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Lentiviral-mediated inducible silencing of TLLR4 attenuates
neuropathic pain in a rat model of chronic constriction injury
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Abstract. An increasing body of evidence has indicated
that spinal microglial Toll-like receptor 4 (TLR4) may serve
a significant role in the development and maintenance of
neuropathic pain (NP). In the present study, experiments were
conducted to evaluate the contribution of a tetracycline induc-
ible lentiviral-mediated delivery system for the expression of
TLR4 small interfering (si)RNA to NP in rats with chronic
constriction injury (CCI). Behavioral tests, including paw with-
drawal latency and paw withdrawal threshold, and biochemical
analysis of the spinal cord, including western blotting, reverse
transcription-quantitative polymerase chain reaction and
ELISA, were conducted following CCI to the sciatic nerve.
Intrathecal administration of LvOn-si-TLR4 with doxycycline
(Dox) attenuated allodynia and hyperalgesia. Biochemical
analysis revealed that the mRNA and proteins levels of TLR4
were unregulated following CCI to the sciatic nerve, which was
then blocked by intrathecal administration of LvOn-siTLR4
with Dox. The LvOn-siTLR4 was also demonstrated to have
no effect on TLR4 or the pain response without Dox, which
indicated that the expression of siRNA was Dox-inducible in
the lentivirus delivery system. In conclusion, TLR4 may serve
a significant role in neuropathy and the results of the present
study provide an inducible lentivirus-mediated siRNA against
TLR4 that may serve as a potential novel strategy to be applied
in gene therapy for NP in the future.
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Introduction

Neuropathic pain (NP) is a complex, chronic pain state that
is characterized by hyperalgesia, allodynia and spontaneous
pain; it occurs as a consequence of mechanical nerve injury
that can occur during the progression of cancer, multiple
sclerosis and stroke (1). It is currently an important clinical
problem that lacks an effective treatment. At present, the
commonly used analgesics, especially opioid drugs, do not
completely reduce symptoms of chronic pain and have various
side effects, including respiratory depression, the development
of drug tolerance and addiction (2). However, the broad range
of receptors and signal transduction pathways that may be
involved in this process provide a wealth of research opportu-
nities. The current evidence has revealed that spinal microglia
are critically involved in the development and maintenance of
NP, with two members of the Toll-like receptor (TLR) family
serving a pivotal role. For neuropathy, the most relevant region
of TLR expression is on microglia (3). Therefore, a number of
studies are investigating more effective and sustained treat-
ments targeting the TLR family.

TLR4, a membrane-spanning receptor protein, is closely
associated with chronic nociceptive responses in the central
nervous system, as determined previously in animal models
of NP (4,5). In pain-associated neuropathy mouse models,
thermal hyperalgesia and mechanical allodynia were reduced
by the administration of FP-1, a potent TLR4 antagonist (6).
Furthermore, induced hypersensitivity has been reported to
be decreased in TLR4 deficient mice (6). Therefore, blocking
the TLR4 signaling pathway represents a potentially effective
method for curing NP.

Based on previous studies, the availability of TLR4 receptor
antagonists is non-specific. Furthermore, the increasing body of
information on the RNA interference (RNA1) technique means
it is now possible to precisely knockdown relevant genes (7,8).
Therefore, it seems plausible to investigate a novel method for
the treatment of NP by targeting the TLR4 receptor. It has
been reported that downregulation of the GluN2B receptor
by intrathecal injection of small interfering (si)RNA reduced
formalin-induced nociception in rats, which supported the
notion of treating NP using the RNAI technique (8). However,
siRNA alone is unstable due to its tendency to degrade (9),
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therefore, a vector is required to express the siRNA. In the
author's previous study, a lentivirus system was introduced as
a tool for the expression of siRNA. The results revealed that
intrathecal injection of the lentivirus-mediated siRNA against
GluN2B reduced the nociception of NP rats for 5 weeks (10),
which provided a vehicle for expressing siRNA in treating NP.

In the present study, a lentivirus system was introduced in
order to express TLR4 siRNA. To control the timing and levels
of target gene expression, a tetracycline inducible system was
applied to regulate TLR4 expression. The anti-nociceptive
effect of TLR4 siRNA under the regulation of doxycycline
(Dox) was observed in a rat model of chronic constriction
injury (CCI).

