited autophagic flux. The autophagic flux

was further monitored with the Tf-LC3 Assay (Law et al., 2014),

which relies on the different nature of GFP and RFP fluorescence

under acidic conditions. GFP fluorescence is sensitive to the acidic

condition of the lysosome lumen, while RFP is relatively stable

under acidic conditions. Therefore, the colocalization of GFP and

RFP fluorescence (yellow puncta) indicates the phagophores or

autophagosomes that have not fused with lysosomes, whereas

Figure 2 Morphine activates the initiation of autophagy and leads to the accumulation of SQSTM1/p62 protein. Repeated intrathecal mor-

phine injections affected the protein levels of BECN1, Atg 5, LC3-II, and SQSTM1 in the spinal cord of mice. Representative western blots

and densitometric analysis summary (normalized to ACTB/actin loading control) are shown. (A) Morphine did not change the level of BECN1

after 7 days of intrathecal injection. (B and C) Morphine increased the levels of Atg 5 and LC3-II after 1 day of intrathecal injection. (D)

Morphine increased the level of SQSTM1/p62 after 5 days of intrathecal injection. n = 4, *P < 0.05, **P < 0.01 vs. control group.
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RFP-only fluorescence (red puncta) indicates the autolysosomes.

In our study, Hank’s buffered salt solution (HBSS) and rapamycin

were used to induce autophagic flux (Keil et al., 2013). The con-

focal microscopic scanning demonstrated that HBSS and rapamy-

cin treatment increased red puncta in cells (Figure 4E), while in

the presence of morphine, yellow puncta were increased in cells

(Figure 4E). It indicated that morphine inhibited the autophagic

flux.

Morphine inhibits mitophagy by suppressing recruitment of

Parkin to the damaged mitochondria and decreasing the

ubiquitination of mitochondrial proteins

Morphine induces accumulation of damaged mitochondria

and inhibits autophagic flux. We firstly investigated the effect

of morphine on lysosomes. The LysoSensor Green, a lysosomal

pH indicator, was utilized to investigate the acidity of lyso-

somes. Flow cytometry and confocal microscope analysis indi-

cated that morphine did not affect lysosomal pH. Furthermore,

we also measured the level of lysosomal associated membrane

protein 1 (LAMP1), which was involved in lysosomal exocytosis,

lysosomal movement, and the fusion of phagosomes with lyso-

somes. However, we did not find that morphine affected the

level of LAMP1 (Supplementary Figure S2). Therefore, we con-

sidered that whether morphine suppressed mitophagy by inter-

rupting the recognition of autophagosomes to the damaged

mitochondria. Firstly, we investigated the effect of morphine to

mitophagy. CCCP was utilized to induced mitophagy in SH-SY5Y

cells (Geisler et al., 2010). Immunoblots showed that CCCP led

to the degradation of mitochondrial protein Tom20 and COX IV

indicating that the damaged mitochondria were cleaned by

mitophagy. However, morphine inhibited the decreasing of

Tom20 and COX IV induced by CCCP. It suggested that mor-

phine interrupted the process of mitophagy (Figure 5A). To fur-

ther confirm the effect of morphine on mitophagy, we

investigated the recruitment of Parkin to the impaired mito-

chondria induced by CCCP. Parkin, an ubiquitin ligase, is

recruited to the mitochondria depending on decline of ΔΨm

and it is dependent on the accumulation of PINK1 on the sur-

face of mitochondria with low ΔΨm, leading to the ubiquitina-

tion outer membrane proteins (Chen et al., 2010; Geisler et al.,

2010; Youle and Narendra, 2011). Then, the autophagic adap-

tor protein SQSTM1/p62 is recruited to the clustered mitochon-

dria and is degraded together with damaged mitochondria. SH-

SY5Y cells were administrated with CCCP in or not in presence

of morphine, and then subcellular fractionation of mitochondria

was collected for further study. Immunoblots showed that

CCCP significantly increased the level of Parkin in mitochondria,

however, morphine inhibited the recruitment of Parkin to mito-

chondria caused by CCCP (Figure 5B). To verify the Parkin

recruitment to the mitochondria observed by western blotting,

we further performed confocal microscopic scan. The data

showed that CCCP obviously induced the recruitment of Parkin

to the mitochondria; however, morphine inhibited the recruit-

ment of Parkin (Figure 5E). It was reported that PINK1-

mediated phosphorylation of Parkin S65 was important for the

activation and mitochondrial localization of Parkin (Kondapalli

Figure 3 The distribution and cellular location of SQSTM1/p62 after seven consecutive days of morphine intrathecal injection in the spinal

