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Cellular/Molecular

Phosphorylated CCAAT/Enhancer Binding Protein �
Contributes to Rat HIV-Related Neuropathic Pain: In Vitro
and In Vivo Studies

Hyun Yi, Shue Liu, Yuta Kashiwagi, Daigo Ikegami, Wan Huang, Hirotsugu Kanda, Takafumi Iida, Ching-Hang Liu,
Keiya Takahashi, X David A. Lubarsky, and X Shuanglin Hao
Department of Anesthesiology, University of Miami Miller School of Medicine, Miami, Florida 33136

Chronic pain is increasingly recognized as an important comorbidity of HIV-infected patients, however, the exact molecular mechanisms
of HIV-related pain are still elusive. CCAAT/enhancer binding proteins (C/EBPs) are expressed in various tissues, including the CNS.
C/EBP�, one of the C/EBPs, is involved in the progression of HIV/AIDS, but the exact role of C/EBP� and its upstream factors are not clear
in HIV pain state. Here, we used a neuropathic pain model of perineural HIV envelope glycoprotein gp120 application onto the rat sciatic
nerve to test the role of phosphorylated C/EBP� (pC/EBP�) and its upstream pathway in the spinal cord dorsal horn (SCDH). HIV gp120
induced overexpression of pC/EBP� in the ipsilateral SCDH compared with contralateral SCDH. Inhibition of C/EBP� using siRNA
against C/EBP� reduced mechanical allodynia. HIV gp120 also increased TNF�, TNFRI, mitochondrial superoxide (mtO2

��), and pCREB
in the ipsilateral SCDH. ChIP-qPCR assay showed that pCREB enrichment on the C/EBP� gene promoter regions in rats with gp120 was
higher than that in sham rats. Intrathecal TNF soluble receptor I (functionally blocking TNF� bioactivity) or knockdown of TNFRI using
antisense oligodeoxynucleotide against TNFRI reduced mechanical allodynia, and decreased mtO2

��, pCREB and pC/EBP�. Intrathecal
Mito-tempol (a mitochondria-targeted O2

��scavenger) reduced mechanical allodynia and decreased pCREB and pC/EBP�. Knockdown of CREB
with antisense oligodeoxynucleotide against CREB reduced mechanical allodynia and lowered pC/EBP�. These results suggested that the
pathway of TNF�/TNFRI–mtO2

��–pCREB triggers pC/EBP� in the HIV gp120-induced neuropathic pain state. Furthermore, we confirmed the
pathway using both cultured neurons treated with recombinant TNF� in vitro and repeated intrathecal injection of recombinant TNF� in naive
rats. This finding provides new insights in the understanding of the HIV neuropathic pain mechanisms and treatment.

Key words: epigenetics; HIV pain; mitochondrial superoxide; pC/EBP�; pCREB; TNF�

Introduction
Since 1996, highly active antiretroviral therapy (HAART) has
changed HIV infection from an inevitably fatal disease to a com-

plex, chronic infection, allowing patients with HIV to achieve
near-normal life expectancy (Samji et al., 2013). However, they
often suffer from high rates of medical and psychiatric comor-
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Significance Statement

Painful HIV-associated sensory neuropathy is a neurological complication of HIV infection. Phosphorylated C/EBP� (pC/EBP�)
influences AIDS progression, but it is still not clear about the exact role of pC/EBP� and the detailed upstream factors of pC/EBP�
in HIV-related pain. In a neuropathic pain model of perineural HIV gp120 application onto the sciatic nerve, we found that
pC/EBP� was triggered by TNF�/TNFRI–mtO2

��–pCREB signaling pathway. The pathway was confirmed by using cultured neu-
rons treated with recombinant TNF� in vitro, and by repeated intrathecal injection of recombinant TNF� in naive rats. The
present results revealed the functional significance of TNF�/TNFRI–mtO2

��–pCREB–pC/EBP� signaling in HIV neuropathic pain,
and should help in the development of more specific treatments for neuropathic pain.
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bidities. In a clinical report, most (80.6%) of the HIV patients had
an undetectable viral load and near half of these patients (48.7%)
reported pain (Merlin et al., 2012). HIV-associated sensory neu-
ropathy (HIV-SN) is one of common forms of neuropathies
(Keswani et al., 2002; Höke and Cornblath, 2004; Nath, 2015).
Painful HIV-SN is a neurological complication of HIV infection
(Cherry et al., 2012; Nath, 2015). Despite better viral control in
the antiretroviral therapy (ART) era, the virus persists in a small
number of cells that are refractory to this treatment and are not
detected. The continued prevalence of painful HIV-SN may re-
flect subsequent chronic inflammation that are below the level of
detection and yet sufficient to cause neurotoxicity (Kranick and
Nath, 2012). CCAAT/enhancer binding proteins (C/EBPs; a family
of transcription factors) are expressed in various tissues, playing a
role in inflammatory response, synaptic plasticity, and memory
(Taubenfeld et al., 2001; Alberini, 2009; Jiang et al., 2017). C/EBP�
mRNA (a member of the C/EBPs family) is elevated in the brain of
HIV-1 encephalitis patients (Fields et al., 2011). Recent studies
shows that C/EBP� is an endogenous initiator of neuropathic pain
and could be a potential target for the prevention and treatment of
this disorder (Li et al., 2017). Phosphorylated C/EBP� (pC/EBP�)
may influence AIDS progression (Mameli et al., 2007), but it is not
clear whether pC/EBP� is involved and what triggers pC/EBP� in
the HIV gp120-related pain model.

We have reported that perineural HIV gp120 application onto
the sciatic nerve increases glial tumor necrosis factor � (TNF�)
expression in the ipsilateral spinal cord dorsal horn (SCDH; Zheng
et al., 2011, 2014; Huang et al., 2014). HIV patients with chronic
pain show an increased TNF� in the spinal cord (Shi et al., 2012;
Yuan et al., 2014). Reactive oxygen species (ROS) accumulation
has been observed in the mitochondria of the SCDH neurons in
different pain models (Schwartz et al., 2009; Kim et al., 2011;
Salvemini et al., 2011). Mitochondrial ROS (mtROS) signaling
events play an important role in the pathogenesis of chronic pain
(Sui et al., 2013) and HIV pain model in rats (Kanao et al., 2015;
Iida et al., 2016). The induction of cAMP response element bind-
ing protein (CREB) phosphorylation in spinal cord slices is in
response to C-fiber stimulation, which mediates transcriptional
regulation in the dorsal horn neurons (Kawasaki et al., 2004).
Phosphorylated CREB (pCREB) results in long-lasting synaptic
plasticity (Nestler, 2002; Hagiwara et al., 2009), and pCREB is up-
regulated in the SCDH of pain-positive HIV patients (Shi et al.,
2012). HIV gp120 triggers neurotoxicity, oxidant injury, and
neuroinflammation (Yuan et al., 2014; Hoefer et al., 2015;
Nath, 2015; Kanda et al., 2016b; Meeker et al., 2016). Here, we
demonstrated that pC/EBP� was triggered by TNF�/TNFRI, mito-
chondrial superoxide (mtO2

��)–pCREB pathway in the gp120 neu-
ropathic pain state. Meanwhile, we verified that pC/EBP� can be
directly stimulated by TNF� via ROS and pCREB in both cultured
neuronal cells and naive rats.

Materials and Methods
Animals and perineural gp120 neuropathic pain model. The model of
perineural gp120 neuropathic pain in rats was reported (Herzberg and
Sagen, 2001). In the present studies, male Sprague-Dawley rats weighing
225–250 g (Charles River Laboratories; RRID:RGD_737891) were housed
one to three per cage �7 d before the beginning of all studies. All housing
conditions and every experimental procedure including the power anal-
ysis were approved by the University Animal Care and Use Committee.
Under anesthesia, the rat left sciatic nerve was exposed in the popliteal
fossa. A 2 � 6 mm strip of oxidized regenerated cellulose was previously
soaked in 250 �l of a 0.1% rat serum albumin (RSA) in saline, containing
400 ng of gp120MN (cat#1021, Immunodiagnostics.) or 0.1% RSA in
saline for sham surgery (Herzberg and Sagen, 2001; Wallace et al., 2007a).

Animals showing motor deficits or 85% of body weight loss after implan-
tation were excluded. Animals were assigned to experimental groups
randomly. Less than 5% of rats with gp120 application showed motor
deficits or body weight loss, and those were excluded from the studies.
Experienced researchers performed the surgery.

Mechanical threshold. Mechanical withdrawal threshold was deter-
mined using calibrated von Frey filaments (Stoelting) introduced serially
to the ipsilateral hindpaw in ascending order of strength. Animals were
placed in nontransparent plastic cubicles on a mesh floor for an acclima-
tization period of at least 30 min in the morning of the test day. A series
of 10 calibrated fine von Frey filaments (0.4, 0.7, 1.2, 1.5, 2.0, 3.6, 5.5, 8.5,
11.8, and 15.1 g) was presented serially to the gp120 application hindpaw
in ascending order of strength with sufficient force to cause slight bend-
ing against the paw and held for 6 s. A positive response was defined as a
rapid withdrawal and/or licking of the paw immediately on application
of the stimulus. Whenever there was a positive response to a stimulus, the
next smaller von Frey hair was applied, and whenever there was a nega-
tive response, the next higher force was applied. In the absence of a
response at a pressure of 15.1 g, animals were assigned to this cutoff value.
Mechanical withdrawal threshold was determined according to the
method described previously with a tactile stimulus producing a 50%
likelihood of withdrawal determined by using the up-and-down method
(Chaplan et al., 1994; Iida et al., 2016). Experimenters were blind to the
group treatment during behavioral test.

Intrathecal catheter implantation. For intrathecal administration of
drugs, an intrathecal catheter was implanted under isoflurane anesthesia
as previously described (Zheng et al., 2011). Briefly, through an incision
in the atlanto-occipital membrane, a polyethylene (PE-10) catheter,
filled with 0.9% saline, was advanced 8.5 cm caudally to position its tip at
the level of the lumbar enlargement. The rostral tip of the catheter was
passed subcutaneously, externalized on top of the skull, and sealed with a
stainless steel plug. Animals showing neurological deficits after implan-
tation were excluded. Animals were used within 5 d after implantation of
the catheter.

Repeatedly intrathecal injection of TNF�. To induce pain-like behavior,
recombinant rat TNF� (rTNF�; catalog #400-14, PeproTech) was pre-
pared. Saline or rTNF� (0.3 ng) 10 �l was intrathecally injected (twice
daily at 10:00 A.M. and 6:00 P.M.) for 2 d. Sixteen hours (day 3) after the
fourth injection, mechanical threshold was examined using von Frey
filaments.