Materials and methods

Production of the LvOn-siTLR4 lentivirus. LvOn-siTLR4,
a tetracycline inducible lentivirus expressing siRNA, was
produced using 293T cells (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). Red fluorescence protein (RFP), a
reporter protein, was introduced into the lentiviral system
in order to detect the number of lentiviruses and to trace the
location of the virus. The siRNA (5'-GUCUCAGAUAUC
UAGAUCU-3') targeting the TLR4 receptor gene (GenBank
accession NM_019178) was screened and tested as described
in the author's previous study (9). Based on the sequences
of the lentivirus and the principle of ‘Tuschl’, the inducible
lentivirus LvOn-siTLR4 was produced as described previ-
ously (11) and was confirmed by an immunofluorescence
assay for RFP under an Olympus fluorescence microscope
(Olympus Corporation, Tokyo, Japan) (9). Briefly, target
sequences were chemically synthesized and were then cloned
into plasmid pLenR-TRIP (Genomeditech, Shanghai, China)
and named pLenR-TRIP-TLR4. To produce recombinant lenti-
virus LvOnsiTLR4 (lentivirus expressing the TLR4 siRNA),
pRsv-REV (4,174 bp; 5.04 ug), pMDIg-pRRE (8,895 bp;
7.57 pg) and pMD2G (5,824 bp; 3.79 ug) were co-transfected
into 293T cells (2-2.5x10°%) with Lipofectamine 2000™
(Invitrogen; Thermo Fisher Scientific, Inc.). A total of ~48 h
following transfection, the lentivirus was harvested, and
activity measurement was performed following a further 24 h.
The final titer of the virus was adjusted to 1x10° TU/ml.

Animals and CCI surgery. Male Sprague-Dawley (SD)
rats weighing 200-250 g (n=180; aged 6-7 weeks old) were
obtained from the Shanghai Experimental Animal Center, The
Chinese Academy of Sciences (Shanghai, China). Animals
were provided food and water ad libitum and housed at a
temperature of 23-25°C) and 45-55% humidity, which was
maintained on a 12/12 h light/dark cycle. All animal experi-
ments were approved by the Administrative Committee of
Experimental Animal Care and Use of the Second Military
Medical University (Shanghai, China), and conformed to the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals (NIH Publications No. 8023, revised
1978). The CCI procedure was performed as described previ-
ously (12). The right sciatic nerve was exposed at the mid-thigh
level following the rats were anesthetized with 40 mg/kg of
sodium pentobarbital (intraperitoneal injection). The sciatic
nerve was loosely ligated with 4-0 chromic gut threads at
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4 sites, | mm apart, allowing the nerve diameter to reduce
slightly. The sciatic nerve was exposed but not ligated in the
sham group. The rats were then individually housed following
recovery from anesthesia and monitored three times a day.

Lumbar subarachnoid catheterization. Chronic indwelling
catheters were implanted in the lumbar subarachnoid space
on the same day as the CCI surgery. A PE-10 catheter (BD
Biosciences, Franklin Lakes, NJ, USA) was carefully inserted
into the subarachnoid space between lumbar vertebrae 5 (L5)
and L6 (13). Successful implantation was confirmed by
observing the tail-flick reflex and cerebrospinal fluid flow from
the tip of the catheter. The external part of the catheter was
protected according to the Milligan's method (14). A lidocaine
test was performed to determine the position and functionality
of the catheter in the subarachnoid space.

Intrathecal delivery of lentivirus. Rats were randomly divided
into 6 groups (n=30 per group): A sham group [Sham surgery +
normal saline (NS)],a CCI group (CCI surgery),an Lv-mismatch
group (CCI + Lv-mismatch), an LvOn-siTLR4 group (CCI
+ LvOn-siTLR4 + NS), a Dox group (CCI + Dox) and an
LvOn-siTLR4 with Dox group (CCI + LvOn-siTLR4 + Dox).
The lentivirus Lv-mismatch expressing scrambled siRNA
(TTCTCCGAACGTGTCACGT) was used as a control.
Following CCI, rats in the LvOn-siTLR4 and LvOn-siTLR4
with Dox groups were administered the LvOn-siTLR4 virus
(1x107 TU/10 p) intrathecally. The same titer of Lv-mismatch
was applied intrathecally to the Lv-mismatch group. NS of
equal volume was administered intrathecally to the rats of the
NS groups. In the Dox and LvOn-siTLR4 with Dox groups,
Dox was given orally in water (200 ng/ml).

