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Abstract
Pain sensitization in spinal cord injury (SCI)-induced central neuropathic pain has been a research target. Additionally, suber-
oylanilide hydroxamic acid (SAHA) has been reported to protect against pain hypersensitivity in central neuropathic pain. 
Hence, this research probed the impact of SAHA on pain sensitization in central neuropathic pain after SCI via the HDAC5/
NEDD4/SCN9A axis. After SAHA treatment, SCI modeling, and gain- and loss-of-function assays, behavioral analysis was 
performed in mice to evaluate pain hypersensitivity and anxiety/depression-like behaviors. The enrichment of H3K27Ac 
in the NEDD4 promoter and the ubiquitination of SCN9A were measured with ChIP and Co-IP assays, respectively. The 
treatment of SAHA regained paw withdrawal threshold and paw withdrawal latency values, entry time and numbers in the 
center area, and entry proportion in the open arm for SCI mice, accompanied by decreases in immobility time, eating latency, 
thermal hyperalgesia, and mechanical ectopic pain. However, SAHA treatment did not affect the motor function of mice. 
SAHA treatment lowered HDAC5 expression and SCN9A protein expression in SCI mice, as well as enhanced SCN9A 
ubiquitination and NEDD4 expression. HDAC5 knockdown greatly increased H3K27Ac enrichment in the NEDD4 promoter. 
NEDD4 upregulation or HDAC5 knockdown elevated SCN9A ubiquitination but diminished SCN9A protein expression in 
dorsal root ganglions of SCI mice. NEDD4 silencing mitigated the improving effects of SAHA treatment on the pain hyper-
sensitivity and anxiety/depression-like behaviors of SCI mice. SAHA suppressed HDAC5 to augment NEDD4 expression 
and SCN9A degradation, thereby ameliorating the pain hypersensitivity and anxiety/depression-like behaviors of SCI mice.

Keywords  Spinal cord injury · Pain sensitization · Suberoylanilide hydroxamic acid · Histone deacetylase 5 · SCN9A · 
NEDD4 · Ubiquitination

Introduction

Spinal cord injury (SCI), mostly resulting from trauma, is a 
neurological dysfunction, which socioeconomically afflicts 
patients and the health care system and contributes to severe 
motor or sensory dysfunction [1, 2]. After SCI, a major-
ity of patients suffer from chronic central neuropathic pain 

caused by a lesion or disease of the somatosensory system, 
which lacks effective treatments in the clinic [3, 4]. Hence, 
it is urgently needed to develop novel therapies. Recently, 
extensive attention has been paid to the central sensitization 
mechanism, where increased pain sensitivity aggravates the 
pain, decreases the pain threshold, and finally contributes 
to central neuropathic pain [5]. In addition, pain hypersen-
sitivity is tightly associated with depression, pain-related 
sleep disorders, and average pain intensity [6]. Moreover, 
researchers have widely explored pharmaceuticals or mol-
ecules that affect pain hypersensitivity after SCI or periph-
eral nerve injury [7–10]. Nevertheless, existing research is 
far from adequate.

Histone acetylation is one of the important post-trans-
lational modifications involved in neuropathic pain, which 
can be regulated by the actions of histone acetyltransferases 
(HATs) and histone deacetylases (HDACs) [11, 12]. HDACs 
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are a group of epigenetic regulators that are widely known 
as therapeutic targets for a series of diseases, including neu-
rological diseases [13]. As a member of the class II HDACs, 
HDAC5 is abnormally expressed in cancers and orches-
trates many cellular processes [14]. Strikingly, HDAC5 
knockdown represses pain hypersensitivity in neuropathic 
pain of spinal cords [15]. Moreover, HDAC inhibitors have 
been approved for chemotherapeutic treatment [16]. More 
importantly, a prior study reported that an HDAC6 inhibi-
tor reduced neuropathic pain caused by peripheral nerve 
injury [17]. Suberoylanilide hydroxamic acid (SAHA) is a 
pan-HDAC inhibitor, which suppresses class I and class II 
HDACs [18]. SAHA was also manifested to restrain periph-
eral inflammation-induced microglial activation in the hip-
pocampus [19]. In addition, SAHA treatment was implicated 
to relieve thermal and mechanical pain hypersensitivity 
in nerve injury-induced neuropathic pain [20]. Clearly, it 
is very necessary to probe the mechanism of SAHA and 
HDAC5 on pain hypersensitivity after SCI.

Meanwhile, ubiquitination, a crucial posttranslational 
modification influencing protein stability, interaction 
partner, and biological function, has regulatory effects on 
numerous processes including chronic pain [21–23]. Neu-
ronal precursor cell-expressed developmentally down-regu-
lated 4 (NEDD4), a HECT domain E3 ligase, is mediated by 
HDAC5 and capable of regulating ubiquitination [24, 25]. 
Additionally, NEDD4 was documented to exert regulatory 
effects on neuropathic pain [26]. Of note, a previous report 
manifested that NEDD4-2 was able to decrease sodium Volt-
age-Gated Channel Alpha Subunit 9 (SCN9A) expression 
via ubiquitination in chronic post-surgical pain [27]. Scn9a, 
also named Nav1.7, is a voltage-gated sodium channel cru-
cial in defining the threshold of the action potential and the 
signal propagation of sensing pain [28]. It was documented 
that the SCN9A channel is capable of predicting the noci-
ceptive response of dorsal root ganglions (DRGs) [29] and 
its blockage functions in alleviating neuropathic pain [30].

As a result, we hypothesized that SAHA mediated the 
NEDD4-SCN9A axis via HDAC5 to influence central neu-
ropathic pain sensitization after SCI and conducted a set of 
experiments to prove this hypothesis in the current research.

Materials and Methods

Laboratory Animals and Drug Administration

Adult male wild C57BL/6 J mice (20–30 g) were purchased 
from Shanghai SLAC Laboratory Animal Co., Ltd. (Shang-
hai, China) and underwent behavioral tests. Mice were bred 
with a standard cycle of 12-h light and 12-h dark, with free 
access to food and water. All behavioral tests were conducted 
at 9:00 am. Before experiments, mice were accustomed to 

staying in the behavior room for 30 min and the experiment-
ers were blinded to the condition of drug administration. The 
animal research abided by the Animal Research: Reporting 
of in vivo Experiments guidelines [31] and was ratified by 
the Ethical Committee approval certificate (Ethnical number: 
IACUC FJMU 2023-0038; Date: February 24th, 2023). The 
experiments were designed on the principle of minimizing 
the quantity and pain of animals. The mice were euthanized 
through cervical dislocation and spinal cords were extracted 
for in vitro analysis. The sample size of laboratory animals 
was analyzed with power analysis [32] and calculated with G 
power software. Each test group was composed of 6 animals 
to ascertain the behavioral parameters.

