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Purpose: Recent studies showed promotion of astrocyte autophagy in the spinal cord would provide analgesic effects. Silent
information regulator T1 (SIRT1) and α subunit of peroxisome proliferator-activated receptor-γ coactivator-1 (PGC-1α) are two
master regulators of endogenous antioxidant defense and mitochondrial biogenesis. They play vital roles in both autophagy and
neuropathic pain (NP). Our previous study showed that TSPO agonist Ro5-4864 elicited potent analgesic effects against NP, but the
mechanisms remain unclear. This study aims to investigate the effects of TSPO agonist Ro5-4864 on autophagy and nuclear SIRT1/
PGC-1α signaling in spinal dorsal horn.
Methods: A rat model of L5 spinal nerve ligation (SNL) was adopted. Rats were randomly assigned to the Sham group, the SNL
group, the Ro (TSPO agonist Ro5-4864) group and the Ro+3-MA group. The behavior assessments were conducted at baseline, on
Day 1, 3, 7 and 14 after SNL. The autophagy-related proteins (ATG7, Beclin1, LC3, and P62) in spinal dorsal horn were assayed and
the nuclear SIRT1/PGC-1α and downstream factors were analyzed.
Results: Ro5-4864 alleviated the mechanical allodynia induced by SNL (P < 0.01 vs the SNL group), which could be totally
abrogated by autophagy inhibitor 3-MA (P < 0.01 vs the Ro group). SNL induced elevated ATG7 (P < 0.01), Beclin1 (P < 0.01) and
LC3-II/LC3-I (P < 0.01) contents and P62 accumulation (P < 0.01) on Day 7 and Day 14, which suggested an autophagy flux
impairment. Ro5-4864 augmented ATG7 (P < 0.01), Beclin1 (P < 0.01) and LC3-II/LC3-I (P < 0.05) with decreased P62 (P < 0.01),
which indicated a more fluent autophagic process. These effects were also totally abrogated by 3-MA (P < 0.01). Furthermore, Ro5-
4864 activated the spinal nuclear SIRT1/PGC-1α signaling pathway.
Conclusion: TSPO improved both autophagy impairment and mitochondrial biogenesis, which may provide a new strategy for the
treatment of NP.
Keywords: translocator protein, TSPO, neuropathic pain, autophagy, silent information regulator T1, SIRT1, α subunit of peroxisome
proliferator-activated receptor-γ coactivator-1, PGC-1α

Introduction
Autophagy is believed as a stress adaptation and offers an alternative cell death pathway.1 Previous studies about
autophagy and autophagy-related genes (ATG) mainly focused on tumor cells. Some ATGs dysfunction may correlate
with tumor progression and poorer patient survival.2 Recently, researchers have paid more attention to the role of
autophagy in the nervous system. Scientists reported that autophagic dysfunction is associated with neurodegenerative
diseases such as Huntington’s disease3 and spinocerebellar ataxia,4 which are associated with ineffective lysosomal
clearance by autophagy. Moreover, autophagic dysfunction played a crucial role in nerve injury and neuropathic pain.5
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Recently, Li et al reported that activation of autophagy relieved pain during both neuropathic pain (NP) induction and
maintenance.6 Several studies found that autophagic activity was disrupted in both spinal neurons and glial cells in NP.5,6

Li et al found that the autophagy impairment was mainly located in spinal cord astrocytes during the maintenance phase
of NP.6 Jin et al provided the direct evidence that the promotion of astrocyte autophagy would provide analgesic effects
in both the spinal cord and in vitro primary cultured astrocytes.7

α subunit of peroxisome proliferator-activated receptor-γ coactivator-1 (PGC-1α) was the first member identified as a
cofactor for the nuclear hormone receptor PPARγ that is required for the adaptive thermogenic response to lower
temperatures. It also plays a vital role in autophagy and mitophagy according to the cellular metabolic state.8,9 Silent
information regulator T1 (SIRT1) is known as the only protein that is able to deacetylate and activate PGC-1α.10 Recent
studies reported that PGC-1α signaling regulates detoxifying astrocyte responses to hypoxic and oxidative stresses, which
implicated this signaling as an important regulator of astrocyte reactivity.11,12