cord dorsal horn. Sections of spinal cord from mice chronically administrated with morphine were fixed and subjected to double immuno-

fluorescence stain. Confocal microscopy was performed to determine the co-localization of SQSTM1/p62 (green) and neuron (NeuN, red),

microglia (IBA-1, red), or astrocyte (GFAP, red). Spinal samples were collected after the last administration of morphine. NeuN, neuronal

nuclear protein; IBA-1, ionized calcium-binding adapter molecule 1; GFAP, glial fibrillary acidic protein. Scale bar, 100 μm.
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et al., 2012). Therefore, we assessed the phosphorylation of

Parkin S65 and the ubiquitination of mitochondrial proteins

upon the treatment of CCCP or/and morphine. We utilized lys-

ate of SH-SY5Y cells to access the phosphorylation of Parkin

S65. Immunoblots showed that CCCP increased phosphoryl-

ation of Parkin S65; however, morphine inhibited the phos-

phorylation of Parkin S65 induced by CCCP (Figure 5C). We

utilized mitochondria fractionation to access the ubiquitination,

the results showed that CCCP increased the level of ubiquitina-

tion, however, morphine inhibited the upregulation of ubiquiti-

nation caused by CCCP (Figure 5D).

Morphine interrupts the recognition of autophagosomes to the

damaged mitochondria and inhibits the infusion of damaged

mitochondria to lysosomes

It was reported that during mitophagy the damaged mito-

chondria recruited the autophagic adaptor SQSTM1/p62 to

mitochondrial clusters. As an autophagy-specific substrate,

SQSTM1/p62 interacts with LC3-II mediating the recognition of

autophagosomes to the damaged mitochondria. Finally, the

damaged mitochondria were delivered to lysosomes mediated

by autophagosomes. We wanted to investigate whether mor-

phine could affect the recognition of autophagosomes to the

Figure 4 Morphine induces mitochondria damage and increases ROS in neuron by the inhibition of autophagic flux. (A and B) SH-SY5Y cells

were stimulated with morphine (200 μM) for 24 h. The effects of morphine on ΔΨm were determined by calculating the percentage of JC-1

aggregates/monomer in 10000 cells. The level of ROS was assessed by calculating the percentage of MitoSOX staining-positive cells in

10000 cells. Student’s t-test. n = 3, **P < 0.01, ***P < 0.001 vs. control group. (C) SH-SY5Y cells were treated with morphine (20 or

200 μM) with or without of naloxone (10 μM) for 24 h. One-way ANOVA followed by Tukey’s multiple comparisons test. n = 3, *P < 0.05,

***P < 0.001 vs. control group, #P < 0.05, ###P < 0.001 vs. morphine (200 μM) group. (D) SH-SY5Y cells were treated with or without rapa-

mycin (200 nM) or Bafilomycin A1 (20 nM) in the presence or absence of morphine (200 μM) for 24 h. One-way ANOVA followed by Tukey’s

multiple comparisons test. n = 3, **P < 0.01, ***P < 0.001 vs. control group, ##P < 0.01, ###P < 0.001 vs. rapamycin group, $P < 0.05 vs.

morphine group. (E) SH-SY5Y cells were transfected with the tandem fluorescent mRFP-GFP-LC3 adenoviral vector, and then treated with

HBSS for 2.5 h, rapamycin (200 nM) for 24 h, and morphine (200 nM) for 24 h. Scale bar, 10 μm.
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damaged mitochondria and the delivery of impaired mitochon-

dria to lysosomes. Rotenone, the mitochondrial complex I inhibi-

tor was utilized to induced mitochondria damage (Zhou

et al., 2011). The confocal microscopic scanning showed that

autophagy-associated LC3-RFP puncta accumulated around

mitochondria after the treatment of rotenone (Figure 6A). We

investigated the effects of morphine to the recognition between

LC3 and mitochondria. Our study indicated that in the presence

of morphine, rotenone induced LC3-RFP puncta did not coloca-

lize with damaged mitochondria (Figure 6A). Furthermore, our

data manifested that morphine also induced the formation of

LC3-RFP puncta and the puncta did not colocalize with mitochon-

dria (Figure 6A). These indicated that morphine interrupted the

recognition of autophagosomes to the damaged mitochondria.