The mice were treated and the behavioral test was car-
ried out on the 14th day after surgery. On the day the treat-
ment reached the best efficiency, the spinal cord for in vitro 
experiment was removed.

Establishment and Grouping of an SCI Mouse Model

The method referred to the previous literature [33]. Mice 
were pre-anesthetized with buprenorphine (0.05 mg/kg 
weight) and then maintained under deep anesthesia through-
out the surgery with isoflurane gas (2% isoflurane mixed 
with 100% O2; which was delivered via face mask at a flow 
velocity of 0.4 L/min). The skin at the midspinal line was cut 
open with the T10 spinous process as the center, and then 
the fascia layers and muscle layers were peeled from the 
T9–T11 spinous processes. After the laminectomy of T10, 
the mice were fixed on a stereoscopic positioning device 
with their spine fixed with a spine clamp. Subsequent to 
the use of 2% lidocaine solution (0.1 mL) at the surface of 
the dorsal spine, a computer-controlled impactor (Impact 
One Stereotaxic Impactor; Leica, Buffalo Grove, IL, USA) 
was employed to cause contused wounds. Mice that received 
only laminectomy were assigned to the sham group. A heat 
lamp was used to keep animals warm, accompanied by the 
inspection of animals during the period of recovery. After-
ward, the animal was injected with a preventive dose of anti-
biotic (Bicillin, 10,000–30,000 units, intramuscular, Wyeth 
Laboratories, Collegeville, PA, USA) once a day for 5 days 
after surgery to control the possible infection. The animals 
underwent manual bladder functioning till the recovery of 
bladder normal function. Approximately 2 weeks after sur-
gery, the animals were subjected to short anesthesia with 2% 
isoflurane to remove the skin nails.

Mice were grouped and intrathecally administrated with 
SAHA (Sigma-Aldrich, St. Louis, MO, USA; dissolved in 
5% dimethyl sulfoxide [DMSO]) 15 min before the tests. 
Pregabalin (PREG, 30 mg/kg) was intraperitoneally injected 
into mice 3 h before the tests as an analgesic control. Drug 
concentration was confirmed with the following method: 
each mouse received a single intrathecal injection with 5 
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μL SAHA or intraperitoneal administration with 10 mL/kg 
PREG.

Mice intrathecally treated with DMSO and adenovirus 
empty vector [silencing (si)-negative control (NC)] 15 min 
before the tests were assigned as the DMSO + si-NC group 
(n = 6). Mice intrathecally treated with SAHA and si-NC 
were assigned as the SAHA + si-NC group (n = 6). Mice 
intrathecally treated with DMSO and NEDD4 silencing 
adenovirus (si-NEDD4) were arranged as the DMSO + si-
NEDD4 group (n = 6). Mice intrathecally treated with SAHA 
and si-NEDD4 were arranged as the SAHA + si-NEDD4 
group (n = 6). Recombinant adenoviruses of NEDD4 
silencing were obtained from Hanbio (Shanghai, China), 
and each mouse was vertically injected with 20 μL si-NC or 
si-NEDD4 (1 × 108 plaque-forming units) in the interval of 
L5-6 spinous processes with microinjector.

Assessment of Basso Mouse Scale (BMS) Scores

Normal mice were placed in an open area the day before 
the assessment to acclimatize to the environment. Then, the 
motor function was assessed with BMS scores on the 1st-
4th weeks after surgery, and the observation period for each 
score was 5 min. The motor function of mouse hind limbs 
was evaluated with BMS scores (0–9 scores: 0 scores rep-
resented complete paralysis, and 9 scores represented com-
pletely normal). This experiment was conducted by experi-
menters familiar with score rules. The BMS scores for the 
left and right hind limbs were calculated immediately after 
the observation, and the mean value was obtained.

Behavioral Analysis

These analyses were conducted on sober, unconstrained, and 
age-matched mice. The researchers conducted behavioral 
tests on mice and were blinded to the identity of the two 
groups. Von Frey hairs (graded from 1.4 to 26 g) were manu-
ally spread on the surface of the paw, after which PWT was 
selected to assess mechanical allodynia. Thermal allergic 
reaction within PWL was measured after thermal radiation 
source treatment on the surface of the paw. Meanwhile, FST, 
EPMT, NSFT, and OFT were supplemented to evaluate anx-
iety/depression-like behaviors.

Paw Withdrawal Threshold (PWT)

The mice were placed for 30 min every day in an organic 
glass cage with a metal net at the bottom 3 days prior to 
the experiment. After acclimatization, a group of von Frey 
hairs, the hardness of which logarithmically increased from 
1.4 g, 2 g, 4 g, 6 g, 8 g, 10 g, and 15 g, to 26 g, were used, 
and enough force was exerted to make the filaments curved 
vertically for 5 s to the paw. On condition that a rapid and 

complete lift from the platform was observed on the hind 
paw, it was a favorable result. The value of PWT was con-
firmed by referring to the previous document [34].

Paw Withdrawal Latency (PWL)

The separate compartments for the test were placed on a 
30 °C temperature-controlled glass platform, with a bore 
diameter-thermal radiation source generating thermal 
stimulus to the surface of the outward hind paw. Thermal 
PWL was defined with the time interval from the moment 
the stimulus started to the moment the paw stopped. Every 
5 min, each hind paw was assessed 5 times to figure out the 
mean value of latency data. To minimize the tissue injury 
induced by extended thermal stimulus, 15 s was selected as 
the time to cease the latency [35].

Open Field Test (OFT)

In the period of dark, tests were carried out, and the light 
intensity was the same during the whole experiment. The 
mice were acclimated for 30 min to the test room before the 
operation to ensure activity stability in the experiment. A 
box with 100 × 100 × 40 cm3 volume was used as the box of 
OFT. When the experiment started, the mouse was deposited 
in the central area, followed by the recording of its behaviors 
through a video of 5-min duration. Then, 70% ethanol was 
utilized to completely clean the test room and eliminate any 
residual smell between the two operations. The entry num-
ber into the central position, the staying time in the central 
position, and the overall distance were recorded. Smart v.3.0 
software (Panlab Harvard Apparatus, October Hill Road, 
Holliston, Massachusetts, USA) was applied to analyze the 
parameters.

