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Abstract. Phosphodiesterase 4 (PDE4) is an adenosine cyclic 
3,5-monophosphate-specific degradative enzyme, which is 
closely associated with the inflammatory response. Among 
its four subtypes (A‑D), it remains unclear which one exerts 
suppressive effects on inflammation and reduces neuropathic 
pain. The present study aimed to examine the modulation 
of neuroinflammation by PDE4 subtypes in the spinal cord 
of a rat model of L5 spinal nerve ligation (SNL)‑induced 
neuropathic pain. The expression levels of PDE4A‑D were 
measured in the lumbar spinal cords of naïve rats. The 
rats were then divided into seven groups: The sham group 
(sham surgery + saline), the saline group (SNL + saline), 
the vehicle group (SNL + Lipofectamine® RNAiMAX), the 
mismatch small interfering (si)RNA group (SNL + mismatch 
siRNA), the PDE4A‑siRNA group (SNL + PDE4A‑siRNA), 
the PDE4B‑siRNA group (SNL + PDE4B‑siRNA) and the 
PDE4D‑siRNA group (SNL  +  PDE4D‑siRNA). In order 
to determine behavioral changes, mechanical withdrawal 
threshold (MWT) and thermal withdrawal latency (TWL) 
were recorded. The mRNA and protein expression levels 
of PDE4s were also detected. Furthermore, the association 
between behavioral changes and individual subtypes of 
PDE4 were studied following intrathecal administration 
of PDE4A, B and D‑specific siRNA. The expression levels 
of protein kinases, including phosphorylated‑extracellular 
signal‑regulated kinases (p‑ERK), and inf lammatory 
cytokines were measured, in order to explore the under-
lying mechanisms. Subtypes A, B and D, but not C, were 
detected in the naïve rats. After SNL, both MWT and TWL 
were reduced. The mRNA and protein expression levels of 
PDE4A, B and D were significantly upregulated after 2, 4, 

6 and 8 days of SNL. Subtype‑specific siRNA significantly 
suppressed the elevated expression levels; however, only 
rats treated with PDE4B siRNA exhibited improved MWT 
and TWL. Further analysis of the PDE4B siRNA‑treated 
rats demonstrated that 8 days after SNL, the intensity of 
p‑ERK was reduced, the expression levels of CD11b and 
glial fibrillary acidic protein GFAP were reduced, as well 
as the expression levels of proinflammatory cytokines such 
as tumor necrosis factor‑α, interleukin (IL)‑1β and IL‑6. 
These results suggested that selective inhibition of PDE4B 
may relieve neuropathic pain, potentially via the suppression 
of glial activation and the release of cytokines in the spinal 
cord.

Introduction

Neuropathic pain, which is characterized by spontaneous 
pain, hyperalgesia and allodynia, is a major clinical problem 
that remains difficult to treat  (1). At present, pain relief 
can only be achieved in 40‑60% of patients; therefore, it is 
important to study the underlying mechanisms of pain, with 
the aim of eventually developing novel therapeutic drugs (2). 
Previous studies have suggested that glial cell‑mediated 
neuroinflammation has an important role in neuropathic 
pain; however, exactly how glial cells are involved remains 
unclear (3‑5).

Adenosine cyclic 3,5‑monophosphate (cAMP) is an ubiqui-
tous regulator of inflammation and is a key second messenger 
that influences glial activity  (6,7). It has previously been 
reported that increasing levels of cAMP via various methods 
may suppress the activation of glial cells (both microglia 
and astrocytes), decrease the production of proinflammatory 
mediators, including tumor necrosis factor (TNF)‑α, inter-
leukin (IL)‑1β, IL‑6, IL‑12 and nitric oxide, and increase the 
expression of anti‑inflammatory factor IL‑10 (8‑10).