The translocator protein (18 kDa) (TSPO) is a small molecular weight protein which is localized in the outer
mitochondrial membrane. It is expressed primarily in steroid-synthesizing tissues, including the nervous system.13 Our
previous study showed that TSPO agonist Ro5-4864 or recombinant lentivirus over-expressing of TSPO RNA could both
elicit potent analgesic effects against neuropathic pain, which was attributed to inhibition of spinal astrocytes activation
and astrocyte-to-neuron signaling.14 Meanwhile, TSPO was verified to play an important role in regulating mitochondrial
function and mitophagy.15,16 Whether TSPO agonist can affect astrocyte autophagy in spinal DH, and whether it would
modulate the SIRT1/PGC-1α signaling have not been reported yet. This paper therefore aims to 1) verify the astrocyte
autophagy in spinal DH after rat L5 spinal nerve ligation (SNL) model; 2) study the effects of TSPO on autophagy-
related proteins in vivo; 3) explore the effects of TSPO ligands on SIRT1/PGC-1α signaling in vivo.

Materials and Methods
Animals and Drugs
The following experimental protocol was approved by Animal Care and Use Committee in Shanghai Xinhua Hospital
(Approval No. XHEC-F-2021-009). All procedures were performed in accordance with the Guide for the Care and Use
of Laboratory Animals of the International Association for the Study of Pain. All the male Sprague-Dawley rats (body
weight, 200 ± 20g, purchased from the Animal Center of the Chinese Academy of Science in Shanghai) were acclimated
in a quarantine room at the animal center in Shanghai Xinhua Hospital for five days before surgery.

Ro5-4864((7-chloro-5–4-chlorophenyl)-1,3-dihydro-1-methyl-2-H-1,4-benzodiaze-pine-2)), autophagy inhibitor 3-
Methyladenine (3-MA) were both dissolved in dimethyl sulfoxide (DMSO, 8.72%), which were all purchased from
Sigma Aldrich (St. Louis, MO, USA). TSPO agonist Ro5-4864 was injected intrathecally (0.2ug/ul×10ul). Animals in
vehicle group and sham group received the same volume of 8.72%DMSO (10μL).

Experimental Protocol
A total of 120 rats were randomly assigned to four experimental groups (n = 30 in each group): (1) the sham group
(Sham group); (2) the vehicle (control) group (SNL group); (3) the Ro group (2μg/10ul Ro5-4864, i.t. repeated for 3
days, on Day 3–5); (4) the Ro + 3-MA group (2μg/10ul Ro5-4864+4μg/10ul 3-MA, i.t. repeated for 3 days, on Day 3–5).
Behavioral assessments were performed in all animals before surgery (day 0) and on Day 1, 3, 7 and 14 after SNL
surgery or sham operation, separately. The ipsilateral L5 spinal cords were collected at baseline, Day 7, and Day 14 (n =
10 for each point of time in every group, among these 10 rats, 3 killed for immunofluorescence, 4 for Western blot, and 3
for electromicroscopic assessment). The scheme of protocol is shown in Figure 1.

Surgical Procedures
Neuropathic pain was induced using the methods of our previous study.14 Briefly, after rats were anesthetized (50 mg/kg
sodium pentobarbital, ip), they were placed in a prone position. A midline incision was made and the paraspinal muscles
were separated to expose the left L5 spinal nerves. Then the L5 nerve was tightly ligated with a 3–0 silk thread without
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damage to the dorsal root ganglion or other nerves. The wound was finally irrigated with saline solution and closed after
surgical procedure.

Behavioral Assessment
The day of surgical procedure was named as Day 1. Behavioral assessments were performed before surgery (Day 0, or
baseline) and on test days after sham operation or SNL surgery using the methods of our previous study.14 Each rat was
placed in the testing chamber and allowed to acclimate for 30 minutes before testing. The withdrawal thresholds were
determined according to the “up–down method” by standard Von Frey filaments (Stoelting Co, Wood Dale, IL).
According to the response pattern described by Chaplan et al,17 we calculated and recorded the 50% response threshold.
The minimum score was 0.25 g, and the maximum score was 26 g. All behavioral tests were assessed by the same author
(Hao C) who is not aware of the group assignment.