Elevated Plus Maze Test (EPMT)

According to prior research [36], tests were carried out 
in dark, during which the density of light was controlled 
at the same conditions. Before tests, the mouse was made 
acclimated for 30 min to the test room to make sure that 
its activity was stable throughout the tests. The tests were 
carried out in a maze made up of two 110 × 10 cm2 open 
arms and two 110 × 10 × 30 cm3 enclosed arms extending 
from the 10 × 10 cm2 center platform at a degree of 90°. 
Before experiments, all mice were domesticated in the wild 
for 5 min by videotaping. When the experiment started, the 
mouse was put in the center platform towards the open arm 
and its activity was recorded for 5 min. The maze was com-
pletely cleaned, and the remaining smell was removed with 
70% ethanol in intervals. The entry number into and staying 
time in the open arms, and the total distance of movement 
were included in the measurement parameters, which were 
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assessed with Smart v.3.0 software (Panlab Harvard Appara-
tus). The entry number in the open arms divided by the total 
number of entries into the open arms and the enclosed arms 
equaled the entry proportion in the open arms. The time in 
the open arms divided by the total time in the enclosed and 
open arms equaled the proportion of time in the open arms.

Novelty‑Suppressed Feeding Test (NSFT)

Test conductions were completed during the dark phase with 
the controlled same light density. Before the test, the mouse 
was acclimated to the test room for 30 min so that the sta-
bility of activity was ensured during the test. The chamber 
used for NSFT was a box of 100 × 100 × 40 cm3, where a 
small piece of food was placed on a small piece of white 
paper on the core position of the bottom. After 24-h fast-
ing, the test and timing started and the mouse was placed 
in the corner regions. The timing ceased at the moment the 
mouse began to bite. The box was completely rinsed and 
the residual peculiar smell was removed with 70% ethanol 
between two test procedures. Researchers recorded the time 
from the moment that the mouse was placed in the box to the 
moment that the mouse began to eat. If a mouse still did not 
have the food 10 min later, then the data were deleted [36].

Forced Swimming Test (FST)

Mice were put in a 20 cm-diameter and 60 cm-height robber 
cylinder where the depth of the water was 30–35 cm and 
the temperature of the water was 23–25 °C. The mice were 
forced to swim for a total of 6 min, with the first minute as 
the acclimation time. The time of immobility was recorded 
within 5 min. Water for each mouse was refreshed in case 
the smell influenced the next mouse. The immobility stand-
ard was that the mouse ceased struggling in the water and 
presented a floating state or that the mouse only had subtle 
limb movements to keep its head floating on the surface of 
the water. Two researchers blinded to groups conducted the 
experiments and recorded test data.

Quantitative Reverse Transcription Polymerase 
Chain Reaction (qRT‑PCR)

Total RNA was isolated in accordance with the instruc-
tions of the Trizol method (Invitrogen, Carlsbad, CA, 
USA), followed by reverse transcription into cDNA with 
a PrimeScript RT kit (RR037A, Takara, Tokyo, Japan). 
Afterward, the fluorescent quantitative PCR was con-
ducted as per the manuals of an SYBR® Premix Ex Taq™ 
II kit (RR820A, Takara) in a real-time fluorescence quan-
titative PCR instrument (ABI 7500, ABI, Foster City, CA, 
USA). β-actin was utilized as the internal reference and 
the 2−ΔΔCt method was employed to calculate the relative 

expression of each target gene: ΔΔCt = ΔCt experimental 
group—ΔCt control group, and ΔCt = Ct target gene—Ct 
internal reference. The related primers were designed by 
Sangon (Shanghai, China; Table 1), and silencing (si)-
HDAC1 and si-HDAC5 sequences were listed in Table 2. 
Each experiment was repeated 3 times.

DRG Isolation and Neurocyte Acquisition

The C57BL/6 mice were euthanatized via cervical disloca-
tion and soaked in 750 mL/L ethanol for 3 min. Following 
dissection in the back, the spine of the mice was obtained 
and placed in a plate containing 4 °C Hank’s solution. 
The ophthalmic scissors were utilized to cut the spine into 
halves along the median line of the spine, after which the 
spinal cord was stirred gently with micro-forceps to make 
the DRGs fall off like a string of beads. Each ganglion 
was placed in a centrifuge tube. The nerve root was cut 
off and an appropriate amount of 1.25 g/L Type I colla-
genase was added, followed by 90-min shaking at 37 °C. 
Subsequent to centrifugation, the Type I collagenase was 
removed, after which 2.5 g/L trypsin was added and the 
sample underwent 15-min shaking at 37 °C.

After the digestion, centrifugation was conducted with 
the removal of the supernatant. Thereafter, Dulbecco’s 
Modified Eagle Medium encompassing 100 mL/L fetal 
bovine serum, 10 mL/L penicillin and streptomycin, and 
100 μg/L nerve growth factor was added to resuspend the 
sample. The neurocytes were repeatedly titrated to form 
single-cell suspensions with a sterile glass micro-tube 
and then seeded in the culture dish which was pre-coated 
with 10 mL/L Poly (ethylene imine) solution and 5 μg/mL 
laminin ahead of 1 day. Last, the neurocytes were cultured 
in a 37 °C incubator with 50 mL/L CO2.

Identification and Purity Determination 
of Neurocytes

Following 24-h incubation, the mediums were all renewed, 
followed by medium replacement every 3 days. Different 

Table 1   Primer sequences for qRT-PCR

qRT-PCR quantitative reverse transcription polymerase chain reac-
tion, F forward, R reverse, SCN9A sodium voltage-gated channel 
alpha subunit 9