Cultured neuronal cells treated with rTNF�. The rat neuronal cell line
(B35, CRL-2754; RRID:CVCL_1951) was obtained from American Type
Culture Collection. Cells were treated with rTNF� (2 ng/ml; Peprotech)
or saline (vehicle as control) for 3 h for neurochemical analysis. For
Western blots, the cells were plated in a 6-well plate and treated with
rTNF� or vehicle for 3 h, collected, and stored at �80°C for further
analysis. For Mito-Tempol (Mito-T; a mitochondria-targeted O2

�� scav-
enger) treatment, the cells were pretreated with 100 �M Mito-T (100 �M;
Liang et al., 2014) or vehicle for 1 h before rTNF�, and incubated an
additional 3 h.

Quantitative RT-PCR. B35 cells or the SCDH tissue of rat samples of
ipsilateral side to gp120 application was collected, and total RNA was
isolated with RNeasy mini kit (catalog #74104, Qiagen). The RNA sample
was treated with DNase I on column to remove genomic DNA. One
microgram of RNA was converted into cDNA using Superscript VILO
master mix (catalog #11755-050, Invitrogen), and then real time PCR
was performed with Fast SYBR green master mix (catalog #4385612,
Applied Biosystems). For real-time PCR, the following primers were
used: C/EBP� forward 5�-GGTTTCGGGACTTGATGCAA-3� and re-
verse 5�-ACCCCGCAGGAACATCTTTA-3�; and GAPDH forward 5�-
CAGGGCTGCCTTCTCTTGTG-3� and reverse 5�-AACTTGCCGTGG
GTAGAGTC-3�. Specificity of the PCR product was confirmed by
running agarose gel electrophoresis. All reaction data were calculated
with 2 ���Ct values and normalized with GAPDH.

Western blots. Under deep anesthesia with isoflurane, the L4-5 dorsal
horn ipsilateral to gp120 application was removed rapidly, frozen on dry
ice, and stored at �80°C. B35 cells or SCDH tissue was homogenized and
lysed with 1� RIPA protein lysis buffer containing protease and phos-
phatase inhibitor cocktail 2 and 3 (catalog #P8340, P5726, P0044, Sigma-
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Aldrich) as previously described (Zheng et al., 2012). The protein
concentration of tissue lysates was determined with a BCA Protein Assay
Kit (Pierce Biotechnology). Proteins (30 �g) denatured, and loaded on to
10% SDS-PAGE gel, and transferred onto a PVDF membrane. The mem-
brane was incubated with primary antibodies overnight at 4°C, including
rabbit polyclonal anti-pC/EBP� (1:250; catalog #sc-16994-R, Santa Cruz
Biotechnology; RRID:AB_2078179), rabbit polyclonal anti-C/EBP�(1:
10,000; sc-150x, Santa Cruz Biotechnology; RRID:AB_2260363), rabbit
polyclonal anti-TNF� (1:1000; catalog #AB1837P, Millipore; RRID:
AB_2204499), mouse monoclonal anti-TNF-RI(1:1000; catalog #sc-
8436, Santa Cruz Biotechnology), mouse monoclonal anti-pCREB (1:
1000; catalog #05-807, Millipore; RRID:AB_310017), and rabbit polyclonal
anti-CREB(1:1000; catalog #sc-186, Santa Cruz Biotechnology; RRID:
AB_2086021). For loading control, the blots were probed with � actin
antibody (mouse monoclonal anti-�-actin (1:8000; catalog #A5441,
Sigma-Aldrich; RRID:AB_476744). The membrane was incubated with
secondary antibodies at room temperature, and then developed in chemilu-
minescence solution (catalog #34076, Pierce Biotechnology). Chemilumi-
nescence values from targeted band intensity was analyzed, quantified, and
normalized with �-actin using a ChemiDoc imaging system (Bio-Rad).

Chromatin immunoprecipitation with quantitative PCR . For B35 cells
3 h after treatment with rTNF�, cells were collected; vehicle treatment
(saline) was used for control. In in vivo studies, 2 weeks after gp120
application the spinal cords were harvested. Animals in the sham group
received vehicle application (1% RSA) as control. Both B35 cells and
spinal cord tissues were homogenized and fixed with 1% paraformalde-
hyde (PFA) for 10 min. Then, 2.5 M glycine was added to stop the reac-
tion. Fixed cells were washed with cold PBS with phosphatase inhibitor
cocktail (catalog #P8340, Sigma-Aldrich), and samples were resuspended
with 250 �l of SDS lysis buffer (50 mM Tris-HCl, pH8.0, 10 mM EDTA,
1% SDS). Samples were sonicated to shear the chromatin to the size of
200 –1000 bp length. Size of the sheared chromatin was confirmed by
running 1.5% agarose gel. Ten microliters from the supernatant was
taken as “input” and save it at �20°C. For immunoprecipitation, 15 �g
of sonicated chromatin was diluted in 0.5 ml chromatin immunoprecipi-
tation (ChIP) dilution buffer (1.1%w/v DOC, 1.1%w/v Triton X-100,
167 mM NaCl, 50 mM Tris-HCl pH8.0), and then ChIP-validated anti-
body, pCREB (catalog #sc-7978, Santa Cruz Biotechnology; RRID:
AB_2086020) was added to each sample. Samples were incubated
overnight at 4°C with gentle rotation, following which 20 �l protein G
magnetic beads (catalog #88848, Life Technologies) were added and in-
cubated additional 2 h at 4°C. After few washes, both immunoprecipi-
tated and input samples were incubated with Proteinase K (catalog
#P2308, Sigma-Aldrich) at 62°C for 2 h to free DNA. DNA was purified
using Gene Elute PCR cleanup kit (catalog #NA1020, Sigma-Aldrich).
Immunoprecipitated and input DNA were analyzed by quantitative PCR
analysis with SYBR Green. The primers of C/EBP� promoter for ChIP
were used to amplify the segment including the CRE sites (Zhang et al.,
2004; Pulido-Salgado et al., 2015), forward, 5�-CCAGGACACCGCTCA
GTAT-3�, reverse, 5�-CCGAGCGGGAGGTTTATAAGG-3�. Specificity
of qPCR was verified with melting curve analysis and running on agarose
gel electrophoresis. All reaction data were calculated with 2 ���Ct values,
and the value of pCREB immunoprecipitated DNA was calculated as a
percentage of the value of input control; the final values were normalized
to ratio of sham or saline group (Imai et al., 2013; Heller et al., 2016).

Immunohistochemistry. Two weeks after gp120, the animals were per-
fused with 4% paraformaldehyde in 0.1 m PBS. The spinal cord was
postfixed and cryoprotected. Immunostaining of GFAP, OX42, NeuN,
pC/EBP�, TNFRI, and pCREB in the SCDH was performed as described
previously (Hao et al., 2011). Briefly, the cryosections of the spinal cord
were probed with mouse anti-GFAP polyclonal antibody (1:2000; catalog
#G3893, Sigma-Aldrich; RRID:AB_477010), mouse anti-OX42 (1:200;
catalog #CBL1512, Millipore Bioscience Research Reagents; RRID:
AB_93253), mouse anti-NeuN monoclonal antibody (A60; 1:500; cata-
log #MAB377, Millipore Bioscience Research Reagents; RRID:
AB_2298772), rabbit anti-NeuN (1:2000; catalog #ABN78, Millipore;
RRID:AB_10807945), rabbit anti-pC/EBP� (1:200; catalog #sc-16994-R,
Santa Cruz Biotechnology; RRID:AB_2078179), mouse anti-TNFRI (1:
100; sc-8436, Santa Cruz Biotechnology; RRID:AB_628377), and mouse

anti-pCREB (1:200; catalog #05– 807, Millipore; RRID:AB-310017).
These treatments were then followed by complementary secondary anti-
bodies labeled with green-fluorescent AlexaFluor 488, or red-fluorescent
AlexaFluor 594 (1:2000; Invitrogen), 2 h at room temperature. Fluores-
cence images were captured by a fluorescent microscopy (Fluorescent M
Leica/Micro CDMI 6000B).

Detection of mtO2
�� production. MitoSox Red reagent (catalog #M36008,

Invitrogen) is readily oxidized by superoxide, producing red fluores-
cence oxidation product. For mtO2

�� images in the SCDH in rats, Mi-
toSox was prepared as described previously (Schwartz et al., 2009; Kanao
et al., 2015). MitoSox Red was dissolved in a 1:1 mixture of dimethylsulf-
oxide and saline to a final concentration of 33 �M. Approximately 70 min
after intrathecal injection of MitoSox (30 �l), rats were perfused with 4%
paraformaldehyde in 0.1 M PBS. The spinal cord was postfixed 4 –15 h in
the perfusion fixative, equilibrated in 30% sucrose, cryosectioned at 35
�m, and mounted on gelatin-coated slides. The sections were randomly
examined under a fluorescent microscope with a rhodamine filter. Two
different regions of the SCDH were photographed from four to five
randomly selected sections from each animal: the lateral part of lamina
I–II and lamina III–V. The number of MitoSox-positive cellular profiles
with distinctive nuclei (dark oval shaped space surrounded by red gran-
ules) was counted by an experimenter blind to the condition as previ-
ously described (Schwartz et al., 2008, 2009).

To detect mtO2
�� production in the cultured neuronal cells MitoSox

Red staining was used as described previously (Ahmed et al., 2012). Cells
were stained with 2.5 �M MitoSox in live cell imaging solution for 30 min
at 37°C in the dark (Ahmed et al., 2012). The integrated fluorescence
density from an entire image was measured and calculated with NIH ImageJ
software (RRID:SCR_003070). The average of intensity of MitoSox Red flu-
orescence was normalized with that in PBS (control) treated cells.

Drugs. The chemicals used in this study were as follows: Both recombi-
nant human TNF soluble receptor I (catalog #310-07; RRID:AB_2665386)
and recombinant rat TNF� (catalog #400-14; RRID:AB_2665385) were
purchased from PeproTech and dissolved in saline. Mito-T is gift from
Dr. Joy Joseph, Biophysics Department, Medical College of Wisconsin.
The sequences of rat TNFRI antisense oligodeoxynucleotides (ODNs;
Lee et al., 2009), 5�-ACACGGTGTTCTGTTTCTCC-3�, mismatch ODN
(mmODN), 5�-ACCCGTTGTTCGGTTGCTCC-3� were synthesized by
Sigma-Aldrich. The sequences of rat CREB antisense ODNs, 5�-TGGTC
ATCTAGTCACCGGTG-3�, and mmODN, 5�-GACCTCAGGTAGTCG
TCGTT-3� (synthesized by Sigma-Aldrich) were designed as reported
previously (Ma et al., 2003). The rat C/EBP� siRNA, 5�-CUGCUGGCC
UCGGCGGGUC[dT][dT]-3�, and mismatch siRNA (mmRNA) 5� GCG
CGAUAGCGCGAAUAUA[dT][dT] 3� were purchased, and both sequence
were predesigned and validated by Sigma-Aldrich.

Data analysis. Behavioral data were analyzed by two-way ANOVA
repeated-measure followed by Bonferroni test (GraphPad Prism; RRID:
SCR_002798). The statistical significance of the differences of neuro-
chemical changes was determined by the t test or one-way ANOVA post
hoc test following Fisher’s PLSD test (StatView5). All data were presented
as mean � SEM, and p values �0.05 were considered to be statistically
significant.