Phosphodiesterases (PDEs), which are responsible for 
the degradation of cAMP, have an important role regulating 
the intracellular levels of cAMP  (11,12). PDEs comprise 
11  subfamilies and numerous spliced transcripts. Various 
non‑specific PDE inhibitors, including propentofylline, pent-
oxifylline and inbudilast, have been reported to attenuate 
hypersensitivity in numerous animal models of neuropathic 
pain (13‑15). Furthermore, it has been suggested that the PDE4 
family may be the prevailing target of these PDE inhibitors. 
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PDE4 comprises four subtypes: A, B, C and D; however, it 
remains to be elucidated which subtypes are the major targets 
until now.

One method that may be used to determine which subtype 
is associated with neuropathic pain is RNA  interference 
(RNAi), which uses double‑stranded RNA to effectively and 
specifically suppress gene expression and induce the degrada-
tion of target mRNA (16). Since the effects of this technique 
are transient, silencing a particular gene for 48 h in rat tissues 
offers the potential to map out the dynamic time course of the 
expression of various subtypes (17).

In the present study, RNAi was used to specifically silence 
various subtypes of the PDE4 gene, and to observe its effects 
on mechanical and thermal hyperalgesia, and glia‑mediated 
spinal inflammation in rats with L5 spinal nerve ligation 
(SNL). The results of the present study may contribute to 
understanding regarding which subtype of PDE4 is associated 
with glial activation, and shed light on the development of 
novel therapeutic strategies for the treatment of neuropathic 
pain.

Materials and methods

Experimental animals. A total of 286 adult male 
Sprague‑Dawley (SD) rats (weight, 180‑200  g; age, 
8‑12 weeks) were obtained from the Experimental Animal 
Center of Jinling Hospital (Nanjing, China). The rats were 
maintained at 24±1˚C, under a 12 h light‑dark cycle, with 
ad  libitum access to food and water. The present study 
followed the International Association for the Study of 
Pain guidelines for pain research in animals (18), and all 
animal studies were approved by the Animal Care and Use 
Committee of Jinling Hospital.

Detection of PDE4A, B, C and D protein expression using 
western blotting. A total of 16  SD rats were randomly 
divided into four groups (n=4/group), to determine the levels 
of PDE4A, B, C and D in the lumbar spinal cord. The rats 
were sacrificed under anesthesia with sodium pentobarbital 
(40 mg/kg, i.p.; Suolaibao Biotechnology Co,. Ltd., Beijing, 
China) and lumbar spinal cords (L4 and L5) were harvested 
and stored at ‑80˚C. Frozen tissues were homogenized in 
radioimmunoprecipitation assay lysis buffer containing 
1 mM phenylmethylsulfonyl fluoride (Beyotime Institute of 
Biotechnology, Haimen, China) and centrifuged at 4˚C for 
10 min at 10,000 x g. The supernatants were harvested and 
protein concentrations were determined using the Bradford 
method (Leagene Biotechnology Company, Beijing, China). 
Protein samples (100 µg) were separated by 10% sodium 
dodecyl sulfate‑polyacrylamide gel electrophoresis and 
were transferred to 0.45‑µm polyvinylidene dif luoride 
membranes (EMD Millipore, Billerica, MA, USA). The 
membranes were blocked with 5% nonfat dry milk, and 
were then incubated with the following rabbit anti‑rat poly-
clonal antibodies: Anti‑PDE4A (1:1,000; cat. no. ab14607), 
anti‑PDE4B (1:1,000; cat. no. ab14611), anti‑PDE4D (1:500; 
cat.  no.  ab14613) (Abcam, Cambridge, MA, USA) and 
anti‑PDE4C (1:300; cat.  no.  PD4C‑301AP:   Fabgennix 
International Inc., Frisco, TX, USA) overnight at 4˚C. 
Subsequently, the membranes were incubated with a 

horseradish peroxidase (HRP)‑labeled goat anti‑rabbit 
immunoglobulin (Ig)G antibody (1:1,000; cat. no. 7074; Cell 
Signaling Technology, Inc., Danvers, MA, USA) for 1 h at 
room temperature. Glyceraldehyde‑3‑phosphate dehydro-
genase (GAPDH) was used as a loading control (1:1,000; 
cat. no. 3683; Cell Signaling Technology, Inc.). The proteins 
were visualized using chemiluminescence reagents provided 
within an enhanced chemiluminescence kit (GE Healthcare 
Life Sciences, Chalfont, UK) and were exposed to film. 
Scanning densitometry (ImageJ2x; Rawak Software, Inc.; 
National Institutes of Health, Bethesda, MD, USA) was used 
for the semi‑quantitative analysis of the data.