In addition, we respectively labeled mitochondria and lysosomes

with mitotracker green and lysotracker red. The confocal micro-

scopic scanning demonstrated that morphine interrupted infu-

sion of damaged mitochondria and lysosomes (Figure 6B).

Furthermore, we used LC3-GFP and lysotracker red respectively

labeled autophagosomes and lysosomes. The data showed that

rotenone induced the infusion of autophagosomes to lysosomes

(Figure 6C); however, morphine inhibited the infusion caused by

rotenone. Furthermore, morphine also activated lysosomes with-

out rotenone, and inhibited the infusion of autophagosomes to

lysosomes (Figure 6C). According to the results above, morphine

interrupted the recognition of autophagosomes to the damaged

mitochondria and inhibited the infusion of damaged mitochon-

dria to lysosomes.

Figure 5 Morphine inhibits mitophagy by suppressing recruitment of Parkin to the damaged mitochondria and decreasing the ubiquitination

of mitochondrial proteins. SH-SY5Y cells were treated with CCCP (10 μM) for 2.5 h with or without morphine (200 μM) for 24 h. (A and C)

The levels of Tom20, COX IV, and the phosphorylation of Parkin (Ser65) from whole-cell extract were analyzed by western blotting. (B and

D) The levels of Parkin and ubiquitylated proteins in mitochondria were analyzed by western blotting. n = 3, *P < 0.05, **P < 0.01, ***P <
0.001 vs. control group, #P < 0.05, ##P < 0.01 vs. CCCP group. (E) SH-SY5Y cells were treated with CCCP (10 μM) for 2.5 h with or without

morphine (200 μM) for 24 h, and then labeled with Mitotracker green and stained with anti-Parkin antibody (red). Scale bar, 10 μm.
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Morphine induces the degradation of PINK1 under stress and

the rescue of PINK1 improves mitophagy deficiency caused by

morphine

PINK1 and Parkin sense and mark the dysfunctional mitochon-

dria in mammalian cells. In this process, PINK1 plays an important

role. It is a prerequisite for Parkin activation and translocation.

Therefore, we wanted to examine whether the PINK1 was affected

by morphine. In normal condition, PINK1 is usually kept at an

undetectable level in cells (Greene et al., 2012). When mitochon-

dria lose membrane potential, PINK1 accumulates but not be

degraded by protease (Youle and Narendra, 2011). CCCP was uti-

lized to induce the loss of ΔΨm. Immunoblots showed that CCCP

sufficiently increased the level of PINK1 in SH-SY5Y cells, how-

ever, morphine inhibited the CCCP-induced accumulation of

PINK1 (Figure 7A). It implied that morphine induced the degrad-

ation of PINK1. It was mentioned above that morphine led to the

accumulation of SQSTM1/p62, and also inhibited the autophagic

flux. Therefore, we sought to examine whether PINK1 overexpres-

sion could improve morphine-induced dysfunction of mitophagy.

We utilized lentivirus-mediated PINK1 overexpression, and the

immunoblots showed that the rescue of PINK1 decreased the

accumulation of SQSTM1/p62 caused by morphine (Figure 7B

and C). Our study suggested that, in the presence of morphine,

PINK1 was not stable on damaged mitochondria, even with

declined ΔΨm. As a result, the damaged mitochondria could not

be removed, and autophagic substrate accumulated.

Discussion

Recently, the identified pathways that mediate mitophagy in

mammalian cells include NIP3-like protein X (NIX)-mediated

mitophagy in red blood cells (Schweers et al., 2007) and

PINK1–Parkin-mediated mitophagy in most mammalian cells.

PINK1 and Parkin act cooperatively in detecting the state of

mitochondria and marking damaged mitochondria for disposal

via mitophagy. When mitochondria lose membrane potential,

PINK1 is stabilized on the OMM and activates parkin ubiquitin

ligase activity. Autophagy receptors, such as SQSTM1/p62,

bind to ubiquitinated cargo and LC3-coated phagophores to

mediate mitophagy. In this study, we found that the adminis-

tration of morphine promoted the degradation of PINK1 even

the mitochondria were impaired. As a result, Parkin was not

recruited to the mitochondria with low ΔΨm, the mitochondrial

proteins could not be ubiquitylated, and the damaged mito-

chondria could not be recognized by autophagosomes.