Evaluation of thermal hyperalgesia. Thermal hyperalgesia
was evaluated by paw withdrawal latency (PWL) to radiant
heat as previously described (15,16). PWL was measured one
day prior to and 1, 3,5 and 7 days following intrathecal admin-
istration of the lentivirus. Rats were placed in an inverted clear
plexiglass cage (23x18x13 cm) on a 3-mm-thick glass plate
for 30 min to acclimate to the surroundings. A radiant heat
source consisting of a high-intensity projection lamp bulb was
positioned under the glass floor beneath the right hind paw.
The radiant heat source was placed 40 mm below the floor and
projected through a 5x10 mm aperture at the top of a movable
case. A digital timer automatically detected the time from
stimuli to PWL. Detection was carried out twice on each rat
with a 5-min interval. A cut-off time of 20 sec was set to avoid
damage to the hind paw.

Evaluation of mechanical allodynia. Mechanical allodynia
was evaluated by the paw withdrawal threshold (PWT) as
described previously (17). The PWT was assessed using an
electronic von Frey filament (Von Frey anesthesiometer;
IITC Life Science, Woodland Hills, CA, USA) following
PWL detection, on the same day. Rats were placed on a wire
mesh platform covered with a transparent plastic dome for
30 min to acclimate to the environment. A single rigid fila-
ment (nociceptive stimulus) connected to a transducer was
applied perpendicularly to the medial surface of the hind
paw with increasing force. The endpoint was confirmed as
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paw withdrawal accompanied by head turning, biting and/or
licking. The required pressure was indicated in grams and
was considered to be the value of PWT. Each rat was tested
three times and the averages were considered to be the final
results.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA from the L4-5 segments of the spinal
cord was extracted on the 3rd day following intrathecal injec-
tion of the lentivirus. The RNA was treated with DNase I for
30 min at 37°C prior to RT-qPCR. RT-qPCR was performed
using PrimeScript™ RT reagent Kit (cat. no. RRO37A,
Takara Bio, Inc., Otsu, Japan) and SYBR® Premix Ex Taq™
IT (cat. no. RR820L; Takara Bio, Inc.). PCR was performed
using the following thermocycling conditions: Initial 30 sec
denaturation at 95°C for 30 sec; followed by 40 cycles at
95°C for 5 sec and 60°C for 20 sec. The RT-qPCR primers of
TLR4 were as follows: 5'"TCTCCAGGAAGGCTTCCAC-3'
(forward) and 5'-GGCGATACAATTCGACCTGC-3' (reverse).
The RT-qPCR primers of GAPDH were as follows: 5'-GCA
AGTTCAACGGCACAG-3' (forward) and 5'-GCCAGTAGA
CTCCACGACAT-3' (reverse). The Real-time PCR Detection
System (Roche Diagnostics, Basel, Switzerland) continually
monitored the increase in fluorescence, which was directly
proportional to the PCR product. The relative expression level
of TLR4 was normalized to GAPDH. The data were analyzed
with the 2"22° formula (18).

Western blot assay. The proteins from the L4-5 segments of
the spinal cord were prepared on the 3rd day following injec-
tion as previously described (19,20). Protein concentrations
were determined using a Bicinchoninic Acid Assay Protein
Assay kit (Thermo Fisher Scientific, Inc.). Proteins (30 pug)
were separated by 8% SDS-PAGE gel and transferred onto a
nitrocellulose membrane. The nitrocellulose membrane was
blocked with 5% non-fat dry milk for 2 h at room temperature
followed with a primary antibody against TLR4 (1:500; cat.
no. ab13556; Abcam, Cambridge, MA, USA) at 4°C overnight,
and then with secondary antibody (goat anti-mouse IgG;
1:1,000; cat. no. ab6789; Abcam) conjugated with horseradish
peroxidase for 2 h at room temperature. The proteins were
detected using Pierce ECL Plus Western Blotting Substrate
(cat. no. 32134; Thermo Fisher Scientific, Inc.). f-actin
(Sigma-Aldrich-Merck KGaA, Darmstadt, Germany; 1:500)
was used as a loading control. Densitometry analysis was
performed using ImageJ software (version 1.8.0; National
Institutes of Health, Bethesda, MD, USA).