Genes Sequences

SCN9A-F GCA​CTC​CTT​ATT​CAG​CAT​GC
SCN9A-R AGA​CAT​TGC​CCA​GGT​CCA​CA
β-actin-F CTC​GTC​GTC​GAC​AAC​GGC​TCC​
β-actin-R TTT​TCT​CCA​TGT​CGT​CCC​AGTT​
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phases of neurocytes were observed under an inverted 
microscope, and their morphological changes were recorded. 
Neurocytes on the 7th day of culture were washed 3 times 
with 0.01 mol/L phosphate-buffered saline (PBS) after the 
removal of the medium, followed by 40-min fixing with 
40 g/L paraformaldehyde at room temperature and 3 washes 
with 0.01 mol/L PBS (5 min each time). Afterward, neuro-
cytes were reacted with 1 mL/L Triton liquid for 30 min at 
room temperature and rinsed with 0.01 mol/L PBS 3 times 
(5 min each time). After 30-min blocking with 100 mL/L 
normal goat serum (NGS), the NGS was removed, and cells 
were probed overnight at 4 °C with neuron-specific enolase 
(NSE) monoclonal antibodies. After primary antibodies 
recycling and 3 washes with 0.01 mol/L PBS, the cells were 
incubated with red fluorescence-labeled goat anti-mouse 
Immunoglobulin G (IgG) for 1 h at room temperature in 
dark. Next, the secondary antibodies were removed and cells 
underwent 3 washes with 0.01 mol/L PBS, after which cells 
underwent 5-min reaction with Hoechst 33,342 staining fluid 
at room temperature avoiding light. Following 3 times of 
0.01 mol/L PBS rinsing, cell slides were taken out from the 
culture dish and mounted with anti-fluorescence quenching 
agent. Image J software was applied to count the cells, fol-
lowed by the determination of the purity of neurocytes (data 
not shown).

Chromatin Immunoprecipitation (ChIP) Assay

An EZ-ChIP™ kit (Millipore, Billerica, MA, USA) was 
used for the ChIP assay. Thirty-six h after culture, cells were 
fixed with 1% methanol, evenly mixed with 2.5 M glycine, 
and placed at normal temperature for 5 min, followed by the 
termination of cross-linking. After PBS washing, cells were 
scraped and collected, followed by centrifugation and acqui-
sition of cell precipitates, which were resuspended in cell 
lysis to reach a final cell concentration of 2 × 106 cells/200 
μL. After the addition of protease inhibitor mixture, sam-
ples were subjected to 5-min centrifugation at 5000g, resus-
pending with nuclei isolation buffer, and 10-min lysing in 
an ice-water bath. Samples were broken with ultrasound to 
200–1000-bp chromatin fragments. Subsequent to 10 min 
of centrifugation (4 °C, 14,000g), the supernatants were 
obtained. Every 100 μL supernatant (DNA fragments) was 
supplemented with 900 μL ChIP dilution buffer and 20 μL of 
50 × protease inhibitor cocktail. After further addition of 60 

μL protein A agarose/salmon sperm DNA, the supernatants 
were completely mixed at 4 °C for 1 h and allowed to stand 
for 10 min at the same temperature, followed by 1-min cen-
trifugation at 700 g. Next, 20 μL supernatants were attained 
as Input. In the experimental and NC groups, supernatants 
were respectively probed with 1 μL H3K27ac rabbit antibod-
ies (b4729, Abcam, Cambridge, UK) and 1 μL IgG rabbit 
antibodies (#5946, Cell Signaling Technologies, Beverly, 
MA, USA) coupled with beads, followed by centrifugation. 
Each tube was eluted twice with 250 μL ChIP wash buffer 
and de-cross-linked with 20 μL of 5 M NaCl, after which 
DNAs were recycled and purified with a DNA purification 
kit (Beyotime, Shanghai, China). In the end, qRT-PCR was 
conducted.

Western Blot Assay

Radio-Immunoprecipitation assay lysis containing phe-
nylmethylsulfonyl fluoride was utilized to extract the total 
protein of tissues and cells, after which samples were cul-
tured on ice for 30 min and received 10-min centrifugation 
at 4 °C and 8000g, with the supernatant obtained. A bicin-
choninic acid kit was employed to detect the concentration 
of total proteins. Afterward, 50 μg proteins were dissolved 
in 2 × sodium dodecyl sulfate (SDS) loading buffer, boiled 
for 5 min at 100 °C, and subjected to SDS–polyacrylamide 
gel electrophoresis. Next, proteins were transferred to a 
polyvinylidene fluoride membrane through a wet-transfer-
ring method and then blocked for 1 h in 5% skimmed milk 
powder. Afterward, the membrane was probed overnight 
with diluted primary antibodies (Abcam) against SCN9A 
(ab65167, 1:1000), HDAC1 (ab109411, 1:1000), HDAC5 
(ab55403, 1:1000), NEDD4 (ab240753, 1:1000), and beta-
ACTIN (ab8226, 1:10,000) at 4 °C. Subsequent to washing, 
horseradish peroxidase-labeled secondary IgG antibodies 
(1:5000, ab205718, Abcam) were added and cultured with 
the membrane for 2 h at room temperature. The membrane 
was developed with electrochemiluminescence and scanned 
and analyzed on a gel imager. Image J analysis software was 
adopted to quantify the gray value of protein bands, with 
beta-ACTIN as the internal reference. The experiment was 
repeated 3 times.

Table 2   siRNA sequences

Si small interfering, HDAC histone deacetylase

SS sequence AS sequence

si-HDAC1 CAG​UGA​UGA​CUA​CAU​UAA​AUU​ UUU​AAU​GUA​GUC​AUC​ACU​GUG​
si-HDAC5 GGU​AGA​UAU​AGU​UCU​AGA​AUA​ UUC​UAG​AAC​UAU​AUC​UAC​CCU​
si-NEDD4 GGA​UAA​AGA​CUA​CUA​CUU​AAU​ UAA​GUA​GUA​GUC​UUU​AUC​CUA​
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Ubiquitination Measurement

Hemagglutinin (HA)-ubiquitin (Ub) expressed plasmids 
were transiently transfected into cells for 24 h alone or in 
combination with co-transfection with NEDD4-myc vec-
tors. After PBS washing, samples were boiled in 200 μL 
denaturing buffer (150 mM Tris–HCl [pH 7.4] and 1% SDS) 
for 10 min. The lysates were prepared with lysis buffer and 
then immunoprecipitated using 1 μg anti-SCN9A antibodies, 
after which anti-HA or anti-SCN9A antibodies were utilized 
for western blot assay of SCN9A ubiquitination degree.

Statistical Analysis

GraphPad prism8 software was applied for statistical analy-
sis and all data were presented in the form of mean ± stand-
ard deviation. The student two-tailed test was employed 
to compare two groups and one-way analysis of variance 
(ANOVA) to compare multiple groups. For post hoc mul-
tiple comparisons, Tukey’s test was applied. In the special 
instructions, two-way ANOVA was adopted to confirm the 
P value among multiple groups, with the least significant 
difference test for post hoc multiple comparisons. P < 0.05 
was regarded as a statistically significant difference.