Immunofluorescence
Rats were anesthetized and perfused with 300mL of 0.9% saline and 250mL of 4% paraformaldehyde separately.We selected
the L5 spinal segments. After post-fixed overnight at 4°C, the samples were immersed in 30% sucrose in 0.1 M phosphate-
buffered saline (PBS) at 4°C. Using the cryostat (LEICACM1900UV), the spinal cord sections were cut transversely at 30 μm
thick. The following immunofluorescence examinations were performed as in our previous study.14 The primary antibodies
used were as follows: LC3: 1:200, rabbit, Cell Signaling Technology; TSPO: 1:100, rabbit, LifeSpan BioSciences. A Leica
laser scanning confocal microscope (Leica TCS SP5 II) was used to acquire images. A computer software (Leica AF Version
2.3.0) was used to analyze and compare the fluorescent intensity. The magnification of figures are ×50 or ×400, as indicated in
figure legends. For LC3 fluorescent intensity comparison, 3 sections from the L5 spinal cord segments were randomly selected

Figure 1 The scheme of experiment protocol. A total of 120 rats were randomly assigned to four experimental groups (n = 30 in each group): (1) the sham group (Sham
group); (2) the vehicle (control) group (SNL group); (3) the Ro group (2μg/10ul Ro5-4864, i.t. repeated for 3 days, on Day 3–5); (4) the Ro + 3-MA group (2μg/10ul Ro5-
4864+4μg/10ul 3-MA, i.t. repeated for 3 days, on Day 3–5). Behavioral assessments were performed in all animals before surgery (day 0) and on Day 1, 3, 7 and 14 after SNL
surgery or sham operation, separately. The ipsilateral L5 spinal cords were collected at baseline, Day 7, and Day 14 (n = 10 for each point of time in each group, among these
10 rats, 3 killed for immunofluorescence, 4 for Western blot, and 3 for electromicroscopic assessment).
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in every animal (n = 3 on Day 7 and Day 14 separately). An image in a rectangle on the superficial dorsal horn (laminae I–III)
was captured with a numerical intensity value and was calculated with a computer-assisted imaging analysis system (Image J).
The intensity of the background was subtracted in each section.

Transmission Electron Microscopy (TEM)
Adult male SD rats were anesthetized, as described above. The ipsilateral spinal DH was quickly harvested within 1–3
minutes. The size of tissue block sample was about 1 mm3. Samples were transferred with fresh TEM fixative into an EP
tube, and then samples were fixed at 4°C for preservation. After washing by 0.1 M PB (pH = 7.4), the tissue blocks were
post-fixed with 1% OsO4 in 0.1M PB (pH = 7.4) for 2h at room temperature, dehydrated through a graded series of
ethanol and acetone, resin permeated and embedded. The embedding models with resin and samples were moved into 65°
C oven to polymerize for more than 48h. The resin blocks were cut to 60–80 nm thin on the ultramicrotome (Leica UC7;
Leica, Vienna, Austria), and the tissues were fished out onto the 150 meshes cuprum grids with formvar film. With 2%
uranium acetate saturated alcohol solution avoiding light staining for 8 min, samples were rinsed in 70% ethanol 3 times
and then rinsed in ultra pure water 3 times. With 2.6% Lead citrate avoiding CO2 staining for 8 min, samples were then
rinsed with ultra pure water 3 times. After dried by the filer paper, the cuprum grids were put into the grids board and
dried overnight at room temperature. Finally, the cuprum grids were observed under TEM (HT7800, Hitachi, Tokyo,
Japan) and images were taken. For TEM quantitative assessment, 3 views from every sample were randomly selected (n
= 3 in every group on Day 14).

Western Blot Analysis
The ipsilateral spinal cord was collected. Using BCA Protein Assay Kit (Pierce Biotechonology, Rockford, IL, USA),
every sample was quantified of its protein content. A total of 20 μg protein were loaded for each lane and separated on
10% or 12.5% SDS-PAGE gel and then transferred to 0.4 μm PVDF membranes. The blots were incubated overnight at
4°C with the following primary antibodies (ATG7: 1:1000, rabbit, Cell Signaling Technology; LC3: 1:1000, rabbit, Cell
Signaling Technology; Beclin1: 1:1000, rabbit, Cell Signaling Technology; P62: 1:1000, rabbit, Cell Signaling
Technology; actin: 1:1000, rabbit, Cell Signaling Technology; PGC-1α: 1:1000, goat, Abcam; SIRT1:1:1000, rabbit,
Abcam; Nrf2:1:1000, rabbit, Cell Signaling Technology; HO-1: 1:1000, rabbit, Cell Signaling Technology), then
incubated with a goat anti-rabbit or anti-mouse HRP-conjugated secondary antibody (Anti-Rabbit: 1:1000, Beyotime;
Anti-Goat: 1:5000, YEASEN). Protein signals were detected using an enhanced chemiluminescence (ECL) detection
system (Pierce Biotechnology, Rockford, IL, USA). An anti-β-actin antibody (1:1000, Cell Signaling Technology, USA)
or an anti-laminA/C antibody (1:10000, ABclonal, China) was used to normalize sample loading and transfer. The
intensity of the selected bands was analyzed using Image J software (National Institutes of Health [NIH], Bethesda,
MD, USA).