Results
pC/EBP� is involved in peripheral gp120-induced
neuropathic pain in rats
In line with ours and others on well characterized model of HIV
neuropathic pain (Herzberg and Sagen, 2001; Wallace et al., 2007a,b;
Zheng et al., 2011), perineural HIV-1 gp120 induced a persistent
lowered mechanical withdrawal threshold of the ipsilateral hindpaw
as measured by von Frey filaments compared with contralateral paw
and sham rats, F(12,96), interaction 	2.238, p�0.05; F(4,96), main effect time 	
2.611, p � 0.05; F(3,24), main effect treatment 	 11.05, p � 0.0001,
two-way ANOVA repeated-measures (Fig. 1A). We also observed
that there was a significant difference in mechanical threshold
between ipsilateral and contralateral hindpaws in gp120 rats at
days 7 (p � 0.01), 10 (p � 0.01), and 14 (p � 0.001; two-way
ANOVA Bonferroni post-tests; Fig. 1A), which was similar to a
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previous report (Wallace et al., 2007b). Mechanical threshold in
ipsilateral hindpaws in gp120 rats was significantly lower than
that in ipsilateral hindpaws in sham rats at day 7 (p � 0.01), 10
(p � 0.01), and 14 d (p � 0.001; two-way ANOVA Bonferroni
post-tests; Fig. 1A). There was no significant difference in me-
chanical threshold between ipsilateral hindpaw and contralateral
paws in sham rats (Fig. 1A).

Western blots showed that in sham rats there was no marked
difference in the expression of pC/EBP� between ipsilateral and
contralateral SCDH in the SCDH 2 weeks post-gp120 (Fig. 1B),
however, in gp120 rats pC/EBP� in the ipsilateral SCDH was
significantly higher than that in the contralateral SCDH (p �
0.01, t test; Fig. 1C). Similarly, in sham rats there was no signifi-
cant difference in the expression of C/EBP� between ipsilateral
and contralateral SCDH at 2 weeks (Fig. 1D), however, in gp120
rats C/EBP� in the ipsilateral SCDH was markedly higher than
that in the contralateral SCDH (p � 0.01, t test; Fig. 1E). RT-
qPCR assay showed that gp120 application increased the expres-
sion of mRNA of C/EBP� in the SCDH 2 weeks post-gp120
compared with the sham group, p � 0.001, t test (Fig. 1F). West-
ern blots showed that gp120 application evoked overexpression
of pC/EBP� in the ipsilateral SCDH compared with either naive
or sham ipsilateral SCDH groups (p � 0.05 vs sham, p � 0.01 vs
naive, one-way ANOVA, post hoc PLSD test, n 	 4; Fig. 1G),
indicating overexpression of pC/EBP� in the ipsilateral SCDH in
gp120 rats. There was no significant difference in pC/EBP� of
contralateral SCDH among naive, sham, or gp120 groups (data
not shown). Expression of C/EBP� in the ipsilateral SCDH in
gp120 rats was markedly higher than that in the naive or sham
group (p � 0.001 vs naive, p � 0.001 vs sham, one-way ANOVA,
post hoc PLSD test, n 	 4; Fig. 1H), revealing overexpression of
C/EBP� in the ipsilateral SCDH in gp120 rats; no significant
difference in C/EBP� of contralateral SCDH was seen among
naive, sham, or gp120 groups (data not shown).

Low-magnification image showed pC/EBP� immunostaining
in the L4/5 lamina I–V of the SCDH (Fig. 1I). Double-immuno-
staining showed that 88.2 � 1.5% of pC/EBP-IR-positive cells were
colocalized with NeuN (a neuron marker; Fig. 1J), but �5.3 � 0.5%
of pC/EBP-IR-positive cells seem overlaid with GFAP-IR (astrocytes
marker; Fig. 1K) or �4.2 � 0.7% of pC/EBP-IR-positive cells with
OX-42 (a microglia marker; Fig. 1L), suggesting that pC/EBP� ex-
pression was mainly in the neuronal cells in the SCDH in gp120 rats.

To further verify the role of pC/EBP� in the gp120 model, we
knocked down C/EBP� expression using intrathecal injection of
C/EBP� siRNA, and examined mechanical threshold. Twelve
days after gp120 producing neuropathic pain, C/EBP� siRNA or
mmRNA was intrathecally administered once daily (5 �g) for 2 d.
Intrathecal C/EBP� siRNA significantly increased mechanical
threshold; F(5,50), interaction 	 8.59, p � 0.0001; F(5,50), main effect time 	
9.52, p � 0.0001; F(1,10), main effect treatment 	 7.96, p � 0.05, two-
way repeated-measures ANOVA (Fig. 1M). Mechanical with-
drawal threshold in the C/EBP� siRNA group was higher than
that in mmRNA at day 1 and 2, p � 0.001 versus mmRNA,
two-way ANOVA Bonferroni tests. Neither C/EBP� siRNA nor
mmRNA changed mechanical threshold in sham rats (data not
shown). Western blots showed that there was a significant in-
crease in pC/EBP� expression in the ipsilateral SCDH in the
gp120
mmRNA group compared with that in the sham

mmRNA group, p � 0.01, one-way ANOVA post hoc PLSD test
(Fig. 1N). The pC/EBP� expression in the gp120
C/EBP�-
siRNA group was lower than that in the gp120
mmRNA group,
p � 0.01, one-way ANOVA post hoc PLSD test (Fig. 1N), suggest-

ing C/EBP� plays an important role in the gp120 neuropathic
pain model.

Peripheral gp120 induced the expression of TNF�, TNFRI,
and mtO2

�� in the SCDH
We have reported that the perineural gp120 application increases
mRNA of TNF� using quantitative real time RT-qPCR in the
ipsilateral L4/5 SCDH (Zheng et al., 2011), and that TNF� im-
munoreactivity in the L4/5 spinal cord is overexpressed in the
lamina I–V of the dorsal horn using immunohistochemistry as-
say (Zheng et al., 2011). Here using Western blots, we compared
the expression of TNF� between ipsilateral and contralateral
SCDH in both sham and gp120 rats at 2 weeks after gp120. We
found that there was no significant difference in TNF� between
ipsilateral and contralateral SCDH in sham animals (Fig. 2A), but
TNF� in the ipsilateral SCDH of gp120 rats was higher than that
in the contralateral SCDH, p � 0.01, t test (Fig. 2B). At 2 weeks
post-gp120, peripheral gp120 increased TNF� at the ipsilateral
SCDH compared with naive or sham ipsilateral SCDH; p � 0.001
versus naive or sham, one-way ANOVA, post hoc PLSD test, n 	
4 (Fig. 2C), indicating the overexpression of TNF� at the ipsilat-
eral SCDH in gp120 rats. No marked difference of TNF� at the
contralateral SCDH was shown among naive, sham, or gp120 rats
(data not shown). We also examined TNFRI expression in the
SCDH. There was no significant difference in TNFRI between ipsi-
lateral and contralateral SCDH in sham animals (Fig. 2D), but
TNFRI in the ipsilateral SCDH of gp120 rats was higher than that in
the contralateral SCDH at 2 weeks after gp120, p � 0.001, t test (Fig.
2E). HIV gp120 application increased TNFRI at the ipsilateral SCDH
compared with naive or sham ipsilateral SCDH, p � 0.001 versus
naive or sham, one-way ANOVA, post hoc PLSD test, n 	 4 (Fig. 2F),
revealing the overexpression of TNFRI at the ipsilateral SCDH in
gp120 rats. No significant difference of TNFRI at the contralateral
SCDH was observed among naive, sham, or gp120 rats (data not
shown). The immunostaining revealed 100% of TNFRI-IR-positive
cells were colocalized with NeuN (Fig. 2G–I), but not with glial
markers GFAP or OX42 (data not shown).

ROS accumulation has been observed in the mitochondria of
the SCDH neurons in a number of pain models (Schwartz et al.,
2009; Kim et al., 2011; Salvemini et al., 2011; Kanao et al., 2015;
Iida et al., 2016). mtROS interrelates with signaling events in the
pathogenesis of chronic pain (Sui et al., 2013). To examine
whether spinal ROS was involved in the gp120 pain model, we
used MitoSox image to detect mtO2