Results

Successful Development of the SCI Mouse Model

First, the SCI mouse model was established. Since the first 
day after SCI, BMS scores of SCI mice were markedly 
declined and lower than that of sham-operated mice within 
4 weeks (Fig.  1B). Additionally, compared with sham-
operated mice, SCI mice had a strong sense of mechanical 
ectopic pain (Fig. 1C) and thermal hyperalgesia (Fig. 1D). 
There existed no significant differences in PWT and PWL 
of contralateral paws in mice (Supplementary Fig. 1A, B). 
Afterward, anxiety/depression-like behaviors in SCI mice 
were evaluated. In the OFT, a notable reduction in entry 
number and time into the central area of SCI mice was 
observed in contrast to sham-operated mice on the 7th day 
(Fig. 1E, F). In the EPMT, SCI mice also exhibited markedly 
decreased entering proportion in the open arms on the 7th 
day (Fig. 1G, H). The NSFT was able to reflect the anxiety/
depression-like behaviors of mice by forcing them to eat 
and escape. By the 21st day after SCI, the feeding latency 
of SCI mice was distinctly longer than that of sham-operated 
mice (Fig. 1I). In the FST, the immobility time of mice was 
dramatically prolonged on the 21st day after SCI modeling 
(Fig. 1J). Moreover, the motor ability of SCI mice was not 
affected (Fig. 1K). These results indicated that SCI mice 

displayed pain hypersensitivity while having anxiety/depres-
sion-like behaviors within 2–3 weeks.

SAHA Relieved Pain Hypersensitivity of SCI Mice

After the successful establishment of SCI in mice and con-
firmation of the presence of hypersensitivity to mechanical 
and thermal pain in SCI mice, the dosage-reaction curve 
exhibited anti-pain hypersensitivity activity in the ipsilat-
eral paws of SCI mice and no influence on the contralateral 
paws (Fig. 2B). Three μg SAHA had some degree of allevia-
tory effects on SCI-induced pain hypersensitivity. However, 
10 μg SAHA exhibited a similar effect to PREG (Fig. 2B). 
After the injection of 10 μg SAHA into the cerebrospinal 
membrane, the generated effect on anti-pain hypersensitiv-
ity was similar to that of PREG (Fig. 2B, E). Time curves 
were investigated at the minimum dosage (3 μg, Fig. 2C, 
F) and the maximum effective dosage (10 μg, Fig. 2D, G) 
which increased the pain threshold. The effect of SAHA 
reached the peak value 60 min after drug administration, 
lasted till 90 min, and then vanished after 120 min. Similar 
time course curves were also observed in the curves obtained 
under the minimum and maximum effective dosage (Fig. 2C, 
D, F–G). Therefore, corresponding experiments were con-
ducted 2 weeks after the model induction, 60 min after drug 
administration, and in the ipsilateral paws.

SAHA Ameliorated Anxiety/Depression‑like 
Behaviors of SCI Mice

We then probed whether SAHA relieved the anxiety/depres-
sion-like behaviors of SCI mice. In the OFT, the number 
and time of entries in the center area of SCI mice markedly 
decreased versus sham-operated mice in the 1st week whilst 
SAHA-treated SCI mice showed little distinct changes ver-
sus sham-operated mice (Fig. 3B, C). In EPMT, the entry 
proportion in the open arms was also conspicuously reduced 
in the 1st week after SCI modeling while no evident dif-
ference was observed between SAHA-treated SCI mice 
and sham-operated mice (Fig. 3D, E). In the NSFT, in the 
3rd week after SCI, the feeding latency of SCI mice was 
memorably longer than that of sham-operated mice, which 
was nullified by SAHA treatment (Fig. 3F). In FST, mice 
experienced prolonged immobility time on the 21st day after 
SCI, whereas SAHA treatment reversed this result (Fig. 3G). 
Additionally, the motor ability of SCI mice was not afflicted 
by the treatment of SAHA (Fig. 3H). These data illustrated 
the mitigating effects of SAHA on anxiety/depression-like 
behaviors of SCI mice.
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SAHA Regulated HDAC5‑Mediated NEDD4 
and SCN9A Expression in SCI Mice

Earlier research found that Scn9a-encoded specific expres-
sion of Nav1.7 takes a part in sodium ion transportation 
and neuropathic pain in neurons [30, 37, 38]. Addition-
ally, the SCN9A channel accelerated stimuli, initiating 
pain-signaling DRG firing and motivating the release of 
neurotransmitters at the first synapse in the spinal cord 
[29]. Therefore, to probe the potential role of SCN9A in 
the ameliorating effects of SAHA on SCI mice, SCN9A 
expression in the ipsilateral injured SCs from sham-oper-
ated and SCI mice within 4 weeks after surgery was moni-
tored by qRT-PCR and western blot assay. Results demon-
strated that the mRNA level of SCN9A showed no marked 

changes but the protein level was substantially enhanced 
after SCI modeling, with the highest protein expression 
in the 2nd week after SCI modeling (Fig. 4B, C). Next, 
SCN9A expression was also measured in the ipsilateral 
injured SC of sham-operated mice, SCI mice, and SAHA-
treated SCI mice in the 2nd week after surgery. The results 
showed insignificant differences in the mRNA expression 
of SCN9A among these groups (Fig. 4D). However, the 
protein expression of SCN9A was evidently reduced in 
SAHA-treated mice compared with sham-operated and 
SCI mice (Fig.  4E). All these findings revealed that 
SCN9A might be involved in the ameliorating effects of 
SAHA on pain hypersensitivity and anxiety/depression-
like behaviors of SCI mice. Meanwhile, the little conspicu-
ous changes in SCN9A mRNA expression after SAHA 

Fig. 1   SCI mice show pain hypersensitivity and anxiety/depression-
like behaviors. (A) Treatments of mice in different groups; (B) The 
changes of BMS scores from the 1st day to the 4th week after T10 
SCI (n = 6) or sham operation (n = 6), *P < 0.05 versus the sham 
group. Two-way analysis of variance was adopted to confirm P value 
and LSD to conduct the post hoc multiple comparisons; (C, D) The 
conspicuously decreased ipsilateral PWT (C) and PWL (D) of mice 
after SCI; *P < 0.05 versus the sham group. Two-way analysis of var-
iance was adopted to confirm P value and LSD to conduct the post 
hoc multiple comparisons; (E, F) The notably reduced number and 
time of entries in the center area of mice after SCI in OFT; (G, H) 
The remarkably lowered proportion of number and time of entries in 

the open arms of mice after SCI in EPMT test; (I, J) The evidently 
increased time of eating latency of SCI mice in NSFT (I) and time 
of immobility of SCI mice in FST (J); (K) The little obvious differ-
ence in total movement distance of SCI mice in OFT. N = 6. Except 
for the special instructions, one-way analysis of variance was applied 
to confirm the P value and Tukey's test to validate post hoc multi-
ple comparisons. SCI spinal cord injury, BMS Basso mouse scale, 
N number, LSD least significant difference, PWT paw withdrawal 
threshold, PWL paw withdrawal latency, OFT open field test, EPMT 
elevated plus maze test, NSFT novelty-suppressed feeding test, OFT 
open field test
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treatment implicated that SAHA might impact SCI mice 
via post-translational modification.