Statistical Analysis
Statistical analyses were performed by using SPSS 10.0. Behavioral assessment was first analyzed using a repeated
measures two-way analysis of variance followed by Bonferroni post hoc tests. Then, multivariate analysis of variance
(ANOVA) was performed followed by Tukey’s tests to further compare behavioral assessments among different groups at
the same point of time. For fluorescent intensity comparison, TEM quantitative comparison and Western blot analyses,
one-way ANOVA were performed followed by the Tukey post hoc test. All data were presented as mean ± standard
deviation (SD). A two-sided P < 0.05 was considered significant.

Results
TSPO Agonist Ro5-4864 Alleviated the Neuropathic Pain Induced by SNL, Which Can
Be Abrogated by Autophagy Inhibitor 3-MA
SNL induced a significant decrease of the ipsilateral paw 50% withdrawal threshold (PMWT) during the whole period
compared with the Sham group. Intrathecal injection of Ro5-4864 at 2μg repeated for three days remarkably increased
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the 50% PMWT compared with the SNL group (P < 0.01 vs the SNL group, Figure 2). This result is consistent with our
previous study. This anti-allodynia effect of Ro5-4864 can be totally abrogated by autophagy inhibitor 3-MA (P < 0.01 vs
the Ro group, Figure 2). The comparison results of the four groups on Day 7 and Day 14 separately are also shown in
Figure 2.

Effects of TSPO Agonist Ro5-4864 on Autophagy-Related Proteins
Microtubule associated protein 1 light chain 3 (LC3) has two forms: LC3-I and LC3-II. LC3-II/LC3-I is a classic
marker representing autophagic state. The signals of LC3 after SNL were first examined using immunofluorescence.
Representative immunofluorescence pictures of L5 spinal DH are shown in Figure 3A. There was a very low level
of basal LC3 signal within the L5 spinal DH at baseline, which was slightly increased on Day 7 (about 1.25-fold)
and on Day 14 (about 1.27-fold) following SNL (P < 0.05 vs the Sham group, Figure 3B). Ro5-4864 upregulated the
signal increase of LC3, which is about 1.52-fold on Day 7 and maintained on Day 14 (P < 0.05 vs the Sham group
and the SNL group, Figure 3B). This effect could be remarkably inhibited by 3-MA (P < 0.01 on Day 7 and P <
0.05 on Day 14 vs the Ro group, Figure 3B). Double staining was then performed. The results showed that,
compared with the Sham group, the signals that expressed both TSPO and LC3 increased after SNL. Moreover, the
signals also augmented in the Ro group versus the SNL group. And 3-MA remarkably abrogated the effects of Ro5-
4864 (Figure 3C).

Then Western blots were performed to investigate the contents of some autophagy-related proteins. ATG7 is a typical
autophagy-related gene, which regulates ATG5, leading to the conjugation of LC3 to a lipid.18 Therefore, the spinal DH
expressions of ATG7, Beclin1, LC3-II/LC3-I and P62 after SNL were all examined by Western blot. The results showed
that, compared with the sham group, the content of ATG7 (P < 0.01, Figure 4A and B), Beclin1 (P < 0.01, Figure 4A and
D), LC3-II/LC3-I (P < 0.01, Figure 4A and F) and p62 (P < 0.01, Figure 4A and C) significantly increased on Day 7 and
Day 14 after SNL. Nevertheless, TSPO agonist Ro5-4864 augmented the activation of ATG7 (P < 0.01, Figure 4B),
Beclin1 (P < 0.01, Figure 4D) and LC3-II/LC3-I (P < 0.05, Figure 4F). P62 content in the Ro group showed remarkable

Figure 2 Effects of TSPO agonist Ro5-4864 with or without autophagy inhibitor 3-MA on mechanical allodynia induced by SNL. Behavioral assessments of the four groups.
**P < 0.01 compared with the Sham group at the same point in time. ##P < 0.01 compared with the SNL (control) group at the same point in time. &&P < 0.01 compared with
the Ro group at the same point in time. n = 10 in each group.
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decrease on Day 7 and Day 14 versus the same point of time in the SNL group (P < 0.01, Figure 4C). 3-MA totally
abrogated the effects of Ro5-4864 on these autophagic-related proteins (P < 0.01, Figure 4C–F).