Small interfering (si)RNA preparation. siRNA were designed 
to target the sequences of rat PDE4A (GenBank acces-
sion NM_013101), PDE4B (GenBank accession NM_017031) 
and PDE4D (GenBank accession  NM_017032). The 
BLOCK‑iT™ Alexa Fluor Red Oligo (Invitrogen; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) was used as a 
mismatch control. All of the oligonucleotide sequences were 
examined against the GenBank database using the Basic Local 
Alignment Search Tool algorithm (http://blast.ncbi.nlm.nih.
gov/Blast.cgi), in order to exclude non‑specific matches with 
any unintended nucleotide sequences. The oligonucleotides, 
which had been synthesized, individually deprotected, and 
purified using RNase‑free high‑performance liquid chroma-
tography, were purchased from Invitrogen; Thermo Fisher 
Scientific, Inc. The siRNA stocks were aliquoted and stored at 
‑20˚C, at a concentration of 200 µM in annealing buffer (19). 
siRNA sequences used in the present study are presented in 
Table I.

Intrathecal catheter implantation. Under sodium pento-
barbital (40 mg/kg, i.p.) anesthesia, an intrathecal catheter 
(PE‑10 tubing, 18 cm) was inserted 1‑2 cm cephalad into the 
rat lumbar subarachnoid space at the L4‑L5 intervertebral 
discs. The catheter implantation procedure was successfully 
performed in 224 of the 270 remaining rats. The tip of the 
catheter was placed near the lumbar enlargement of the 
spinal cord (20). The catheter, with ~20 µl dead space, was 
subcutaneously tunneled and externalized through the skin 
of the neck region. After 5 days, 2% lidocaine (10 µl; Jinling 
Pharmaceutical Co., Ltd., Nanjing, China) was injected 
intrathecally into the rats with no impaired movement. Rats 
that exhibited lower limb paralysis within 1 min indicated 
successful catheterization, and those that exhibited neuro-
logical deficits resulting from the surgical procedure were 
excluded from further experiments.

Surgery and siRNA administration. The L5 spinal nerve 
ligation model was generated according to methods 
described by Chung et al (21). Briefly, following anesthetiza-
tion with sodium pentobarbital (40 mg/kg, i.p.), the rats with 
intrathecal catheters were placed in the prone position. The 
left paraspinal muscles were separated from the spinous 
processes at the L4‑S2 level under aseptic conditions. The L5 
transverse process was carefully removed, in order to identify 
the spinal nerves, and the L5 spinal nerve was ligated with 
7‑0 silk thread. In the sham group, the surgical procedure 
was identical, except that the left L5 spinal nerve was not 
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ligated. The rats were returned to their cages and observed 
for any signs of motor deficits. None of the rats exhibited 
motor dysfunction after surgery.

The rats were divided into seven groups (n=32/group): 
The sham group (sham surgery + saline), the saline group 
(SNL + saline), the vehicle group (SNL + Lipofectamine® 
RNAiMAX; Invitrogen; Thermo Fisher Scientific, Inc.), 
the mismatch siRNA group (SNL  +  mismatch siRNA), 
the PDE4A‑siRNA group (SNL  +  PDE4A‑siRNA), the 
PDE4B‑siRNA group (SNL  +  PDE4B‑siRNA) and the 
PDE4D‑siRNA group (SNL  +  PDE4D‑siRNA). siRNA 
or mismatch RNA complexes were prepared immediately 
prior to administration by mixing the RNA solution with 
Lipofectamine® RNAiMAX transfection reagent, at a ratio 
of 1:4 (w:v). The final concentration of siRNA was 2 µg in 
10 µl. siRNAs, mismatch RNA, saline or Lipofectamine® 
RNAiMAX were administered intrathecally just after liga-
tion, and at 1, 3, 5 and 7 days after surgery.