It has been known that NEDD4-2 negatively modulated 
Navs through ubiquitination [27, 39]. Therefore, the expres-
sion of ubiquitination-associated proteins was detected. It 
was found that after SAHA treatment, NEDD4 and Itchy 
E3 Ubiquitin Protein Ligase (ITCH) expression was promi-
nently increased in SCI mice while other ubiquitination-
associated proteins (SMURF2 and MDM2) insignificantly 
changed (Supplementary Fig. 1C–F). Moreover, Ubibrowser 
database (http://​ubibr​owser.​ncpsb.​org.​cn) predication results 
further showed that SCN9A was modified by E3 ubiquitin 
ligase NEDD4 (Fig. 4F). In the current research, it was fur-
ther investigated whether HDAC and ubiquitination-asso-
ciated proteins were implicated in the relieving effects of 

SAHA on pain hypersensitivity and anxiety/depression-like 
behaviors of SCI mice. Considering the fact that SAHA is 
an HDAC inhibitor, we conjectured the potential involve-
ment of HDACs in the improving impacts of SAHA on 
pain hypersensitivity and anxiety/depression-like behav-
iors of SCI mice. Thereby, it was observed via western blot 
assay that HDAC1 and HDAC5 expression was all dra-
matically enhanced in SCI mice in comparison with sham-
operated mice whilst there was no observable difference 
between SAHA-treated SCI mice and sham-operated mice 
(Fig. 4G, H). ChIP assay manifested that, after the knock-
down of HDAC1 or HDAC5, H3K27Ac was enriched to 
some degree in the promoter region of NEDD4 in SCI mice 
(Fig. 4I). Additionally, NEDD4 expression was substantially 
downregulated in SCI mice but not remarkably changed in 

Fig. 2   SAHA eases pain hypersensitivity in SCI mice. (A) Treat-
ments for different groups of mice; (B) Von Frey test to assess the 
influence of different dosages of SAHA (1–10  μg, intrathecally 
injected into mice) on mouse PWT, with PREG (30 mg/kg, intraperi-
toneally injected into mice) as the control drug. *P < 0.05 vs. contra; 
#P < 0.05 vs. ipsi before treatment; (C, D) The time curve of anti-
pain hypersensitivity after intrathecal administration with 3 μg (C) or 
10  μg (D) drug in each mouse; (E) PWL detection of mice treated 

with different dosages of SAHA; (F, G) PWL detection of mice after 
intrathecal administration with 3  μg (F) or 10  μg (G) drug. N = 6. 
Two-way analysis of variance was adopted to confirm the P value 
and LSD to conduct the post hoc multiple comparisons. SAHA suber-
oylanilide hydroxamic acid, SCI spinal cord injury, PWT paw with-
drawal threshold, PWL paw withdrawal latency, PREG pregabalin, 
Contra contralateral, Ipsi ipsilateral, N number

http://ubibrowser.ncpsb.org.cn
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SAHA-treated SCI mice versus sham-operated mice (Fig. 4J, 
K). Western blot assay results documented that after HDAC5 
knockdown, NEDD4 expression in SCI mice was evidently 
augmented, consistent with the trends induced by SAHA 
treatment. However, the knockdown of HDAC1 did not alter 
NEDD4 expression in SCI mice (Fig. 4L, M). These findings 
suggested that SAHA might alter the expression of NEDD4-
SCN9A mediated by HDAC5 in SCI mice.

NEDD4 Knockdown Counteracted the Repression 
of Pain Hypersensitivity and Anxiety/
Depression‑like Behaviors of SCI Mice Triggered 
by SAHA Treatment

To further prove that SAHA alleviated pain hypersensitiv-
ity and anxiety/depression-like behaviors of SCI mice via 
HDAC5-mediated the NEDD4-SCN9A axis, the mice were 
intrathecally treated with SAHA and si-NEDD4 after SCI 
operation. In the OFT, the number and time of entries in 

the center area of SAHA-treated SCI mice were evidently 
reduced after si-NEDD4 treatment (Fig.  5B, C). In the 
EPMT test, the proportion of entries in the open arms of 
mice was conspicuously lowered in SAHA-treated SCI 
mice following si-NEDD4 treatment on the 14th day after 
surgery (Fig. 5D, E). In the NSFT, SCI mice treated with 
SAHA + si-NC had a distinctly shorter eating latency than 
SCI mice treated with DMSO + si-NC, which was contrary 
to SCI mice treated with SAHA + si-NEDD4 compared to 
SCI mice treated with SAHA + si-NC mice on the 21st day 
after SCI (Fig. 5F). The FST results manifested that 21 days 
after SCI, the immobility time of SCI mice treated with 
SAHA + si-NC was markedly decreased in contrast to SCI 
mice treated with DMSO + si-NC, whereas SCI mice treated 
with SAHA + si-NEDD4 presented an opposite trend ver-
sus SCI mice treated with SAHA + si-NC group (Fig. 5G). 
Moreover, the treatment of SAHA or si-NEDD4 did not 
influence the motor capability of SCI mice (Fig. 5H). Taken 
together, SAHA modulated the NEDD4-SCN9A axis via 