Effects of Ro5-4864 on Ultrastructure of Spinal DH
To assess the autophagosome-lysosomal machinery, transmission electron microscopy (TEM) was applied to evaluate the
number and ultrastructure of autophagosomes, autolysosomes and lysosomes in the cytoplasm of astrocytes in the spinal
DH on Day 14. Representative electromicroscopic views of autophagosomes (red arrow), autolysosomes (yellow arrow)
and lysosomes (blue arrow) in spinal dorsal horn of the four groups are presented in Figure 5A. There were only a few

Figure 3 Single and Double staining of LC3 signals in spinal dorsal horn by immunofluorescence. (A) Representative immunofluorescent pictures of single staining of LC3
signals in spinal dorsal horn of the four groups on Day 7 and Day 14. (B) LC3 signals tensity in the spinal dorsal horn the four groups on Day 7 and Day 14. *P < 0.05 and **P
< 0.01 compared with the Sham group at the same point in time. ##P < 0.01 compared with the SNL (control) group at the same point in time. &P < 0.05 compared with the
Ro group at the same point in time. (C) Representative immunofluorescent pictures of double staining of LC3 and TSPO signals in spinal dorsal horn of the four groups on
Day 7 and Day 14.
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autophagosomes, lysosomes and autolysosomes in the Sham group. The SNL group showed slight elevation of
autophagosomes, but fewer lysosomes (P < 0.05 vs the Sham group, Figure 5B) and autolysosomes, which indicated
an impaired autophagy. The Ro group showed more autophagosomes (P < 0.01 vs the SNL group, Figure 5B),
autolysosomes (P < 0.01 vs the SNL group, Figure 5B) and lysosomes (P < 0.01 vs the SNL group, Figure 5B),
which indicated a more activated autophagy and a more fluent autophagy process. This effect of Ro was abrogated by 3-
MA (P < 0.01 vs the Ro group, Figure 5B).

Effects of Ro5-4864 on Nuclear SIRT1/PGC-1α Signaling Pathway
Finally, Western blots were performed to assay the effects of Ro5-4864 on spinal nuclear SIRT1/PGC-1α and downstream
Nrf2 and HO-1 expressions. There was a basal level of SIRT1 and PGC-1α expressions within the L5 spinal DH at baseline.
SIRT1 significantly increased on Day 7 (P < 0.01) and on Day 14 (P < 0.01) following SNL (Figure 6A and B). PGC-1α also

Figure 4 Effects of TSPO agonist Ro5-4864 with or without autophagy inhibitor 3-MA on autophagic proteins. (A) Representative immunoblots for ATG7, P62, Beclin1, and
LC3-I/LC3-II contents of the four groups on Day 7 and Day 14. (B–F) Illustration of the relative expression of ATG7/β-actin/Sham (B), P62/β-actin/Sham (C), Beclin1/β-actin/
Sham (D), LC3-II /β-actin/Sham (E), and LC3-II/LC3-I/Sham (F) of the four groups. **P < 0.01 compared with the Sham group at the same point in time. #P < 0.05 and ##P <
0.01 compared with the SNL (control) group at the same point in time. &&P < 0.01 compared with the Ro group at the same point in time. n = 4 for each point of time in
each group.
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remarkably elevated on Day 7 (P < 0.01) and maintained on Day 14 (P < 0.01) (Figure 6A and C). Ro5-4864 provided more
activated nuclear SIRT1 and PGC-1α vs the SNL group (P < 0.01 on Day 7 and Day 14, Figure 6A–C). There was a very low
level of nuclear Nrf2 contents within the L5 spinal DH at baseline. SNL induced nuclear Nrf2 activation (P < 0.01 on Day 7
and Day 14 vs the Sham group), while Ro5-4864 significantly augmented this activation (P < 0.01 on Day 7 and Day 14 vs
the SNL group, Figure 6A and D). Cytoplasmic HO-1 was also assayed. There was no significant difference in HO-1
expression among the three groups in baseline. SNL activated HO-1 on Day 7 (P < 0.05, Figure 6E and F) and Day 14 (P <
0.01, Figure 6E and F). Ro5-4864 administration provided more elevated cytoplasmic HO-1 (P < 0.01, Figure 6E and F).