Therefore, morphine interrupted the recognition of autophago-

somes to the damaged mitochondria and inhibited the delivery

of impaired mitochondria to lysosomes via autophagosomes

(Figure 8).

Figure 6 Morphine interrupts the recognition of autophagosomes to

the damaged mitochondria and suppresses the infusion of damaged

mitochondria to lysosomes. (A) SH-SY5Y cells expressing RFP-LC3

were stimulated with rotenone (100 nM) for 6 h, in the presence

or absence of morphine (200 μM) for 24 h, and then stained with

Mitotracker green for mitochondria. (B) SH-SY5Y cells were stimu-

lated with rotenone (100 nM) for 6 h, in the presence or absence

of morphine (200 μM) for 24 h, and then stained with Mitotracker

green for mitochondria and Lysotracker red for lysosomes.

(C) SH-SY5Y cells expressing GFP-LC3 were stimulated with rotenone

(100 nM) for 6 h, in the presence or absence of morphine (200 μM)

for 24 h, and then stained with Lysotracker red for lysosomes. Scale

bar, 10 μm.
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For several decades, numerous scientific studies have been

devoted to understanding the mechanisms of morphine toler-

ance including neuronal and non-neuronal actions. In this study,

we illuminated that morphine administration interrupted mito-

phagy, a very important biological mechanism. In addition, our

study manifested that morphine administration could induce

mitochondria disorder. It implies that the chronic administration

of opioid analgesics increases risk of dysfunction of mitochon-

dria. Various diseases have been reported to be associated with

the dysfunction of mitophagy, such as Parkinson’s disease (Chu,

2011), Niemann Pick disease (Ordonez, 2012), Alzheimer’s dis-

ease (Santos et al., 2010), heart failure (Chaanine et al., 2012),

muscle disease (Mitsuhashi and Nishino, 2011), and cancer

(Soengas, 2012). Thus, our study is also helpful for a better

understanding of the dysfunction of mitophagy in diseases.

Taken together, our findings suggest a new intracellular path-

way in dorsal horn neurons that underlies mechanism of morphine

tolerance. Under normal conditions, this pathway is inactive.

After chronic exposure, morphine inhibits mitochondria damage-

induced accumulation of PINK1 and interrupts the recruitment of

Parkin to the impaired mitochondria. Consequently, the ubiquiti-

nation of mitochondrial protein is inhibited, and the autophago-

somes fail to recognize the damaged mitochondria. Finally, the

impaired mitochondria are not delivered to lysosomes for

degradation leading to robust ROS production. This reveals

a novel understanding for morphine-induced mitochondrial

dysfunction.

Materials and methods

Reagents and antibodies

Morphine was purchased from Shenyang First Pharmaceutical

Factory, Shenyang, China. Rapamycin, 3-methyladenine (3-MA),

rotenone, carbonyl cyanide 3-chlorophenylhydrazone (CCCP),

and chloroquine (CQ) were purchased from Sigma. MitoSOX,

MitoTracker Green FM, LysoSensor Green DND-189, LysoTracker

Red DND-99, and Hoechest 33342 were from Life Technologies.

Figure 7 Morphine induces the degradation of PINK1 and the rescue of PINK1 improves the accumulation of SQSTM1/p62 induced by mor-

phine. (A) SH-SY5Y cells were treated with CCCP (10 μM) for 2.5 h with or without morphine (200 μM) for 24 h. The level of PINK1 was ana-

lyzed by western blotting. n = 3, ***P < 0.001 vs. control group, #P < 0.05 vs. CCCP group. (B and C) SH-SY5Y cells were transfected with

pLenti-Ubc-PINK1-2A-EGFP for 48 h, followed by morphine (200 μM) treatment for 24 h. The levels of PINK1 and SQSTM1/p62 were analyzed

by western blotting. n = 3, *P < 0.05, **P < 0.01, ***P < 0.001 vs. control group, ##P < 0.01, ###P < 0.001 vs. morphine group.
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The primary antibodies for immunoblotting analysis were as fol-

lows: LC3A/B (CST, 4108), SQSTM1/p62 (CST, 5114), ATG-5 (CST,

12994), BECN1 (CST, 3738), BAX (CST, 2772), BCL2 (CST, 2876),

Tom20 (Abcam, ab186734), COX IV (CST, 11967), PARK2 (Abcam,

ab15954), PARK2-phospho S65 (Abcam, ab154995), PINK1 (CST,

6946), ATPB (Abcam, ab14730), and ACTB (CST, 4970). The sec-

ondary antibodies were from Cell Signaling Technology.