Fig. 3   SAHA alleviates anxiety/depression-like behaviors of SCI 
mice. (A) Treatments for mice in different groups; (B, C) The notably 
reduced number and time of mouse entries in the center area in OFT 
after SCI; (D, E) The evidently lowered proportion of SCI mouse 
entries in the open arms in EPMT; (F, G) The significantly increased 
time of both NSFT (F) and FST (G) in SCI mice; (H) No distinct dif-
ferences in total movement distance of SCI mice in OFT. *P < 0.05 

versus the sham group. N = 6. Except for special instructions, one-
way analysis of variance was applied to confirm the P value and Tuk-
ey's test to validate post hoc multiple comparisons. SAHA suberoy-
lanilide hydroxamic acid, SCI spinal cord injury, OFT open field test, 
EPMT elevated plus maze test, NSFT novelty-suppressed feeding test, 
N number
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Fig. 4   SAHA mediates NEDD4-SCN9A expression by downregu-
lating HDAC5. (A) Treatment for different groups of mice; (B, C) 
qRT-PCR (B) and western blot assay (C) to measure the mRNA and 
protein levels of SCN9A in the ipsilateral injured SCs of mice from 
the 1st to the 4th week after sham operation and SCI surgery; (D, 
E) qRT-PCR (D) and western blot assay (E) to test the mRNA and 
protein expression of SCN9A in the ipsilateral injured SCs of mice 
in the 2nd week after sham operation and PCI surgery and those of 
mice intrathecal injected with 10  μg SAHA in the 2nd week after 
SCI surgery. *P < 0.05 versus the sham group; #P < 0.05 versus the 
SCI group; (F) Bioinformatics analysis of SCN9A-related ubiquitin-
associated proteins; (G, H) Western blot assay to determine the pro-
tein expression of HDAC1 and HDAC5 in the mice from (D, E). * 
P < 0.05 versus the sham group; (I) ChIP to detect the enrichment 
level of H3K27Ac in the promoter region of NEDD4 in the ipsilateral 
DRGs of mice intravenously injected with si-HDAC1 or si-HDAC5 
via tail vein in the 2nd week after SCI surgery. *P < 0.05 versus the 

IgG group. Data were obtained from 6 independently repeated experi-
ments; (J, K) Western blot assay to examine the protein expression of 
NEDD4 in the mice from (D, E). *P < 0.05 versus the sham group; 
(L, M) Western blot assay to test NEDD4 protein expression in 
the ipsilateral injured spinal cords from untreated SCI mice and si-
HDAC1/si-HDAC5-transfected and SAHA-treated SCI mice in the 
2nd week after SCI surgery. *P < 0.05 versus the SCI group. N = 6. 
Except for the special instructions, one-way analysis of variance 
was applied to confirm the P value and Tukey's test to conduct post 
hoc multiple comparisons. SAHA suberoylanilide hydroxamic acid, 
NEDD neuronal precursor cell-expressed developmentally down-
regulated, HDAC histone deacetylase, SCN9A sodium voltage-gated 
channel alpha subunit 9, SCI spinal cord injury, qRT-PCR quantitative 
reverse transcription polymerase chain reaction, mRNA messenger 
RNA, ChIP chromatin immunoprecipitation, DRG dorsal root gan-
glion, IgG Immunoglobulin G, N number
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HDAC5 to relieve pain hypersensitivity and anxiety/depres-
sion-like behaviors of SCI mice.

SAHA Facilitated Ubiquitination of SCN9A 
by Upregulating HDAC5‑Mediated NEDD4

To further verify whether NEDD4 influenced SCN9A 
expression via ubiquitination to participate in the impacts 
of SAHA on pain hypersensitivity and anxiety/depression-
like behaviors of SCI mice. Co-IP assay data showed that 
the ubiquitination of SCN9A was apparently increased in 
ipsilateral (injury) DRGs of SCI mice treated with SAHA 
compared with the untreated cells (Fig. 6A). In addition, 
ubiquitination was enhanced in a gradient along with the 

increase in the dosage of SAHA (Fig. 6B). Additionally, 
NEDD4 overexpression augmented SCN9A ubiquitina-
tion to a certain degree (Fig. 6C), accompanied by the 
remarkably diminished protein level of SCN9A (Fig. 6D). 
Meanwhile, ipsilateral DRGs (injury) of SCI mice were 
transfected with si-HDAC5 or si-HDAC1 plasmids. The 
results exhibited that the knockdown of HDAC1 slightly 
increased SCN9A ubiquitination in cells (Fig. 6E). Mean-
while, HDAC5 knockdown contributed to the prominent 
enhancement in SCN9A ubiquitination in ipsilateral 
DRGs of SCI mice, which was similar to the function of 
SAHA treatment (Fig. 6F). All these observations reflected 
that SAHA might inhibit HDAC5 expression to activate 

Fig. 5   The knockdown of NEDD4 abrogates the alleviatory impact of 
SAHA treatment on pain hypersensitivity and anxiety/depression-like 
behaviors of SCI mice. (A) Treatments of mice in different groups; 
(B, C) OFT to check the number and time of entries in the center area 
of SCI mice after treatment with SAHA and si-NEDD4 (i.t.); (D, E) 
EPMT to detect the number and time of entries in the open arms of 
SCI mice after treatment with SAHA and si-NEDD4 (i.t.); (F, G) The 
eating latency (F) and immobility time (G) of SCI mice after treat-
ment with SAHA and si-NEDD4 (i.t.); (H) OFT to calculate the total 

movement distance of SCI mice after treatment with SAHA and si-
NEDD4 (i.t.). *P < 0.05. N = 6. Except for the special instructions, 
one-way analysis of variance was applied to confirm the P value and 
Tukey's test to conduct post hoc multiple comparisons. SAHA suber-
oylanilide hydroxamic acid, NEDD neuronal precursor cell-expressed 
developmentally down-regulated, SCI spinal cord injury, OFT open 
field test, EPMT elevated plus maze test, NSFT novelty-suppressed 
feeding test, N number
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NEDD4 transcription, thus promoting the ubiquitination of 
SCN9A to largely degrade SCN9A in DRGs of SCI mice.

Discussion

A large proportion of SCI patients experience central neu-
ropathic pain and are afflicted by clinical pain behaviors 
including allodynia and hyperalgesia, which negatively influ-
ence the life quality of patients and require more adequate 
treatments [40]. It was reported in a prior study that central 
sensitization in the uninjured spinal cord region might cause 
central neuropathic pain after SCI [41] and that rats with 
spared nerve injury rats presented central hypersensitivity 
[42]. In addition, previous research disclosed that patients 

with central sensitization had a relatively greater level of 
anxiety and depression compared with those with other 
forms of pain [43]. As a result, in this research, the related 
regulatory mechanism in central neuropathic pain after SCI 
was explored in terms of pain hypersensitivity and anxiety/
depression-like behaviors of mice and it was discovered that 
SAHA decreased HDAC5 expression to enhance NEDD4 
acetylation and SCN9A ubiquitination, thus ameliorating 
pain hypersensitivity and anxiety/depression-like behaviors 
of SCI mice.