Figure 5 Effects of Ro5-4864 on ultrastructure of spinal dorsal horn by TEM. (A) Representative electromicroscopic views of autophagosomes (red arrow), autolysosomes
(yellow arrow) and lysosomes (blue arrow) in spinal dorsal horn of the four groups. Magnification, ×8,000 (B) Illustration of quantitative score of autophagosomes,
autolysosomes and lysosomes on Day 14 of the four groups. *P < 0.05 and **P < 0.01 compared with the Sham group. ##P < 0.01 compared with the SNL (control) group.
&&P < 0.01 compared with the Ro group.
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Discussion
In this study, we reported that TSPO agonist alleviated the allodynia induced by SNL, which was totally abrogated by
autophagy inhibitor 3-MA. SNL induced spinal autophagic flux but an impaired autophagic degradation, demonstrated by
elevated ATG7, Beclin1, and LC3-II/LC3-I and p62 accumulation. TSPO agonist Ro5-4864 augmented autophagy and
improved autophagosome degradation compared with the SNL group. This autophagy promotion effect of Ro5-4864
could also be abrogated by 3-MA. Furthermore, Ro5-4864 activated the spinal nuclear SIRT1/PGC-1α signaling path-
way, which has been demonstrated to be antioxidant and cytoprotective in both autophagy and NP.

Initially, TSPO expression in the brain was considered to be specific for activated microglia thereby representing an
inflammation biomarker.19,20 Many recent studies demonstrated TSPO agonists to be effective and protective in treatment
of many neurological and psychiatric disorders including the neuropathic pain.14,19–21 In this present study, we found that

Figure 6 Effects of TSPO agonist Ro5-4864 on nuclear SIRT1/PGC-1α signaling. (A) Representative immunoblots for nuclear SIRT1, PGC-1α and Nrf2 contents of the Sham
group, SNL group and Ro group on Day 7 and Day 14. (B–D) Illustration of the relative expression of nuclear SIRT1/lamin/Sham (B) PGC-1α/lamin/Sham (C) and Nrf2/lamin/
Sham (D) of the Sham group, SNL group and Ro group. *P < 0.05 and **P < 0.01 compared with the Sham group at the same point in time. ##P < 0.01 compared with the
SNL (control) group at the same point in time. (E Representative immunoblots for cytoplasmic HO-1 contents of the Sham group, SNL group and Ro group on Day 7 and
Day 14. (F) Illustration of the relative expression of cytoplasmic HO-1/β-actin/Sham. *P < 0.05 and **P < 0.01 compared with the Sham group at the same point in time. ##P
< 0.01 compared with the SNL (control) group at the same point in time. n = 4 for each point of time in each group.
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2ug of intrathecal Ro5-4864 repeated for three days could provide remarkable analgesic effect against the neuropathic
pain induced by SNL, which was in accordance with our previous study.14 Moreover, we first reported that this analgesic
effect of Ro5-4864 could be totally abrogated by autophagy inhibitor 3-MA, which suggested that autophagy may play a
vital role in TSPO’s protective effects.

Although the precise mechanisms remain unclear, there are several possible explanations for the analgesic effects of
TSPO. First, we demonstrated that TSPO could improve the impaired autophagy induced by NP. One of the key steps in
autophagy regulation is the phosphatidylethanolamine conjugation to the LC3-I to form lipidated LC3-II. This conjuga-
tion is regulated by some autophagy-related genes such as ATG7. Beclin1 complex is involved in autophagosome
formation at an early stage and is essential for the recruitment of other autophagy-related proteins to the pre-autopha-
gosomal structure.18,22 However, LC3-II upregulation will be associated with P62 accumulation, if this autophagy
substrate is not been efficiently degraded. P62 is considered a useful readout of the final degradative steps of autophagy.23

Our results showed that SNL induced a significant increase in ATG7, Beclin1, and LC3-II/LC3-I with elevated p62
content, which indicated an increased autophagic flux but a defective autophagosome clearance. Ro5-4864 elicited more
activated ATG7, Beclin1 and LC3-II/LC3-I expression associated with decreased P62 compared with the SNL group,
which indicated a more activated autophagic state and a more fluent autophagic process. These effects of Ro were totally
abrogated by autophagy inhibitor 3-MA. The ultrastructure results are also in accordance with the Western blot results.