The primary antibodies for immunofluorescence analysis were

as follows: SQSTM1/p62 (Abcam, ab91526/56416), NeuN

(Millipore, MAB337), GFAP (Santa Cruz, sc-6170), Iba1 (Abcam,

ab5076), and PARK2 (Abcam, ab15954). The secondary anti-

bodies were from Jackson ImmunoResearch.

Animals

All procedures were strictly performed in accordance with the

regulations of The Ethics Committee of the International

Association for the Study of Pain and the Guide for the Care

and Use of Laboratory Animals (The Ministry of Science and

Technology of China, 2006). All animal experiments were

approved by the Nanjing Medical University Animal Care and

Use Committee and were designed to minimize suffering and

the number of animals used.

Adult CD-1 mice (18–22 g wild-type) were provided by the

Experimental Animal Center at Nanjing Medical University, Nanjing,

China. Animals were housed 5–6 per cage under pathogen-free

conditions with soft bedding under controlled temperature (22˚C ±
2˚C) and a 12-h light/dark cycle (lights on at 8:00 AM). Morphine

was intrathecally injected at 10 μg/10 μl once a day for 7 days to

establish chronic anti-nociception tolerance. Behavioral testing was

performed during the light cycle (between 9:00 AM and 5:00 PM).

The animals were allowed to acclimate to these conditions for at

least 2 days before starting the experiments. For each group of

experiments, the animals were matched by age and body weight.

To assess acute analgesic effect of morphine, tail-flick test was per-

formed every 30 min after morphine injection until 180 min. For

the test of chronic tolerance, tail-flick test was performed 0.5 h

after morphine administration. An equal volume of saline was given

as a control. Data were calculated as percent maximal possible

effect (MPE), which was calculated by the following formula: 100%

× [(drug response time – basal response time) / (10 sec – basal

response time)] = % MPE.

Cell lines and cell culture

Human neuroblastoma (SH-SY5Y) cells were purchased from

ATCC and cultured in humidified 5% CO2 at 37°C in Modified

Eagle Media (MEM)/F12 medium supplemented with 10% (v/v)

FBS, 80 U/ml penicillin, and 0.08 mg/ml streptomycin.

Western blotting

Samples (cells or spinal cord tissue segments at L1–L6) were

collected and washed with ice-cold PBS before being lysed in

lysis buffer. Then sample lysates were separated by SDS-PAGE

and electrophoretically transferred onto polyvinylidene fluoride

membranes (Millipore). The membranes were blocked with 10%

whole milk in TBST (Tris-HCl, NaCl, and Tween 20) or 5% bovine

serum albumin (BSA) in TBST for 2 h at room temperature, and

then probed with primary antibodies at 4°C overnight. After that,

bands were detected with horseradish peroxidase (HRP)-coupled

Figure 8 The schematic summary for morphine-induced suppression of mitophagy. In response to stress-induced mitochondrial damage,

the ΔΨm is dissipated and full-length PINK1 accumulates at the outer mitochondrial membrane (OMM). This allows for the recruitment of

the ubiquitin ligase Parkin, which ubiquitinylates outer membrane proteins of mitochondria. The damaged mitochondria are rapidly recog-

nized by autophagosomes mediated by SQSTM1/p62 and LC3. Finally, the autophagosomes containing damaged mitochondria move to

lysosomes, leading to the degradation of damaged mitochondria. However, morphine inhibits the recruitment of Parkin to the damaged

mitochondria and suppresses the phosphorylation of Parkin S65 by inducing the degradation of PINK1. Therefore, morphine interrupts the

recognition of autophagosomes to the damaged mitochondria, and the impaired mitochondria cannot be delivered to lysosomes by autop-

hagosomes. It leads to the accumulation of damaged mitochondria and robust production of ROS.
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secondary antibodies. Data were acquired with the Molecular

Imager (ChemiDoc, Bio-Rad) and analyzed with ImageJ software

(National Institutes of Health, USA).