�� at the spinal L4 –L5 seg-
ments as described in our recent work (Iida et al., 2016). The
MitoSox-positive image in the sham and gp120 groups was shown in
Figure 2, J and K. Almost all MitoSox signalling is colocalized with
immunostaining of neuron marker NeuN, but not glial mark-
ers GFAP or OX42 (data not shown), indicating that mito-
chondrial superoxide was expressed in neurons, but not glia
that was in line with our previous report (Kanda et al., 2016a).
We observed that there was a significant increase in the num-
ber of MitoSox-positive cells in the gp120 group compared
with that in the sham group in the ipsilateral spinal cord dorsal
horn laminar I–II, III–V, and the total SCDH ( p � 0.01, t test;
Fig. 2L). There was a similar number of MitoSox-positive cells
between ipsilateral and contralateral SCDH in sham rats, how-
ever, the number of MitoSox-positive cells in ipsilateral SCDH
in gp120 rats was higher than that in the contralateral SCDH
( p � 0.001, t test; Fig. 2M ).
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Figure 1. The expression of pC/EBP� in the SCDH in the peripheral gp120 neuropathic pain model. A, Rats received peripheral gp120 application onto the left sciatic nerve, and the sham group
received RSA as vehicle. Time course of mechanical withdrawal threshold was measured using von Frey filaments to ipsilateral hindpaws and contralateral hindpaws. Peripheral gp120 induced a
persistent lowered mechanical withdrawal threshold of the ipsilateral hindpaw as measured by von Frey filaments compared with sham rats; F(12,96), interaction 	2.238, p�0.05; F(4,96), main effect time 	2.611,
p � 0.05; F(3,24), main effect treatment 	 11.05, p � 0.0001, two-way repeated-measures ANOVA; n 	 7. We also observed that there was a significant lowered mechanical threshold in ipsilateral
(gp120-ipsi) compared with that contralateral hindpaws (gp120-contra) in gp120 rats at days 7, 10, and 14 (**p � 0.01, ***p � 0.001 vs gp120-contralateral paw; two-way ANOVA, Bonferroni
post-tests, n 	 7. Mechanical threshold in ipsilateral hindpaws in gp120 rats (gp120-ipsi) was significantly lower than that in ipsilateral hindpaws in sham rats (sham-ipsi) at days 7, 10, and 14
(##p � 0.01, ###p � 0.001 vs sham-ipsilateral paw; two-way ANOVA, Bonferroni post-tests; n 	 7. There was no significant difference in mechanical threshold between ipsilateral hindpaw
(sham-ipsi) and contralateral paws (sham-contra) in sham rats. B, Western blots showed no difference in the expression of pC/EBP� in sham rats between ipsilateral (sham-I) and contralateral
(sham-C) SCDH in the SCDH 2 weeks post-gp120. C, pC/EBP� in the ipsilateral SCDH in gp120 rats (gp120-I) was significantly higher than that in the contralateral SCDH (gp120-C); **p � 0.01, t test,
n 	 6. D, No difference in the expression of C/EBP� in sham rats between ipsilateral (sham-I) and contralateral SCDH (sham-C) at 2 weeks post vehicle. E, C/EBP� in the ipsilateral SCDH in gp120
rats (gp120-I) was significantly higher than that in the contralateral SCDH (gp120-C); **p � 0.01, t test, n 	 6. F, RT-PCR showed that gp120 increased the expression of mRNA of C/EBP�; ***p �
0.001 versus sham, t test; n 	 5. G, Western blots assay showed that gp120 evoked overexpression of pC/EBP� in the ipsilateral SCDH compared with either naive or sham groups; #p � 0.05 versus
sham **p � 0.01 versus naïve; one-way ANOVA, post hoc PLSD test; n 	 4. H, HIV gp120 induced the overexpression of C/EBP� in the ipsilateral SCDH; ***p � 0.001 versus naïve; ###p � 0.001
versus sham; one-way ANOVA, post hoc PLSD test; n 	 4. I, Low-magnification image showed pC/EBP� immunostaining in the L4/5 lamina I–V of the SCDH. (Figure legend continues.)
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Peripheral gp120 induced the expression of pCREB in
the SCDH
Nociceptor afferents activation contributes to central sensitiza-
tion through CREB-mediated transcriptional regulation in the
SCDH neurons (Kawasaki et al., 2004). Previous studies demon-
strated that pCREB plays an important role in neuropathic pain
induced by nerve injury (Ma et al., 2003). Using Western blots we
examined the expression of pCREB and CREB between ipsilateral
and contralateral SCDH in both sham and gp120 rats at 2 weeks
after gp120. There was no significant difference in pCREB (Fig. 3A)
and CREB (Fig. 3B) between ipsilateral and contralateral SCDH in
sham animals. However, pCREB in the ipsilateral SCDH of gp120
rats was higher than that in the contralateral SCDH (p � 0.001, t
test; Fig. 3C). No significant change of CREB was shown in the
ipsilateral and contralateral SCDH of gp120 rats (Fig. 3D). Ex-
pression of pCREB in ipsilateral SCDH in gp120 group was sig-
nificantly higher than that in ipsilateral SCDH of naive or sham
group (p � 0.01 vs naive or sham, one-way ANOVA, post hoc
PLSD test, n 	 4; Fig. 3E), indicating the overexpression of
pCREB in the ipsilateral SCDH of gp120 rats. There was no sig-
nificant difference in the expression of pCREB in contralateral
SCDH among naive, sham, or gp120 groups (data not shown).
There was no significant difference in total CREB in the ipsilateral
SCDH 2 weeks post-gp120 compared with the sham group (Fig.
3F). Low-magnification image showed pCREB immunostaining
in the SCDH (Fig. 3G). Double-immunostaining showed that
100% of pC/EBP-IR-positive cells were colocalized with NeuN (a
neuron marker; Fig. 3H).

Peripheral gp120 increased pCREB bound on the C/EBP�
gene promoter region in the spinal cord dorsal horn
Previous studies suggest that pCREB induces C/EBP� product
through activating mRNA transcription of C/EBP� (Pulido-Salgado
et al., 2015). To determine whether pCREB activates C/EBP� ex-
pression in the SCDH in an epigenetic manner, we used ChIP with
quantitative PCR (ChIP-qPCR) assay in the gp120 neuropathic pain
model. Two weeks after gp120, lumbar spinal cord dorsal ipsilateral
to gp120 application were harvested for ChIP-qPCR. Figure 3I
shows the alignment of rat C/EBP� gene promoter regions (Pulido-
Salgado et al., 2015) and qPCR primer area. We marked the two CRE
binding locations and ChIP-qPCR primer areas before the transcrip-
tional start site (TSS) of the C/EBP� gene at rat chromosome 3
(ACCESSION #NC_005102.4; Fig. 3I). We found that gp120 appli-
cation increased the enrichment of pCREB at the C/EBP� gene pro-
moter regions compared with sham (p � 0.05, t test; Fig. 3J). The
results above suggested that CREB modulates the C/EBP� gene ex-
pression in the transcriptional level.

Inhibition of TNF� signal blocked spinal mtO2
��, pCREB, and

pC/EBP� in the gp120 pain model
We have reported that intrathecal administration of recombinant
soluble TNF receptor I (rTNFSR), reversed the lowered mechan-
ical threshold (reducing allodynia; Zheng et al., 2011). To deter-
mine whether TNF�-TNFRI signal initiated mtO2

��, pCREB, and
pC/EBP� in the gp120 model, we intrathecally injected rTNFSR
(50 ng; twice with 12 intervals to neutralize the bioactivity of
TNF�) 2 weeks after gp120 application. MitoSox-positive images
are shown in Figure 4A–C in the ipsilateral SCDH. The number of
MitoSox-positive cells in the gp120
saline group was markedly
more than that in the sham
saline group (p � 0.01, one-way
ANOVA, post hoc PLSD test; Fig. 4D). There was a significant
decrease in the MitoSox-positive cells in the gp120
rTNFSR
group compared with that in the gp120
saline (p � 0.01, one-
way ANOVA, post hoc PLSD test; Fig. 4D). Further, we examined
the effect of intrathecal rTNFSR on the expression of pCREB and
pC/EBP� 2 weeks post-gp120 using Western blots. The expres-
sion of pCREB in ipsilateral SCDH in gp120
saline group was
higher than that in sham
saline (p � 0.01, one-way ANOVA,
post hoc PLSD test; Fig. 4E); there was a significant decrease in
pCREB in gp120
rTNFSR compared with that in gp120
saline
(p � 0.05, one-way ANOVA; Fig. 4E). Intrathecal rTNFSR did
not change the expression of CREB (Fig. 4F). The expression of
pC/EBP� in the ipsilateral SCDH in gp120
saline group was
higher than that in sham
saline (p � 0.05, one-way ANOVA,
post hoc PLSD test; Fig. 4G); there was a significant decrease in
pC/EBP� in gp120
rTNFSR compared with that in gp120

saline (p � 0.01, one-way ANOVA; Fig. 4G). Western blots dis-
played that C/EBP� in the gp120
saline group was higher than that
in the sham
saline group (p � 0.01, one-way ANOVA; Fig. 4H);
there was decrease in C/EBP� in gp120
rTNFSR compared with
that in gp120
saline (p � 0.01, one-way ANOVA; Fig. 4H). Also,
TNF� in gp120
saline group was higher than that in sham
saline
(p � 0.01, one-way ANOVA; Fig. 4I); TNF� in gp120
rTNFSR
group was lower than that in gp120
saline (p � 0.05, one-way
ANOVA; Fig. 4I). These results above suggested that spinal mtO2

��,
pCREB, and pC/EBP� are downstream factors of TNFRI activity in
the gp120-induced pain state.

The effect of knockdown of TNFRI on the mtO2
�� pCREB, and

pC/EBP� in the gp120 model
To further determine the role of TNFRI in the gp120 model, we
knocked down the TNFRI expression using antisense ODN against
TNFRI (AS-TNFRI) in the gp120 model. We measured the anti-
allodynic effect of intrathecal AS-TNFRI at the ipsilateral hindpaw.
Ten days after gp120, AS-TNFRI or mmODN was intrathecally ad-
ministered once daily (20 �g) for 5 d. Intrathecal AS-TNFRI in-
creased mechanical threshold (F(6,60), interaction 	 4.44, p � 0.001;
F(6,66), main effect time 	4.54,p�0.001;F(1,10), main effect treatment 	16.09;
p � 0.01, two-way repeated-measures ANOVA, n 	 6; Fig. 5A).
Mechanical threshold in the group of AS-TNFRI group was
higher than that in mismatch ODN at days 2–5 (two-way
ANOVA, Bonferroni tests; Fig. 5A). Western blots displayed that
gp120 increased TNFRI expression compared with sham (Fig.
5B), and that treatment with intrathecal AS-TNFRI reduced the
upregulated TNFRI (Fig. 5B) at the ipsilateral SCDH (one-way
ANOVA, PLSD test, n 	 4) indicating that AS-TNFRI effectively
knocked down the TNFRI protein expression.

To determine whether mtO2
��, pCREB, and pC/EBP� were

downstream factors of TNFRI, we examined the effect of knock-
down of TNFRI on mtO2

�� in the ipsilateral SCDH. Five days after
ODN, animals were perfused with 4% PFA 70 min after MitoSOx

4

(Figure legend continued.) Scale bar, 100 �m. J–L, Double-immunostaining showed that pC/
EBP-beta-positive cells were colocalized with NeuN (a neuron marker; J), but few of pC/EBP-
beta-positive cells overlaid with GFAP (astrocytes marker; K) or with OX42 (a microglia marker; L) in
the SCDH in rats with gp120 application at 2 weeks. Scale bar, 50 �m. M, Twelve days after gp120
application, intrathecal administration of C/EBP� siRNA or mmRNA was given once a day for 2 d.
Intrathecal C/EBP� siRNA significantly increased mechanical threshold (F(5,50), interaction 	8.59, p �
0.0001; F(5,50), main effect time 	 9.52, p � 0.0001; F(1,10), main effect treatment 	 7.96, p � 0.05;
two-way repeated-measures ANOVA). Mechanical withdrawal threshold in the C/EBP� siRNA
group was higher than that in mmRNA at day 1 and 2; ***p � 0.001 versus mmRNA; two-way
ANOVA, Bonferroni tests; n 	 6. N, Western blots displayed that C/EBP� siRNA reversed the
upregulated pC/EBP� in the SCDH. **p � 0.01 versus sham
mmRNA; ##p � 0.01 versus
gp120
mmRNA; one-way ANOVA, post hoc PLSD test; n 	 4 –5.
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Figure 2. The increased expression of TNF�, TNFRI, and mtO2
�� in the SCDH in the gp120 model. A–C, The expression of TNF� between ipsilateral and contralateral SCDH in both sham and gp120