Second, accumulating evidence has indicated that oxidative stress and mitochondrial dysfunction are involved in
chronic pain.24,25 Mitochondrial biogenesis is the process which restores mitochondrial against injuries.26,27 PGC-1α and
Nrf2 are two master regulators of endogenous antioxidant defense and mitochondrial biogenesis.28,29 Mitochondrial
biogenesis process is initiated by the activation of PGC-1α either by deacetylation (via SIRT1) or phosphorylation. PGC-
1α activation can perform transcriptional coactivation on the Nrf (The nuclear transcription factor) transcriptional (eg:
Nrf2) activators to stimulate gene expression of mitochondrial genes.26 Activation of SIRT1/PGC-1α has been illustrated
to alleviate neuropathic pain induced by type 2 diabetes28 or chronic constriction injury (CCI) in the spinal cord and
dorsal root ganglion.29 Under oxidative stress conditions, Nrf2 translocates to the nucleus to activate gene expression of
Phase II cytoprotective enzymes, which can exert cyto-protection or detoxify effects.30,31 Heme oxygenase (HO)-1 is a
typical downstream phase II cytoprotective enzyme. Our previous study also demonstrated that HO-1 upregulation
elicited potent analgesic effects against neuropathic pain.32 Therefore, we studied the effects of TSPO agonist Ro5-4864
on nuclear SIRT1/PGC-1α pathway. We found that Ro5-4864 not only activated the nuclear SIRT1/PGC-1α/Nrf2
pathway, but also upregulated cytoplasmic HO-1 expression compared with the SNL group. TSPO agonist provided
both PGC-1α and Nrf2 activation and downstream HO-1 elevation, thus improving mitochondrial biogenesis and NP
plausibly. Furthermore, Nrf2 is not only downstream of PGC-1α. They can form a feedback loop to elicit a more
powerful effect.30,31

Finally, a previous study of Li demonstrated that synergistic activation of both autophagy and the Nrf2 pathway had
stronger analgesic effects than activation of autophagy alone.6 Our results showed that TSPO agonist can both activate
the autophagy and Nrf2/HO-1 pathway. All these may offer several possible explanations for the potent analgesic and
cytoprotective effects of TSPO.

There are some limitations in our present study. First, we previously reported that TSPO was mainly colocalized in
astrocytes and partly colocalized in neurons in the spinal DH. Therefore, the elevation of autophagic proteins may be
caused by both spinal astrocytes and neurons in DH. We did not measure these autophagic proteins in different types of
cells separately. Li found that impaired autophagy of astrocytes could increase ROS levels and decrease glutathione in
neurons co-cultured with them during oxidative stress.6 Therefore, indirect cooperation with neurons to affect the
autophagy by TSPO in NP state could also not be excluded. Second, although we studied some mitochondrial biogenesis
marker (eg, PGC-1α and Nrf2), we did not investigate mitophagy directly. However, there have already been several
studies that reported TSPO can improve mitophagy under various pathological conditions.15,16 Further in vitro studies
using purified astrocytes are needed to elucidate these questions.

Actually, TSPO agonists were verified to provide an important protective role in a variety of diseases, such as
ischemia, inflammation, anxiety and depression, neurotoxicity, oxidative stress, neuro-degenerative disease, even in some
clinical trials. We hope that further studies on TSPO will provide a new strategy for treating NP.
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Conclusion
In conclusion, TSPO agonist Ro5-4864 alleviated the allodynia induced by SNL, which was totally abrogated by
autophagy inhibitor 3-MA. Ro5-4864 augmented autophagy and improved spinal autophagic flux compared with the
SNL group. Furthermore, Ro5-4864 activated the spinal nuclear SIRT1/PGC-1α signaling pathway and downstream Nrf2
and HO-1 expression, which has been demonstrated to be antioxidant and cytoprotective in both autophagy and NP.
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