Quantitative PCR

Quantitative PCR was performed on SH-SY5Y cell samples and

on spinal cord samples obtained from mice. Total RNA was iso-

lated by a standard method with TRIZOL reagent (Invitrogen Life

Technologies). Isolated RNA was reverse-transcribed into cDNA

using PrimeScript™ RT Reagent Kit (TaKaRa) following standard

protocols. Real-time quantitative PCR (qPCR) was performed

with synthetic primers and SYBR Green (TaKaRa) with a Quant-

Studio 5 Real-Time PCR Detection System (Thermo Fisher

Scientific). The relative expression level of SQSTM1/p62 was cal-

culated and quantified with the 2−ΔΔCt method (Livak and

Schmittgen, 2001) after normalization with the reference GAPDH

and ACTB expression. All primers used are listed in Table 1.

Malondialdehyde measurement

Mice were daily intrathecally injected with saline or morphine

(10 μg/10 μl) for 7 consecutive days. Spinal cord segments

were collected at L1–L6. The malondialdehyde (MDA) of mouse

spinal cord samples was measured according to a previously

described method (Gong et al., 2012). Briefly, the tissue sam-

ples subjected to MDA measurement were assayed with kits

from Nanjing Jiancheng Bioengineering Institute according to

manufacturer’s instructions. The products of reactions were

detected by Multi-Mode Microplate Readers (Thermo Multiskan

FC) at 532 nm.

ROS measurement

SH-SY5Y cells were cultured in 6-well plates and stimulated

with morphine (200 μM) for 24 h. After the cultivation, super-

natant was removed and cells were washed with PBS. Then the

cells were incubated with MitoSOX at 2.5 μM in serum-free

medium for 0.5 h at 37°C. After that, cells were washed with

warm PBS, removed from plates with cold PBS containing 1%

FBS, and subjected to flow cytometric analyses (Miltenyi

MACSQuant Analyzer 10). The data were analyzed using FlowJo

statistical software. For in vivo study, mice were intrathecally

injected with saline or morphine (10 μg/10 μl) once a day for 7

consecutive days. Spinal cord segments samples were collected

at L1–L6. The ROS level of mouse spinal cord was measured

with the kit (Beyotime Institute of Biotechnology) according to

the previously described method (Aranda et al., 2013). Briefly,

tissues were finely minced and dissociated with trypsin enzym-

atic solution by incubation at 37°C for 30 min. Then the same

volume of mixtures was obtained with Pasteur pipettes. The

cells from the mixtures were harvested by centrifugation and

washed with PBS twice. Then the samples were incubated with

dichloro-dihydro-fluorescein diacetate (DCFH-DA) (40 μM) in

PBS for 40 min at room temperature. After that, the samples

were obtained by centrifugation, washed with PBS twice, and

then lysed on ice with lysis buffer. Finally, the fluorescence (λex
= 488, λem = 525) intensity of supernatant obtained from centri-

fugation was measured with a multi-well spectrophotometer.

The data were normalized with protein concentrations of

samples.

MMP measurements

Flow cytometry was utilized to measure alterations in MMP.

The cationic fluorescent dye 1,1′,3,3′-tetraethylbenzamidazolo-

carbocyanin iodide (JC-1; Beyotime Biotechnology) was utilized

for MMP measurement (Shang et al., 2005). The staining was

performed according to the manufacturer’s procedures, and the

MMP alterations were quantified by flow cytometry analysis

(Miltenyi MACSQuant Analyzer 10). The data were analyzed

using FlowJo statistical software.

Immunostaining

Under deep anesthesia, mice were perfused with saline fol-

lowed by 4% paraformaldehyde in PBS. Then L4–L6 lumbar seg-

ments were dissected out and post-fixed in the same fixative.

The embedded blocks were sectioned at 25 μm thickness and

processed for immunofluorescence assay. Sections from each

group were incubated with primary antibody overnight (NeuN,

1:300; IBA-1, 1:300; GFAP, 1:300; SQSTM1/p62, 1:100). Then

the sections were washed with PBS and incubated with the sec-

ondary antibody (1:300; Jackson Laboratories) for 2 h at room

temperature. After being washed for three times with PBS, the

samples were investigated with Zeiss confocal microscope (LSM

710, Zeiss).

Cell imaging

SH-SY5Y cells were cultured in confocal dish. Fluorescent

staining was used to detect the locations of mitochondria, lyso-

somes, and autophagosomes. For living cells, the imaging was

directly obtained under a Zeiss confocal microscope (LSM 710,

Zeiss). For fixed cells, the samples were firstly stained with

fluorescent probe and then fixed with 4% paraformaldehyde for

10 min followed by primary antibody and fluorescent secondary

antibody detection. Finally, the imaging was obtained with a

Zeiss confocal microscope (LSM 710, Zeiss).