ELISA.The samples from the spinal tissue (L4-5) were prepared
on the day following evaluating mechanical allodynia. Total
protein concentrations were determined by Bradford assay
and the results were then adjusted for sample size. ELISAs for
tumor necrosis factor (TNF)-a (cat. no. 900-K73) and inter-
leukin (IL)-1p (cat. no. 900-K91) were carried out following
the manufacturer's protocol (Peprotech EC Ltd., London,
UK) (11). The results were obtained by analyzing the standard
curves.

Statistical analysis. The behavioral and ELISA data are
presented as the mean + standard error of the mean (SEM) of 6
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rats per group. Tests were performed on six groups (sham, CCI,
CCI + Lv-mismatch, CCI + LvOn-siTLR4 + NS, CCI + Dox
and CCI + LvOn-siTLR4 + Dox) one day prior to and 1, 3,
5 and 7 days following intrathecal administration of the
lentivirus. All assays were performed in triplicate. Intergroup
differences were statistically analyzed by two-way analysis
of variance (ANOVA) followed by Tukey's post hoc test for
multiple comparisons. The RT-qPCR data are presented as the
mean + SEM and represent the normalized averages that were
derived from six samples for each group. The protein results
are presented as fold-changes compared with the sham group.
The data are presented as the mean + SEM and represent
the normalized averages that were derived from six samples
for each group. Intergroup differences, in the RT-qPCR and
protein expression data, were analyzed by one-way ANOVA
followed by Tukey post hoc analysis. All data were analyzed
with GraphPad Prism software (version 5; GraphPad Software,
Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a
statistically significant difference.

Results

Construction of lentivirus. The location of the lentivirus could
be tracked by RFP expression due to the lentiviral vector
system. As presented in Fig. 1A, red fluorescence was observed
in the 293T cells, which suggested that the constructed recom-
binant lentivirus LvOn-siTLR4 was successfully constructed
and transfected into 293T cells; and red fluorescence was also
used as a tracer for the subsequent experiments.

LvOn-siTLR4 with Dox decreases TLR4 expression in CCI
rats. The mRNA and protein expression of TLR4 were detected
on the 3rd day following injection. As presented in Fig. 1B,
the expression of TLR4 mRNA increased significantly in the
rats that received the CCI procedure when compared with the
sham group (P<0.01, n=6). Compared with the Lv-mismatch
siRNA group, TLR4 mRNA expression decreased in the
LvOn-siTLR4 with Dox group (P<0.05, n=6), suggesting that
the siRNA used in the present study was effective. In contrast
to the LvOn-siTLR4 and Dox groups, the TLR4 mRNA
expression decreased in the LvOn-siTLR4 with Dox group
(P<0.05, n=6), which indicated that the downregulation was
Dox-induced, but Dox alone was not effective. The western
blot assay (Fig. 1C) demonstrated similar results as the protein
expression of TLR4 increased in the rats that underwent the
CCI procedure compared with the rats of the sham group.
The protein expression of TLR4 was downregulated in the
LvOn-siTLR4 with Dox group when compared with the other
four groups that received CCI surgery (P<0.05, n=6), which
suggested that the siRNA expressed by the lentivirus inter-
fered with the expression of TLR4 and was induced by oral
Dox administration (Fig. 1D).