HDAC5, a mechanosensitive histone deacetylase required 
for loading-induced bone formation [44], was reported to 
increase apoptosis, inflammation, and endoplasmic reticu-
lum stress to facilitate SCI [45]. It was also manifested that 
the nuclear exclusion of HDAC5 assisted in analgesia in 

Fig. 6   SAHA promotes NEDD4 expression via HDAC5 to motivate 
SCN9A ubiquitination. (A) The ubiquitination measurement subse-
quent to twenty-four h transfection of HA-Ub into ipsilateral DRGs 
of SCI mice 2  weeks after operation; (B) The 1-h culture with dif-
ferent dosages (1–10 μg) of SAHA after 24-h HA-Ub transfection in 
cells of (A); (C) SCN9A ubiquitination detection after NEDD4-myc 
or empty myc vectors were co-transfected for 24 h with HA-Ub into 
cells of (A); (D) Western blot assay to detect SCN9A expression of 
cells of (C); (E, F) SCN9A ubiquitination determination after HA-Ub 

was co-transfected for 24  h with si-HDAC1 (E) or si-HDAC5 (F) 
into cells of (A). *P < 0.05 versus the SCI group. Data were obtained 
from 6 independently repeated experiments. Except for the special 
instructions, one-way analysis of variance was applied to confirm the 
P value and Tukey's test to validate post hoc multiple comparisons. 
SAHA suberoylanilide hydroxamic acid, NEDD neuronal precursor 
cell-expressed developmentally down-regulated, HDAC histone dea-
cetylase, SCN9A sodium voltage-gated channel alpha subunit 9, HA-
Ub HA-tagged ubiquitin
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peripheral neuropathic pain [46]. Furthermore, HDAC5 inhi-
bition protected against pain hypersensitivity and anxiety/
depression-like behaviors in mice [15, 47]. HDAC inhibitors 
including SAHA are put into clinical use or under investi-
gation for their therapeutic effects [48]. SAHA was discov-
ered to attenuate neuropathic pain and promote autophagy of 
astrocytes and neurons in the spinal dorsal horn of rats [49]. 
It was also illustrated that the administration of SAHA in the 
spinal dorsal horn and DRGs participated in the alleviation 
of bone cancer pain [50]. It’s worth noting that, the proper 
dosage of SAHA administration was discovered to increase 
the pain threshold and diminish thermal and mechanical 
hypersensitivity in nerve-injured mice [20]. Likewise, our 
results reflected that SAHA treatment attenuated mechanical 
ectopic pain and thermal hyperalgesia in SCI mice. Based on 
the aforementioned close linkage between central sensitiza-
tion and anxiety/depression-like behaviors, the behavioral 
tests were planned to assess the impact of SAHA on anxiety/
depression-like behaviors in SCI mice. It was elucidated in 
our experiments that, after SAHA treatment, the time and 
number of entries in the core area and the entry proportion 
in the open arms were efficiently recovered whilst immobil-
ity time and eating latency were shortened for SCI mice, 
which indicated the relieving impact of SAHA on anxiety/
depression-like behaviors during SCI. Intriguingly, similar 
trends were found in two earlier studies that SAHA protected 
against depression-like behaviors in mice and that inhibition 
of HDACs with the use of SAHA functioned in dispelling 
fear (the therapeutic target for anxiety) [51, 52]. In conclu-
sion, SAHA might be an inhibitor of pain hypersensitivity 
and anxiety/depression-like behaviors following SCI.

SCN9A, a known voltage-gated sodium channel, is 
recognized to be responsible for sensitivity to pain [53]. 
Interestingly, there was research unveiling that the SCN9A 
channel is altered in neuropathic pain and associated with 
the regulation of central hyperexcitability [54–57]. It was 
assumed that SCN9A might be implicated in the influence 
of SAHA on pain sensitization after SCI. Given that DRGs 
have been utilized as a research target for chronic pain 
treatment [58], the association between SAHA and SCN9A 
and other downstream genes was examined in DRGs 
acquired from model mice. It was found that the protein 
level of SCN9A was down-regulated after SAHA, with-
out remarkable changes in its mRNA level. Ubiquitination 
plays an essential part in the development of neuropathic 
pain [59]. Meantime, ubiquitin ligase NEDD4 regulates 
ubiquitination to impact the trafficking and degradation of 
proteins [60]. Furthermore, a prior study unveiled that the 
inhibition of NEDD4 up-regulated expression of SCN9A, 
thus contributing to an increase in the nociceptive neu-
ronal hyperexcitability [61], which was in accordance with 
our observations that NEDD4 overexpression augmented 

the ubiquitination of SCN9A and then decreased SCN9A 
protein expression. These results implicated that SAHA 
might lighten pain hypersensitivity and anxiety/depres-
sion-like behaviors of SCI mice through regulation of 
NEDD4-mediated ubiquitination of SCN9A.

NEDD4-2 phosphorylation has been documented to 
participate in the development of chronic post-surgical 
pain [27]. Besides, it was revealed that histone acetyla-
tion regulates axon regeneration in SCI models and is 
closely related to neuropathic pain [62, 63]. Significantly, 
HDAC5 down-regulates NEDD4 expression by increas-
ing the H3 acetylation during neuroblastoma cell dif-
ferentiation [24]. It was discovered via our experiments 
that HDAC1 or HDAC5 knockdown promoted the enrich-
ment of H3K27Ac in NEDD4 and that the knockdown 
of HDAC5 enhanced NEDD4 levels, which was similar 
to the effect of SAHA treatment. Furthermore, our res-
cue experiment results uncovered that NEDD4 silencing 
abrogated the improving impact of SAHA on pain hyper-
sensitivity and anxiety/depression-like behaviors of SCI 
mice. Similarly, Hu et al. concluded in their research that 
the blockage of NEDD4 leads to depression-like behaviors 
in model rats [64].

To sum up, it was elucidated by our experimental data 
that SAHA ameliorated pain sensitization in central neu-
ropathic pain after SCI through the HDAC5-NEDD4-
SCN9A axis. These findings might offer credible data for 
the promotion of novel research directions on the treat-
ment of central neuropathic pain. Additionally, our discov-
ery that ITCH expression was up-regulated, together with 
NEDD4, after SAHA treatment, indicated the potential 
involvement of other ubiquitination-modifying proteins 
in the effects of SAHA on pain hypersensitivity and anxi-
ety/depression-like behaviors of SCI mice. The related 
research should be further propelled.
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