Table 1 Sequences of primers for real-time quantitative PCR.

Gene Sequence

Gapdh (mouse)

Forward

Reverse

5′-GGCATGGACTGTGGTCATGAG-3′
5′-TGCACCACCAACTGCTTAGC-3′

Actin (human)

Forward

Reverse

5′-GCCAGCTCACCATGGATGAT-3′
5′-CCTCGGCCACATTGTGAACT-3′

SQSTM1/p62 (mouse)

Forward

Reverse

5′-AGAATGTGGGGGAGAGTGTG-3′
5′-TCTGGGGTAGTGGGTGTCAG-3′

SQSTM1/p62 (human)

Forward

Reverse

5′-CTGGGACTGAGAAGGCTCAC-3′
5′-GCAGCTGATGGAAAGGAAAT-3′
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Evaluation of lysosomal pH changes

Changes in lysosomal pH were evaluated using the

LysoSensor Green DND-189 reagents. These reagents exhibited

a pH-dependent increase in fluorescence intensity upon acidifi-

cation (Hurwitz et al., 1997; Zhou et al., 2012). In brief, SH-SY5Y

cells were grown in confocal dish. After stimulation with mor-

phine, the cells were incubated with 1 μM of the LysoSensor

reagents for 0.5 h. Fluorescence intensity and positive staining

cell were examined by flow cytometry analysis (Miltenyi

MACSQuant Analyzer 10).

Transmission electron microscopy

Under deep anesthesia, mice were perfused with saline fol-

lowed by 4% paraformaldehyde in PBS. Then L4–L6 lumbar seg-

ments were dissected out, pre-fixed with 5% glutaraldehyde in

0.1 M PBS, pH 7.2–7.4, and then post-fixed with 1% osmium

tetroxide buffer. After dehydration in a gradient series of ethyl

alcohol, tissues were embedded in epoxy resin. Ultrathin sec-

tions were stained with uranyl acetate and lead citrate, and

then examined using a transmission electron microscope (JEM

1230, JOEL).

Transient transfection

SH-SY5Y cells were plated in 6-well plates and allowed to

reach 40%–60% confluence at the time of transfection. mRFP-

GFP-LC3 adenoviral virus purchased from HanBio Technology

was used according to the manufacturer’s instructions. SH-SY5Y

cells were incubated in growth medium with the adenoviruses

at 37°C for 2 h, and then the transfection medium was replaced

with new growth medium.

For the transfection of GFP-LC3 and RFP-LC3 plasmids, SH-SY5Y

cells were cultured in 6-well plates with antibiotic-free medium

the day before transfection. The transfection was conducted

when cells reached 40%–60% confluence using Lipofectamine

2000 (Invitrogen) and serum-free medium according to the manu-

facturer’s instructions. After 6 h, the transfection medium was

replaced with the culture medium containing 10% FBS and then

incubated at 37°C in 5% CO2.

For the transfection of PINK1, pLenti-Ubc-PINK1-2A-EGFP lenti-

viral virus was purchased from OBIO Technology. SH-SY5Y cells

were plated in 6-well plates and the virus was used according to

the manufacturer’s instructions. After 24 h, the transfection

medium was replaced with the culture medium containing 10%

FBS and then incubated at 37°C in 5% CO2.

Cellular fractionation and mitochondria purification

To obtain an enriched mitochondrial fraction from SH-SY5Y

cells, Cell Mitochondria Isolation Kit (Beyotime Biotechnology)

was utilized. Mitochondria were isolated from SH-SY5Y cells

according to the manufacturer’s instructions (Gong et al., 2012).

Briefly, cells were homogenized with Dounce homogenizer. The

nuclei and debris were removed by a 10-min centrifugation at

600× g, and a pellet containing mitochondria was obtained by

centrifugation at 11000× g for 10 min. The enriched mitochon-

drial fraction, mitochondria-containing pellet, was finally lysed

in lysis buffer with protease inhibitors and phosphatase

inhibitors.

Statistical analyses

All values are expressed as mean ± SEM. Statistical analyses

were performed with the Student’s t-test for two groups or one-

way ANOVA (GraphPad Software) for multiple groups. P-values <
0.05 were considered significant.

Supplementary material

Supplementary material is available at Journal of Molecular

Cell Biology online.
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