TNF-a and IL-1f expression. TNF-a and IL-1f expression
increased in the dorsal spinal cord of CCI rats as presented
in Fig. 2. No significant differences in TNF-a and IL-1$
expression were detected in the CCI, Dox, LvOn-siTLR4 and
Lv-mismatch siRNA groups (P>0.05). When compared with
these four groups, TNF-a and IL-13 were significantly lower
in the LvOn-siTLR4 with Dox group (P<0.05, n=6), indicating
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Figure 1. LvOn-siTLR4 infected 293T cells and the relative alterations in the target molecule. (A) Red fluorescence indicated successful lentiviral infection of
293T cells (magnification, x100). (B) mRNA expression of TLR4. Nerve ligation increased the mRNA expression of TLR4 in the CCI group when compared
with the Sham group. “P<0.01; n=6. Following delivery of LvOn-siTLR4 with Dox, the TLR4 mRNA expression induced by CCI surgery decreased signifi-
cantly when compared with the CCI group. "P<0.05; n=6. (C) Western blotting assay and (D) TLR4 protein expression densitometry results. The western blot
assay revealed that the expression of TLR4 increased in the CCI group when compared with the sham group. "P<0.05; n=6. The protein expression of TLR4
was downregulated in the LvOn-siTLR4 with Dox group when compared with the CCI group. "P<0.05, one-way analysis of variance; n=6. TLR4, Toll-like
receptor 4; si, small interfering RNA; CCI, chronic constriction injury; Dox, doxycycline; Lv, lentivirus.

that TNF-a and IL-1p were downregulated as TLR4 was
decreased by siRNA application.

LvOn-siTLR4 with Dox attenuates NP in CCI rats. To examine
the impact of LvOn-siTLR4 on the nociception of NP rats,
PWT and PWL were used to measure mechanical allodynia
and thermal hyperalgesia, respectively. Compared with the
sham group, rats in the CCI, LvOn-siTLR4 and Lv-mismatch
siRNA groups presented with a reduction in mechanical
allodynia and thermal hyperalgesia (Fig. 3; P<0.05, n=6).
In addition, when compared with these three groups PWT
(Fig. 3A) and PWL (Fig. 3B) in the LvOn-siTLR4 with Dox
group decreased on 1, 3, 5 and 7 days post-injection (P<0.05,
n=6). Furthermore, there were no significant differences in the
PWT and PWL between the Dox and CCI groups (P>0.05),
indicating that Dox did not contribute to the alterations in pain
threshold.

Discussion

In the present study, a tetracycline inducible lenti-
virus-expressing siRNA against TLR4 in NP was investigated

in CCI rats. The results revealed that intrathecal injection of
the lentivirus LvOn-siTLR4 with oral administration of Dox
markedly decreased the expression of TLR4 and downregu-
lated TNF-a and IL-1f in the spinal cord. Furthermore, the
thermal and mechanical pain hypersensitivity induced by CCI
was effectively alleviated by LvOn-siTLR4 (with oral admin-
istration of Dox). In addition, siRNA expression was controlled
by oral administration of Dox. These results suggested that
the inducible lentivirus-mediated siRNA targeting TLR4
may be applied for NP in an experimental setting. With more
comprehensive experiments, a novel method to treat NP using
LvOn-siTLR4 may be developed.

In recent years, TLR4 has been considered to serve an
increasing number of important roles in chronic pain and
pruritus (21). Activated TLR4 interacts with myeloid differ-
entiation primary-response protein 88 (22,23) and leads to the
translocation of nuclear factor (NF)-«B to the nucleus, which
results in the release of inflammatory factors including TNF-a
and IL-1p (24,25). A number of factors in the TLR4 signaling
pathway, including NF-kB and TNF-a, are involved in the
development of central pain sensitization. Downregulation of
TLR4 by an antagonist or siRNA, leading to a decrease in the
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Figure 2. Expression of TNF-a and IL-1p. (A) Expression of TNF-a. TNF-a increased in the spinal cord of the CCI group. No significant difference in TNF-a
expression was detected in the CCI, Dox, LvOn-siTLR4 and Lv-mismatch siRNA groups (P>0.05). TNF-a levels were significantly decreased on the 3rd, 5th
and 7th day in the LvOn-siTLR4 with Dox group (n=6). (B) Expression of IL-18. CCI-induced IL-1f expression in spinal cord tissues was increased. IL-1(
production in the LvOn-siTLR4 with Dox group was significantly decreased on the 3rd, 5th and 7th day (n=6). "P<0.05 vs. CCI group, Dox group, LvOn-siTLR4
group and Lv-mismatch siRNA group. TLR4, Toll-like receptor 4; si, small interfering RNA; TNF-a, tumor necrosis factor-a; IL-1p, interleukin-13; CCI,
chronic constriction injury; ANOVA, analysis of variance; Dox, doxycycline; Lv, lentivirus.
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Figure 3. Impact of LvOn-siTLR4 on PWL and PWT in CCI rats. On the 1st, 3rd, 5th and 7th day following intrathecal injection, CCI rats that received
intrathecal LvOn-siTLR4 with oral Dox, exhibited significantly attenuated (A) thermal hyperalgesia and (B) mechanical allodynia. "P<0.05 vs. CCI group, Dox
group, LvOn-siTLR4 group and Lv-mismatch siRNA group. TLR4, Toll-like receptor 4; si-, small interfering RNA; PWL, paw withdrawal latency; PWT, paw
withdrawal threshold; CCI, chronic constriction injury; ANOVA, analysis of variance; Dox, Doxycycline; Lv, lentivirus.