rats at 2 weeks after gp120, using Western blots. A, No significant difference in TNF� between ipsilateral (sham-I) and contralateral (sham-C) SCDH in sham rats. B, TNF� in the ipsilateral SCDH of
gp120 rats (gp120-I) was higher than that in the contralateral SCDH (gp120-C); *p � 0.05 versus gp120-C; t test, n 	 6. C, At 2 weeks after gp120, peripheral gp120 increased spinal TNF� at
ipsilateral SCDH ***p �0.001 versus Naive; ###p �0.001 versus sham-I, one-way ANOVA, posthoc PLSD test. n 	4. D, No significant difference in TNFRI between ipsilateral and contralateral SCDH
in sham animals. E, TNFRI in the ipsilateral SCDH of gp120 rats (gp120-I) was higher than that in the contralateral SCDH (gp120-C) at 2 weeks after gp120; ***p � 0.001, t test; n 	 6. F, HIV gp120
increased spinal TNFRI at ipsilateral SCDH (gp120-I) ***p � 0.001 versus Naive; ###p � 0.001 versus sham-I, one-way ANOVA, posthoc PLSD test; n 	 4. G–I, Double-immunostaining showed that
TNFRI was colocalized with NeuN. Scale bar, 50 �m. J, K, Representative images of MitoSox-positive cells in the SCDH in rats with gp120 and sham surgery at 2 weeks. Scale bar, 50 �m. L, HIV gp120
application increased MitoSox-positive cells in the lamina I–II, III–V, and total dorsal horn (laminar I–V) in the ipsilateral SCDH; **p � 0.01, t test; n 	 5. M, The number of MitoSox-positive cells
between ipsilateral and contralateral SCDH in sham rats, and in gp120 rats; ***p � 0.001, t test; n 	 4 –5.
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Figure 3. The expression of pCREB and its binding location at the C/EBP� gene promoter regions in the peripheral gp120 neuropathic pain model. The expression of pCREB and CREB between
ipsilateral and contralateral SCDH in both sham and gp120 rats at 2 weeks after gp120. No significant difference in pCREB (A) and CREB (B) between ipsilateral (sham-I) and contralateral SCDH
(sham-C) in sham animals. C, Expression of pCREB in the ipsilateral SCDH of gp120 rats (gp120-I) was higher than that in the contralateral SCDH (gp120-C); ***p � 0.001 versus gp120-C, t test; n 	
6. D, No significant change of CREB in the ipsilateral and contralateral SCDH of gp120 rats. E, Western bolts showed that gp120 increased the expression of pCREB in the ipsilateral SCDH compared
with naive or sham group; **p � 0.01 versus naïve; ##p � 0.01 versus sham-I; one-way ANOVA, post hoc PLSD test; n 	 4. F, There was no significant difference between sham and gp120 group
in CREB in the ipsilateral SCDH. G, Low-magnification image showed pCREB immunostaining in the L4/5 lamina I–V of the SCDH. Scale bar, 100 �m. H, Double-immunostaining showed that almost
all of pCREB was colocalized with NeuN. Scale bar, 50 �m. I, Alignment of rat C/EBP� gene promoter regions, and pCREB binding location. We marked the CRE and ChIP-qPCR primer areas at the
location before the TSS of the C/EBP� gene at rat chromosome 3 (ACCESSION #NC_005102.4). J, Application of gp120 increased the enrichment of pCREB at the C/EBP� gene promoter regions in
the ipsilateral SCDH compared with sham ipsilateral side; *p � 0.05 versus sham-I, t test; n 	 5.
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Red injection. MitoSox-positive image in groups of sham
mmODN,
gp120
mmODN, or gp120
AS-TNFRI is shown in Figure 5C. The
number of MitoSox-positive cells in the gp120
mmODN group
was markedly more than that in the sham
mmODN group (p �
0.001, one-way ANOVA; n 	 4–5; Fig. 5D). The number of
MitoSox-positive cells in the gp120
AS-TNFRI group was lower
than that in the gp120
mmODN group (p � 0.001, one-way
ANOVA; Fig. 5D). Furthermore, Western blots displayed that
knockdown of TNFRI using intrathecal AS-TNFRI, significantly
lowered the upregulated pCREB in the SCDH (one-way ANOVA,
n 	 4; Fig. 5E), but AS-TNFRI or mmODN treatment did not mark-
edly change CREB (Fig. 5F). Treatment with AS-TNFRI also sup-

pressed the increased expression of pC/EBP� (one-way ANOVA,
n 	 4; Fig. 5G) and C/EBP� (one-way ANOVA, n 	 4; Fig. 5H) in
the SCDH. The results above indicate that TNFRI modulated down-
stream factors (mtO2

��, pCREB, and pC/EBP�) in the gp120 neuro-
pathic pain model.

Intrathecal mtO2
�� scavenger increased mechanical threshold

and reduced pCREB and pC/EBP� in the SCDH in the gp120
model
ROS as an important signaling molecule, regulates various
cellular pathways (Brookheart et al., 2009). Superoxide is the
main ROS produced by xanthine oxidase, the mitochondrial
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respiratory chain, and nitric oxide enzymes. To investigate
whether spinal mtO2

�� played a role in neuropathic rats, we
tested the anti-allodynic effect of new mitochondria-target
superoxide scavenger Mito-T (50 �g). Intrathecal Mito-T sig-
nificantly increased mechanical threshold compared with vehi-
cle (F(5,55), interaction 	 8.32, p � 0.0001; F(5,50), main effect time 	
7.80, p � 0.0001; F(1,11), main effect treatment 	 9.71; p � 0.01, two-
way repeated-measures ANOVA; Fig. 6A). Mechanical with-
drawal threshold in the Mito-T group was higher than that in
vehicle at 30 –90 min (p � 0.01, two-way ANOVA, Bonferroni
tests). Neither Mito-T nor vehicle changed mechanical threshold
in the sham rats (data not shown). To examine whether there was
a relationship between mtO2

�� and pCREB or pC/EBP� in the
gp120 model, 2 weeks post-gp120, intrathecal Mito-T was ad-
ministered. One hour after Mito-T, the ipsilateral SCDH was
harvested for Western blot analysis. There was a significant in-

crease in the expression of pCREB in gp120
saline group com-
pared with that in sham
saline (p � 0.05, one-way ANOVA; Fig.
6B); pCREB in gp120
Mito-T group was lower than that in
gp120
saline (p � 0.01, one-way ANOVA; Fig. 6B). Similarly,
there was a markedly increase in the expression of pC/EBP� in
gp120
saline group compared with that in sham
saline (p �
0.01, one-way ANOVA; Fig. 6C); pC/EBP� in gp120
Mito-T
group was lower than that in gp120
saline (p � 0.01, one-way
ANOVA; Fig. 6C), suggesting that spinal pCREB and pC/EBP�
are downstream factors of mtO2

��.

Knockdown of spinal CREB increased mechanical threshold
and reduced pC/EBP� in the gp120 neuropathic pain model
To examine whether CREB is involved in the gp120 neuropathic
pain model, we knocked down CREB expression using intrathe-
cal antisense ODN against the nuclear transcription factor CREB
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Figure 5. The effect of TNFRI knockdown on the expression of mtO2
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intrathecally administered once daily (20 �g) for 5 d. Intrathecal AS-TNFRI increased mechanical threshold; F(6,60), interaction 	 4.44, p � 0.001; F(6,60), main effect time 	 4.54, p � 0.001;
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mmODN; one-way ANOVA, post hoc PLSD test; n 	 4.
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mRNA. Ten days after gp120, AS-CREB or mmODN was in-
trathecally administered once daily (20 �g) for 5 d as de-
scribed previously (Ma et al., 2003; Ferrari et al., 2015a).
Intrathecal AS-CREB significantly increased mechanical thresh-
old (F(8,88), interaction 	 8.86, p � 0.0001; F(8,88), main effect time 	
7.00, p � 0.0001; F(1,11), main effect treatment 	 30.04; p � 0.001,
two-way repeated-measures ANOVA; n 	 6 –7; Fig. 6D). Me-
chanical withdrawal threshold in the group of antisense ODN
against CREB was higher than that in mismatch ODN at day 3– 6
(two-way ANOVA, Bonferroni tests; Fig. 6D). To examine neu-
rochemical changes, we harvested the ipsilateral SCDH at 2 h
after the last injection of ODN. Western blots showed there was a
significant increase in the expression of pCREB in gp120
mmODN
group compared with that in sham
saline (p � 0.01, one-way

ANOVA; Fig. 6E); pCREB in gp120
AS-CREB group was lower
than that in gp120
mmODN (p � 0.01, one-way ANOVA; Fig.
6E). Meanwhile, knockdown of spinal CREB reversed the upregula-
tion of C/EBP� mRNA using RT-PCR (Fig. 6F) and C/EBP� pro-
tein using Western blots (Fig. 6G). Similarly, knockdown of spinal
CREB reversed the upregulation of pC/EBP� using Western blots
(Fig. 6H), suggesting that spinal C/EBP� is a downstream factor of
CREB in the neuropathic pain model.

Intrathecal MitoSox injection did not change expression of
pCREB and pC/EBP� in the SCDH in naive rats
To define whether MitoSox injection induces spinal pCREB and
pC/EBP� in the SCDH, we intrathecally administered MitoSox (33
�M, 30 �l) in naive rats. Saline was injected in vehicle group. Seventy
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�� signal and the knockdown of CREB on the gp120 neuropathic pain. A, HIV gp120 neuropathic rats received intrathecal Mito-Tempol (Mito-T, 50 �g)

or saline (vehicle). Mito-T significantly increased mechanical threshold compared with vehicle; F(5,55), interaction 	8.32, p�0.0001; F(5,50), main effect time 	7.80, p�0.0001; F(1,11), main effect treatment 	9.71,
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minutes after intrathecal of MitoSox or saline, the spinal cord was
harvested for Western blot assay. There was no significant difference
in the expression of pCREB (Fig. 7A), CREB (Fig. 7B), pC/EBP�
(Fig. 7C), or C/EBP� (Fig. 7D) between vehicle and MitoSox.

Knockdown of CREB or C/EBP� reduced spinal mtO2
�� in the

gp120 neuropathic pain model
As transcriptional factors, CREB or C/EBP� may hold many
functions to regulate neuropathic pain. C/EBP� regulates sorting
nexin 27 (SNX27; regulating endocytic sorting and trafficking),
which promotes recycling of NMDA receptors from endosomes
to the plasma membrane (Wang et al., 2013). NMDA receptors
increase Ca 2
 influx (Ohno et al., 2002; Valnegri et al., 2015).
There is an interaction of cytosolic Ca 2
 and mitochondrial ROS
generation (Kann and Kovács, 2007; Korbecki et al., 2013; Douda

et al., 2015). It is possible that CREB or C/EBP� may affect spinal
ROS. To examine the effect of CREB on spinal mtO2

�� in the
gp120 neuropathic pain model, we knocked down the CREB ex-
pression using intrathecal ODN antisense against CREB mRNA.
Ten days after gp120, AS-CREB, or mmODN was intrathecally
administered (once daily 20 �g for 5 d). One hour after the last
ODN, MitoSox was intrathecally injected. Animals were perfused
70 min after MitoSox, and the spinal cord harvested for MitoSox
imagines. There was a significant increase in MitoSox-positive cells
at the ipsilateral SCDH in gp120
mmODN group compared with
that in sham
mmODN (p � 0.001, one-way ANOVA; Fig. 7E);
MitoSox-positive cells in gp120
AS-CREB group was lower than
that in gp120
mmODN (p � 0.001, one-way ANOVA; Fig. 7E).

To examine whether C/EBP� affects spinal mtO2
�� in the gp120

neuropathic pain model, we knocked down the C/EBP� expression
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�� in the gp120 neuropathic pain rats.