expression of these pain-associated factors, has been reported
to relieve pain hypersensitivity in different chronic pain
models (11,17). The NP rat model of CCI used in the present
study demonstrated similar results as decreasing the expres-
sion of TLR4 attenuated hyperalgesia and allodynia in the rats.
Therefore, TLR4 presents a potential target for NP treatment.
The RNAI technique is a useful tool in gene therapy as
it precisely targets therapeutics for any specific subtype (26).
It utilizes double-stranded RNAs to form RNA duplexes of
specific structure and length, which degrade homologous
sequences of mRNA to siRNA and induce sequence-specific
gene silencing (27,28). In the application of this technique, the
efficiency, specificity and stability of siRNA in target cells
should be taken into consideration (28,29). The TLR4 siRNA
used in the present study has been observed to have specificity
and efficiency in downregulating TLR4 and alleviating NP
in CCI rats (9). The lentivirus LvOn-siTLR4 employed in the
present study was also revealed to have the ability to express
stable siRNA in rats. It was successfully transfected into the

dorsal horn and persisted for 5 weeks following the intrathecal
injection into rats in a bone cancer pain model in the authors'
previous study (11). In this case, the lentivirus demonstrated
potential in treating NP in an efficient, specific and stable
manner. In the NP model of CCI rats, hyperalgesia and allo-
dynia were reduced in the present study following injection
with the virus, which suggested that it exhibited a certain
validity in applying the virus LvOn-siTLR4 for NP treatment.

In the present study, a tetracycline-regulated system
(Tet-on) was introduced into the lentivirus to control the
level of TLR4 expression. In this typical Tet-on system, a
Tet-regulated transactivator (tTA) was addressed by inserting
a tetracycline repressor into a herpes simplex virus VP 16
transactivation domain (29). With the presence of Tet or
Dox, the tTA would not bind to the operator sequences and
therefore, led to the activation of transcription (30,31). In
contrast, the tTA would bind to the operator sequences and
inhibit transcriptional activation without Dox. The level of
TLR4 expression was not affected. Through this system,
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downregulation of TLR4 is controlled by Tet or Dox. In the
present study, the decrease in TLR4 was only observed in the
LvOn-siTLR4 with Dox group, while rats in the LvOn-siTLR4
group demonstrated no regulatory effect on TLR4, which
indicated that the expression of TLR4 siRNA was controlled
by Dox. Therefore, this provides a method of controlling the
timing and levels of TLR4 through oral Dox application in
order to maintain the protein concentrations within a thera-
peutic window for clinical usage (11).

In conclusion, the TLR4 siRNA expressed by the lentivirus
effectively and stably reduced TLR4 expression in the spinal
cord of CCI rats. The Tet-on system was utilized to induce
the expression TLR4 in the present study. The inducible
lentivirus LvOn-siTLR4 reduced the thermal hyperalgesia
and mechanical allodynia of CCI rats by inhibiting TLR4 in
the spinal cord, which may present a novel strategy for NP
treatment in the future. However, the dose-dependent manner
of Dox in regulating TLR4 was not investigated in the present
study and therefore, further studies are required.
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