A–D, Seventy minutes after rats received intrathecal MitoSox or vehicle injection, the SCDH was harvested. Western blots showed that there was no significant difference in the expression of pCREB
(A), CREB (B), pC/EBP� (C), or C/EBP� (D) in the SCDH 70 min after MitoSox compared with vehicle. E, Effect of knockdown of spinal CREB on mitochondrial superoxide in the gp120 pain model. Ten
days after gp120, AS-CREB or mmODN was intrathecally administered once daily (20 �g) for 5 d. One hour after the last ODN, MitoSox was intrathecally injected. Animals were perfused 70 min after
MitoSox, and the spinal cord was harvested for MitoSox imagine. There was a significant increase in MitoSox-positive cells in gp120
mmODN group compared with that in sham
mmODN.
***p � 0.001, one-way ANOVA; n 	 5. MitoSox-positive cells in gp120
AS-CREB group was lower than that in gp120
mmODN. ###p � 0.001, one-way ANOVA; n 	 5. F, Effect of knockdown
of spinal C/EBP� on mitochondrial superoxide in the gp120 pain model. Ten days after gp120, C/EBP� siRNA or mmRNA was intrathecally administered once daily for 2 d. One hour after the last
C/EBP� siRNA or mmRNA, MitoSox was intrathecally injected. Animals were perfused 70 min after MitoSox, and the spinal cord was harvested for MitoSox imagine. There was a significant increase
in MitoSox-positive cells in gp120
mmRNA group compared with that in sham
mmRNA. ***p � 0.001, one-way ANOVA; n 	 5. MitoSox-positive cells in gp120
C/EBP� siRNA group was
lower than that in gp120
mmRNA. ###p � 0.001, one-way ANOVA; n 	 5. G, The proposed signaling pathways that TNF�–mtO2

��–pCREB signaling pathway triggered the pC/EBP� in
gp120-related neuropathic pain in the spinal cord dorsal horn. HIV gp120 induced glia activity to release spinal TNF� (Zheng et al., 2011). TNF� binds its receptor TNFRI on the neurons. TNFRI signal
increases mitochondrial ROS through unknown factors. ROS can lead to the activation of various other cell signaling pathway components, for example, transcriptional factor pCREB. pCREB may
induce C/EBP expression (for review, see Alberini, 2009). C/EBP� promotes recycling of NMDA receptors from endosomes to the plasma membrane (Wang et al., 2013). NMDA receptors increase
Ca 2
 influx (Ohno et al., 2002; Valnegri et al., 2015). Mitochondria are the major sites of ROS production in neurons, and participate in the regulation of cellular Ca 2
 homeostasis, which is
implicated in mitochondrial ROS generation (Camello-Almaraz et al., 2006; Kann and Kovacs, 2007; Douda et al., 2015). Thus, based on our results and previous evidence, we think that it is possible
that pathway of TNF�/TNFRI signal triggering ROS–pCREB–pC/EBP through unknown pathways, is involved in the gp120 neuropathic pain state.
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using intrathecal C/EBP� siRNA. Ten days after gp120, C/EBP�
siRNA or mmRNA was intrathecally administered once daily (5
�g/d) for 2 d. One hour after the last C/EBP� siRNA or mmRNA,
MitoSox was intrathecally injected. Animals were perfused 70 min
after MitoSox, and the spinal cord was harvested for MitoSox imag-
ine. There was a significant increase in MitoSox-positive cells at the
ipsilateral SCDH in gp120
mmRNA group compared with that in
sham
mmRNA (p � 0.001, one-way ANOVA; Fig. 7F); MitoSox-
positive cells in gp120
 C/EBP� siRNA group was lower than that
in gp120
mmRNA (p � 0.001, one-way ANOVA; Fig. 7F), sug-
gesting that pCREB or pC/EBP� mediates the mitochondrial super-
oxide through unknown mechanisms in the HIV neuropathic pain
model (Fig. 7G).

Recombinant TNF� induced mtO2
��, pCREB, and pC/EBP� in

the cultured neurons in vitro
To further verify that pC/EBP� was triggered by TNF�–mtO2

��–
pCREB pathway, we used rat neuronal B35 cells treated with
rTNF� for 3 h for neurochemical analysis. Live cells were stained
with MitoSox for 30 min at 37°C (Ahmed et al., 2012). The image
of MitoSox in the cultured cells was shown in Figure 8A. The
treatment with rTNF� increased the MitoSox signal compared
with saline (vehicle; p � 0.01, t test, n 	 3; Fig. 8B). The expres-
sion of pCREB in B35 cells treated with rTNF� was increased
compared with that with vehicle, p � 0.01, t test (Fig. 8C), but the
treatment with rTNF� in the B35 cells did not increase CREB
protein expression compared with vehicle (Fig. 8D). ChIP-qPCR
assay showed that treatment with rTNF� significantly increased
the binding of pCREB on the C/EBP� promoter region (p � 0.01,
t test, n 	 3; Fig. 8E). RT-qPCR displayed that rTNF� markedly

increased C/EBP� mRNA in the cultured B35 cells (p � 0.01, t
test, n 	 5; Fig. 8F). The treatment with rTNF� in the B35 cells
increased pC/EBP� protein expression compared with vehicle
(p � 0.01, t test; Fig. 8G). Also, rTNF� increased C/EBP� protein
compared with vehicle (p � 0.05, t test; Fig. 8H). Thus, in the
cultured neurons, rTNF� induced the upregulation of mtO2

��,
and increased pCREB and pC/EBP�.

Relationship among TNF�, mtO2
��, pCREB, and pC/EBP� in

the B35 cells treated with rTNF�
To further define the relationship among TNF�, mtO2

��, pCREB, or
pC/EBP�, we treated neuronal B35 cells with Mito-T under the
rTNF� application. MitoSox-positive imaging is shown in Figure
9Aa–Ac. The MitoSox signal density in the rTNF�
vehicle group
was higher than that in the vehicle
vehicle, p � 0.001, one-way
ANOVA, post hoc PLSD test (Fig. 9B). There was a significant de-
crease in the MitoSox signal density in the rTNF�
Mito-T group
compared with that in rTNF�
vehicle (p � 0.001, one-way
ANOVA post hoc PLSD test; Fig. 9B). Western blot analysis displayed
that the expression of pCREB in the rTNF�
vehicle group
was higher than that in the vehicle
vehicle (p � 0.001, one-way
ANOVA, post hoc PLSD test; Fig. 9C). There was a significant de-
crease in pCREB in the rTNF�
Mito-T group compared with that
in rTNF�
vehicle (p � 0.001, one-way ANOVA post hoc PLSD test;
Fig. 9C). Similarly, Mito-T blocked the upregulated pC/EBP� (Fig.
9D) and C/EBP� (Fig. 9E), suggesting that increased pCREB or pC/
EBP� was in an mtO2

��-dependent manner in the cultured B35 cells
treated by rTNF�.

To confirm CREB mediating pC/EBP� in the B35 cells treated
with rTNF�, we gave antisense ODN against CREB to the B35
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cells. Western blots showed that AS-CREB reversed the upregulated
pCREB (Fig. 9F). The expression of pC/EBP� in the mmODN

rTNF� group was higher than that in the mmODN
vehicle (p �
0.01, one-way ANOVA post hoc PLSD test; Fig. 9G). There was a
significant decrease in pC/EBP� in the AS-CREB
rTNF� group
compared with that in mmODN
rTNF� (p � 0.01, one-way
ANOVA, post hoc PLSD test; Fig. 9G). Similarly, C/EBP� in
mmODN
TNF� group was higher than that in mmODN

vehicle; C/EBP� was lowered in the AS-CREB
rTNF� group
compared with that in mmODN
rTNF� (Fig. 9H), demonstrat-
ing that pC/EBP� was the downstream factor of pCREB. Figure
9I shows rTNF� evokes mtO2

��–pCREB–pC/EBP� pathway in
the cultured neurons.

Effect of intrathecal rTNF� on mtO2
��, pCREB, and pC/EBP�

in in vivo study
To further confirm pC/EBP� pathway induced by TNF�, we
intrathecally injected rTNF� (0.3 ng, twice a day for 2 d) or saline
(vehicle) to naive rats. At day 3, 16 h after the last injection of
rTNF�, we found mechanical threshold decreased in rats with
rTNF� compared with that in saline (p � 0.01 vs vehicle, t test;
Fig. 10A), suggesting that repeated rTNF� alone induces neuro-
pathic pain. At 16 h after the last rTNF� injection, we gave intra-
thecal MitoSox Red, and 70 min later perfused animals. The
images of MitoSox in the SCDH were shown in Figure 10B. In-
trathecal rTNF� increased MitoSox-positive cell number in the
SCDH lamina I–II and III–V (p � 0.001 vs vehicle, t test; Fig.

0.0

1.0

2.0

0

1

   
   

   
  p

C
R

E
B

   
(r

at
io

 o
f i

nt
en

si
ty

 
   

   
 o

f v
eh

+v
eh

)

   
   

   
pC

/E
B

P
β

   
(r

at
io

 o
f i

nt
en

si
ty

 
   

   
 o

f v
eh

+v
eh

)

0.0

1.0

veh+veh

rTNFα+veh

rTNFα+Mito-T

  M
ito

S
ox

 d
en

si
ty

 
  (

ra
tio

 o
f v

eh
/v

eh
)

***

###

***

### ##
**

veh+veh

rTNFα+veh

rTNFα+Mito-T

veh+veh

rTNFα+veh

rTNFα+Mito-T

β-actin

pCREB

β-actin
pC/EBPβ

veh+veh rTNFα+veh rTNFα+Mito-T

Aa Ab Ac

C D

B

0

1

2

mmODN+rTNFα

AS-CREB+rTNFα

mmODN+veh

   
   

   
   

  p
C

R
E

B
(r

at
io

 o
f i

nt
en

si
ty

 o
f v

eh
) **

##

0

1

2

**

##

   
   

   
  p

C
/E

B
P

β
(r

at
io

 o
f i

nt
en

si
ty

 o
f v

eh
 )

β-actin

pCREB

β-actin
pC/EBPβ

F
rTNFα

cultured neurons

pC/EBPβmtO2 pCREB

mmODN+rTNFα

AS-CREB+rTNFα

mmODN+veh

•-

E

G

42kD 42kD

43kD 41kD

pC/EBPβmtO2 pCREB
•-

0.5

1.5

   
   

  C
/E

B
P

β
   

(r
at

io
 o

f i
nt

en
si

ty
 

   
   

 o
f v

eh
+v

eh
)

veh+veh

rTNFα+veh

rTNFα+Mito-T

0

1

2

**

###

   
   

   
   

C
/E

B
P

β
(r

at
io

 o
f i

nt
en

si
ty

 o
f v

eh
 )

β-actin

 C/EBPβ

mmODN+rTNFα

AS-CREB+rTNFα

mmODN+veh

H I

0

1

2
***

##

β-actin
C/EBPβ

Figure 9. The relationship among mtO2
��, pCREB, and pC/EBP� in the cultured B35 neuronal cells treated with rTNF�. A, Representative imaging of MitoSox-positive cells in vehicle with vehicle

(Aa), rTNF� with vehicle (Ab), and rTNF� with Mito-T (Ac). Scale bar, 50 �m. B, The effect of Mito-T on the MitoSox signals in the cultured B35 cells. MitoSox signals in the groups of vehicle
vehicle,
rTNF�
vehicle, and rTNF�
Mito-T; ***p � 0.001 versus vehicle
vehicle; ###p � 0.001 versus rTNF�
vehicle; one-way ANOVA, post hoc PLSD test; n 	 3. C, The effect of Mito-T on pCREB
in the cultured B35 cells treated with rTNF�; ***p � 0.001 versus vehicle
vehicle; ###p � 0.001 versus rTNF�
vehicle; one-way ANOVA, post hoc PLSD test; n 	 4. D, The effect of Mito-T on
pC/EBP� in the B35 cells treated with rTNF�; **p � 0.01 versus vehicle
vehicle; ##p � 0.01 versus rTNF�
vehicle; one-way ANOVA; n 	 4. E, The effect of Mito-T on C/EBP� in the B35 cells
treated with rTNF�; ***p � 0.001 versus vehicle
vehicle; ##p � 0.01 versus rTNF�
vehicle; one-way ANOVA; n 	 4. F, The effect of AS-CREB on pCREB in the B35 cells treated with rat rTNF�
or vehicle; **p � 0.01 versus mmODN
vehicle; ##p � 0.01 versus mmODN
rTNF�; one-way ANOVA; n 	 3. G, The effect of AS-CREB on pC/EBP� in the B35 cells; **p � 0.01 versus
mmODN
vehicle; ##p � 0.01 versus mmODN
rTNF�; one-way ANOVA; n 	 3. H, AS-CREB on total C/EBP� in the B35 cells; **p � 0.01 versus mmODN
vehicle; ###p � 0.001 versus
mmODN
rTNF�; one-way ANOVA, n 	 3. I, The possible pathway in the rat neuronal B35 cells treated with rTNF�. TNF� triggered overproduction of mitochondrial superoxide. The oxidative
stress induced pCREB. Furthermore, pCREB caused pC/EBP� in the neuronal B35 cells.
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10C). In a separate setting of experiment, at 16 h after the last
injection of rTNF�, we harvested the spinal cord. Western blots
showed that intrathecal rTNF� increased pCREB (p � 0.05, t test;
Fig. 10D), but not total CREB (Fig. 10E). ChIP-qPCR assay showed
that intrathecal rTNF� increased the enrichment of pCREB on the
C/EBP� gene promoter regions compared with saline (p � 0.01 vs
vehicle, t test; Fig. 10F). Intrathecal rTNF� increased the expression
of mRNA of C/EBP� compared with saline (p � 0.001 vs vehicle, t

test; Fig. 10G). Western blots displayed that intrathecal rTNF� sig-
nificantly upregulated pC/EBP� (Fig. 10H) and C/EBP� (Fig. 10I;
p � 0.01 vs vehicle, t test).

Relationship of TNF�, mtO2
��, pCREB, and pC/EBP� in rats

treated with intrathecally repeated rTNF�
Intrathecal Mito-T significantly increased mechanical threshold
in rats treated with intrathecally repeated rTNF�, which lasted
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�2 h (F(10,70), interaction 	 9.54, p � 0.0001; F(5,70), main effect time 	
15.06, p � 0.0001; F(2,14), main effect treatment 	 13.81, p � 0.001;
two-way repeated-measures ANOVA, n 	 5–7 (Fig. 11A). Me-
chanical withdrawal threshold in the rTNF�
Mito-T group was
significantly higher than that in rTNF�
vehicle at 30 –120 min
(two-way ANOVA, Bonferroni tests; Fig. 11A). Western blots
displayed that pCREB in the rTNF�
vehicle group was higher
than that in vehicle
 vehicle (p � 0.05, one-way ANOVA, post
hoc PLSD test), and that there was a significant decrease in

pCREB in the rTNF�
Mito-T compared with that in the
rTNF�
 vehicle (p � 0.01, one-way ANOVA, post hoc PLSD test;
Fig. 11B). Similarly, Mito-T decreased the upregulated pC/EBP�
(Fig. 11C), suggesting that pCREB and pC/EBP� were mediated
by mtO2

�� in rats treated with repeated rTNF� in vivo.
To examine whether CREB was involved in the painful response

triggered by intrathecal rTNF�, we proceeded to knockdown CREB
by intrathecal AS-CREB. AS-CREB significantly reversed the low-
ered mechanical threshold (F(3,30), interaction 	 3.57, p � 0.05;
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Figure 11. The relationship among mtO2
��, pCREB, and pC/EBP� in the SCDH in rats treated with intrathecal rTNF�. A, Naive rats received intrathecal injection of saline (vehicle) or rTNF� (twice

a day for 2 d; arrowhead). At day 3, 16 h post the last rTNF� injection, rats received intrathecal mitochondrial superoxide scavenger Mito-T or vehicle, and mechanical threshold was measured. The
SCDH was harvested at 2 h after intrathecal compounds. Arrows showed vehicle or Mito-T injection. Intrathecal Mito-T significantly reversed mechanical threshold lowered by rTNF�; F(10,70), interaction 	9.54,
p�0.0001; F(5,70), main effect time 	15.06, p�0.0001; F(2,14), main effect treatment 	13.81, p�0.001; two-way repeated-measures ANOVA; n	5–7. Mechanical withdrawal threshold in the rTNF�
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vehicle; two-way repeated-measures ANOVA with Bonferroni post hoc test; n	6 –7. B, The effect of
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vehiclegroup;##p�0.01versusrTNF�
vehiclegroup;one-wayANOVA,posthocPLSDtest;n	4 –5.C,TheeffectofMito-T
on pC/EBP� in rats treated with rTNF�; *p�0.05 versus vehicle
vehicle group; #p�0.05 versus rTNF�
vehicle; one-way ANOVA; n	4 –5. D, The effect of intrathecal AS-CREB on mechanical threshold
in rats with rTNF�. Arrows show the ODN injections. AS-CREB significantly reversed the lowered mechanical threshold; F(3,30), interaction 	 3.57, p � 0.05; F(3,30), main effect time 	 9.93, p � 0.001;
F(1,11), main effect treatment 	7.43, p�0.05; two-way repeated-measures ANOVA; n	6. Mechanical withdrawal threshold in the rTNF�
AS-CREB group was higher than that in rTNF�
mmODN at 16 –18
h after the last rTNF�; *p � 0.05, two-way repeated-measures ANOVA with Bonferroni test; n 	 6. E, The effect of intrathecal AS-CREB on spinal pCREB in rat treated with rTNF�; **p � 0.01 versus
vehicle
mmODN;#p�0.05versusrTNF�
mmODN;one-wayANOVA;n	4 –5.F,Theeffectof intrathecalAS-CREBonpC/EBP� inrattreatedwithintrathecalrTNF�;**p�0.01versusvehicle
mmODN;
##p�0.01 versus rTNF�
mmODN; one-way ANOVA; n	4 –5. G, The effect of intrathecal AS-CREB on total C/EBP� in rat treated with intrathecal rTNF�; ***p�0.001 versus vehicle
mmODN; ###p�
0.001 versus rTNF�
mmODN; one-way ANOVA; n 	 4 –5. H, The effect of intrathecal C/EBP� siRNA or mmRNA on mechanical threshold in rats with intrathecal rTNF�. Arrows show the siRNA injections.
Intrathecal C/EBP� siRNA significantly increased mechanical threshold compared with mmRNA; F(3,24), interaction 	3.19, p�0.05; F(3,24), main effect time 	18.31, p�0.0001; F(1,8), main effect treatment 	14.36,
p � 0.01; two-way repeated-measures ANOVA; n 	 5. Mechanical withdrawal threshold in the rTNF�
siRNA group was higher than that in rTNF�
mmRNA at 16 –18 h after the last rTNF�; *p � 0.05,
**p � 0.01; two-way repeated-measures ANOVA with Bonferroni test; n 	 6 –7. I, The possible pathway in rats treated with intrathecal rTNF� in naive rats. TNF� triggered mitochondrial oxidative stress
inducing the phosphorylation of CREB, which furthermore induced pC/EBP�. Phospho-C/EBP� plays important role in the neuropathic pain state.
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F(3,30), main effect time 	 9.93, p � 0.001; F(1,11), main effect treatment 	
7.43; p � 0.05, two-way repeated-measures ANOVA; n 	 6; Fig.
11D). Mechanical threshold in the rTNF�
AS-CREB group was
higher than that in rTNF�
mmODN at 16 –18 h after the last
rTNF� (p � 0.05, two-way ANOVA, Bonferroni tests; Fig. 11D).
Western blots showed that pCREB in the rTNF�
mmODN
group was higher than that in vehicle
mmODN (p � 0.01, one-
way ANOVA, post hoc PLSD test), and that there was a significant
decrease in pCREB in the rTNF�
AS-CREB compared with that
in the rTNF�
mmODN (p � 0.05, one-way ANOVA, post hoc
PLSD test; Fig. 11E). Similarly, antisense ODN against CREB
decreased the upregulation of pC/EBP� (Fig. 11F) and C/EBP�
(Fig. 11G), suggesting that pC/EBP� were mediated by CREB
signal in rats treated with repeated rTNF� in vivo.

To investigate whether C/EBP� played a role in the painful
behavior in rats with intrathecally repeated rTNF�, we knocked
down the expression of C/EBP� using C/EBP� siRNA. Intrathe-
cal C/EBP� siRNA or mismatch siRNA was administered once a
day for 2 d. Intrathecal C/EBP� siRNA significantly increased
mechanical threshold (F(3,24), interaction 	 3.19, p � 0.05;
F(3,24), main effect time 	 18.31, p � 0.0001; F(1,8), main effect treatment 	
14.36, p � 0.01, two-way repeated-measures ANOVA; n 	 5; Fig.
11H). Mechanical withdrawal threshold in the rTNF�
siRNA
group was higher than that in rTNF�
mmRNA at 16 –18 h after
the last rTNF� (two-way ANOVA Bonferroni tests; Fig. 11H).
Figure 11I shows that intrathecal rTNF� may evoke mtO2

��–
pCREB–pC/EBP� in rats.

Discussion
The mechanisms underlying HIV-associated chronic pain re-
main unclear. C/EBP� has been shown to be a critical transcrip-
tional regulator of HIV-1, and influences AIDS progression
(Mameli et al., 2007). Our data demonstrate that spinal pC/EBP�
triggered by TNF�/TNFRI–mtO2

��–pCREB pathway, is involved
in the peripheral gp120-induced neuropathic pain. Furthermore,
in in vitro studies, using the cultured neuronal cells, we show that
treatment with rTNF� to the cultured neurons, induced the
mtO2

��–pCREB–pC/EBP� pathway; intrathecal rTNF� adminis-
tration evoked the same pathway in naive rats.

C/EBP� expression has been observed in a variety of primary
neuronal cultures and neuronal cell lines, cultured astrocytes,
and microglia (Pulido-Salgado et al., 2015). In in vivo studies,
C/EBP� immunoreactivity after systemic LPS colocalizes with
markers of endothelial cells, neurons, astrocytes, and microglia
depending on the brain areas (Damm et al., 2011; Fuchs et al.,
2013). In the present study, we found that peripheral gp120 ap-
plication onto the sciatic nerve induced the expression of pC/
EBP� in the neurons of the spinal cord dorsal horn. pC/EBP�
may influence AIDS progression by increasing expression of
HIV-1 genes (Mameli et al., 2007). The expression of C/EBP�
mRNA is elevated and its protein is expressed in the brain of
HIV-1-infected and HIV-1 encephalitis patients (Fields et al.,
2011). Evidence from in vitro studies show that C/EBP� is acti-
vated by TNF� in cultured macrophages (Portillo et al., 2012).
Painful HIV-associated sensory neuropathy is a neurological
complication of HIV infection. However, it is unclear about the
exact molecular mechanisms and signal pathways of pC/EBP� in
HIV-related pain.

The cellular mechanisms by which peripheral gp120 onto the
sciatic nerve induces neuropathic pain are still not clear. HIV
rarely induces neuronal infection, thus, neurotoxicity may be
induced by secreted HIV proteins, such as gp120 in the patho-
genesis of HIV-sensory neuropathy via chemokine receptors

(Kaul et al., 2001; Keswani et al., 2003; Liu et al., 2015). Keswani
et al. (2003)report that C-X-C chemokine receptor type 4
(CXCR4; an HIV coreceptor) on Schwann cells by gp120 results
in the release of RANTES, which induces TNF� production in
cultured DRG sensory neurons, leading to subsequent TNFR1-
mediated neurotoxicity in an autocrine/paracrine fashion. We
and others report that in in vivo studies, the gp120-exposed sciatic
nerve increases TNF� within the nerve trunk (Herzberg and
Sagen, 2001) and DRG (Zheng et al., 2011; Hao, 2013). HIV
gp120 induces upregulation of CXCR4 and stromal cell-derived
factor-1� (SDF1-�) in both the DRG and SCDH (Huang et al.,
2014). Anti-inflammatory IL-10 reversed the upregulation of
TNF�, SDF-1�, and CXCR4 in the DRG (Zheng et al., 2014).
Peripheral inflammation induces the hyperfunction of nocicep-
tive transduction ion channels on the sensory neurons (Yekkirala
et al., 2017), leading to a reduction in the threshold for activation
and hyperexcitability of nociceptor sensory neurons (Costigan et
al., 2009). A prolonged increase in excitability and synaptic effi-
cacy of central nociceptive neurons is partially driven by activity
in peripheral nociceptors as a form of activity-dependent plastic-
ity (Yekkirala et al., 2017). On persistent activation of nociceptive
primary afferent input to the spinal cord, activated astrocytes and
microglia release a number of signaling molecules (for example,
TNF�; Herzberg and Sagen, 2001; Wallace et al., 2007b), which
play important role in inflammatory and neuropathic pain (Mil-
ligan and Watkins, 2009; Grace et al., 2014). HIV-1 transgenic
rats overexpressing gp120 induce reactive gliosis in brain (Reid et
al., 2001). Indeed, intrathecal gp120 induces an acute painful
behavior and proinflammatory cytokine release in the spinal cord
(Milligan et al., 2001). CSF from patients with AIDS shows an
increase in TNF� (Tyor et al., 1992). TNF� has also been impli-
cated in the pathogenesis of HIV-1 infection, promoting HIV
replication in T cell lines and in lymphocytes in HIV-infected
patients (Cepeda et al., 2008). Serum TNF� has been shown to
increase as HIV-1 infection progresses (Aukrust et al., 1994),
suggesting that TNF� may contribute to disease progression. We
have reported that gp120 application onto the sciatic nerve de-
creases mechanical threshold, and induces spinal glial activity
releasing TNF� in the SCDH; intrathecal TNF� siRNA or recom-
binant TNFSR reduces gp120-induced mechanical allodynia
(Zheng et al., 2011). In the present studies, we found that TNFRI
was expressed on the neurons of the SCDH (Fig. 2). Thus, it is
possible that glial TNF� activate neurons through TNFRI. The
downstream signal of TNFRI in the HIV neuropathic pain is still
not clear. TNFR1 constitutively forms a complex with endoge-
nous c-Src and Jak2 kinases, and phosphatidylinositol 3-kinase
(PI3K) to engage signaling cascades, activate transcription fac-
tors, and alter gene expression in in vitro studies (Pincheira et al.,
2008). PI3K promotes recruitment of Akt to the plasma mem-
brane and its subsequent activation (Cantley, 2002). PI3K-Akt
activation is associated with the accumulation of mitochondrial
ROS (Hamanaka and Chandel, 2010).

Oxidative stress causes activation of a number of complex and
interrelated signaling events (Chandra et al., 2000). Recent work
shows that ROS are involved in the development and maintenance
of neuropathic pain. Removal of excessive ROS by free radical scav-
engers, such as phenyl N-tert-butylnitrone and 4-hydroxy-2, 2,6,6-
tetramethylpiperidine 1-oxyl, produced a significant analgesic
effect in both neuropathic and inflammatory pain (Gao et al.,
2007; Fidanboylu et al., 2011). In contrast, intrathecal ROS do-
nor, tert-butyl hydroperoxide, produces transient pain behaviors
in naive mice (Schwartz et al., 2008). Mitochondrial oxidative
stress causes activation of a number of complex and interrelated
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signaling events in the pathogenesis of chronic pain (Sui et al.,
2013). Furthermore, mtO2

�� accumulation was observed primar-
ily in the mitochondria of SCDH neurons in different pain mod-
els (Schwartz et al., 2008, 2009; Kim et al., 2011). HIV gp120 has
been implicated in initiation and/or intensification of ROS (Perl
and Banki, 2000). In the present studies, we demonstrate that
gp120 application increased spinal mtO2

��. From in vitro and in
vivo results of the current studies, blockage of TNF� bioactivity
using rTNFSR reduced the mtO2

�� in the SCDH neurons, indicat-
ing that TNF�-TNFRI activity in neurons induced the mtO2

��

overexpression.
Previous studies have shown the various effects of ROS lead-

ing to activation of intracellular protein phosphorylation during
spinal neuronal synaptic plasticity (Kim et al., 2011). Altered
transcriptional factors are involved in chronic pain conditions
(Ma et al., 2003). In response to neural activity or tissue inflam-
mation, phosphorylation of CREB induces the expression of
genes, which results in long-lasting synaptic plasticity (Nestler,
2002; Carlezon et al., 2005; Hagiwara et al., 2009). Nociceptor
afferents activation contributes to central sensitization through
CREB-mediated transcriptional regulation in the SCDH neurons
(Kawasaki et al., 2004). Intrathecal CREB-antisense oligonucleo-
tide attenuates neuropathic or inflammatory pain (Ma et al.,
2003; Gu et al., 2013; Ferrari et al., 2015a,b), suggesting that spi-
nal pCREB may contribute to the development of chronic pain
(Gu et al., 2013). Recent studies show that pCREB is upregulated
in the SCDH of pain-positive HIV patients (Shi et al., 2012). The
current results showed that gp120 application onto the sciatic
nerve increased the expression of spinal pCREB and that rTNF�
application increased the expression of pCREB in in vitro and in
vivo studies. The overexpression of pCREB was blocked by
Mito-T, suggesting mtO2

�� mediated pCREB (a downstream fac-
tor of mitochondrial superoxide).

The functional activation of CREB leads to the expression of
target genes including the transcription factor C/EBP presumably
regulating the expression of a late response gene (for review, see
Alberini, 2009). There is a cooperative interaction between CREB
and C/EBP� in human T cells treated with PGE2 (Dumais et al.,
2002). The increase in pC/EBP is considered a correlate of the rela-
tive extent of long-term facilitation (Liu et al., 2013). The expression
of constitutively active CREB strongly activates C/EBP� promoter,
and induces the expression of endogenous C/EBP� in preadi-
pocyte cells (Zhang et al., 2004). Learning-induced increases in
the hippocampal C/EBP� expression are CREB-dependent
(Athos et al., 2002). Using ChIP assay we observed that pCREB
bound C/EBP� promoter. In our in vitro and in vivo studies,
knockdown of CREB using CREB antisense ODN increased me-
chanical threshold, and reduced the expression of C/EBP� and
pC/EBP�, indicating that C/EBP�/pC/EBP� is mediated by
CREB phosphorylation in the epigenetic level.

The relationships among mtO2
��, pCREB, and pC/EBP� are

not clear yet. It is possible that a positive feedback circuit with
pCREB is involved in their interactions. Phosphorylated CREB
leads to C/EBP presumably regulating the expression of a late
response gene (for review, see Alberini, 2009). C/EBP� regulates
sorting nexin 27 (SNX27, regulating endocytic sorting and traf-
ficking), which promotes recycling of NMDA receptors from en-
dosomes to the plasma membrane (Wang et al., 2013). NMDA
receptors increase Ca 2
 influx (Ohno et al., 2002; Valnegri et al.,
2015). HIV gp120 stimulates a rapid increase in intracellular free
Ca 2
 accumulation in the dorsal horn cells of the mice spinal
cord (Minami et al., 2003). Spinal cytosolic Ca 2
 concentration
contributes to the painful neuropathy (Sanna et al., 2015). Mito-

chondria are the major sites of ROS production in neurons, and
participate in the regulation of cellular Ca 2
 homeostasis
(Camello-Almaraz et al., 2006; Kann and Kovács, 2007; Douda et
al., 2015). There is an interaction of cytosolic Ca 2
 and mito-
chondrial ROS generation (Kann and Kovács, 2007; Korbecki et
al., 2013; Douda et al., 2015). NMDA activity-induced CaMKi-
nase signaling contributes to CREB-dependent transcription
(Impey et al., 2002). Thus we think, it is highly possible that
positive feedback pathway of pCREB–ROS–pCREB through
NMDA/Ca 2
 is involved in the gp120 neuropathic pain state. In
the near future studies, we will examine the exact role of NMDA/
Ca 2
 in the positive feedback pathway.

In summary, to our knowledge, we are the first to demonstrate
that the expression of pC/EBP� is triggered by the TNF�/TNFRI–
mtO2

��–pCREB pathway in peripheral gp120-induced neuro-
pathic pain, which is supported by our in vitro studies in the
cultured neuronal cells and intrathecal rTNF� administration in
naive rats. This finding provides new insights in the understand-
ing of the HIV neuropathic pain mechanisms and also suggests
additional potential targets for successful treatment.
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