Evaluation of thermal and mechanical hyperalgesia. Thermal 
and mechanical hyperalgesia were measured 1 day prior to 
and 2, 4, 6 and 8 days after surgery. Behavioral studies were 
carried out in a quiet, temperature‑controlled (24˚C) room 
between the hours of 8:00 AM and 10:00 AM.

Mechanical withdrawal threshold (MWT) was measured 
using an Electro Von Frey anesthesiometer (Model 2390CE; 
IITC, Inc., Woodland Hills, CA, USA). Briefly, the rats were 
individually placed beneath an inverted ventilated Plexiglas 
cage with a metal‑mesh floor, allowing access to the plantar 
surface of the hind paw. After 30 min of acclimation, gentle 
incremental pressure (maximum 200 g) was applied using 
a rigid von Frey hair to the plantar surface of the ipsilat-
eral hind paw, until the paw was withdrawn. Five tests were 
conducted at intervals of 5 min and the force (g) applied was 
recorded.

Thermal withdrawal latency (TWL) was determined using 
radiant heat (Model 390; IITC, Inc.). Following acclimation to 
the Plexiglas cage (23x18x13 cm; 3‑mm‑thick glass floor), the 
radiant heat source beneath the glass floor was focused on the 
plantar surface of the ipsilateral hind paw when in contact with 
the floor. The paw TWL was obtained five times per animal 
with intervals of 5 min. Light intensity was preset, in order to 
obtain a baseline latency of ~10 sec and the cutoff time was set 
at 20 sec to avoid tissue damage.

Detection of PDE4A, B and D mRNA expression. Following 
behavioral testing at 2, 4, 6 and 8 days after the operation, 
all of the rats were anesthetized with sodium pentobarbital 
(80 mg/kg, i.p.) and were sacrificed by decapitation, and all 
appliances were treated with diethylpyrocarbonate to prevent 
the degradation of mRNA. The lumbar spinal cords were 
harvested and the mRNA expression levels of PDE4A, B 
and D were assessed using reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR) (n=6 at each time 
point for each group). The protein expression levels of 
PDE4A, B and D were assessed by western blotting, as previ-
ously described.

Following homogenization of the tissue samples, total RNA 
was extracted from the ipsilateral lumbar spinal cord using an 
RNA Isolation kit (Invitrogen; Thermo Fisher Scientific, Inc.) 

and RNA was detected using a spectrophotometer (Epoch 2; 
BioTek Instruments, Inc., Winooski, VT, USA). cDNA was 
synthesized by reverse transcription (RT). The RT reaction 
was carried out in a 20 µl total reaction volume, containing 4 µl 
5X RT buffer, 4 µl 2.5 mM dNTPs, 1 µl Multiscribe reverse 
transcriptase (50 U/µl) (Promega Corporation, Madison, WI, 
USA), 1 µl RNase inhibitor, 5 µl RNase‑free water, and 3 µg 
DNase‑treated total RNA in a 5 µl volume. The RT reaction 
was carried out at 25˚C for 10 min, 37˚C for 120 min, and 
95˚C for 5 min. qPCR was conducted using a Rotor‑Gene 3000 
Real Time PCR system (Qiagen, Inc., Valencia, CA, USA). 
The sequences of the primers (Invitrogen; Thermo Fisher 
Scientific, Inc.) used in the present study are presented in 
Table II. qPCR was performed using SYBR Green I (1:20,000; 
Qiagen, Inc., Valencia, CA, USA), with the following cycling 
conditions: 1 cycle at 95˚C for 3 min, followed by 40 cycles at 
95˚C for 45 sec, 61˚C for 45 sec, 72˚C for 40 sec and 80˚C for 
5 sec. The PCR reaction volume (25 µl) consisted of 3 units 
Platinum Taq DNA polymerase, 1.5 mM MgCl2, 205 µM 
dGTP, dCTP, dATP and dTTP, 400 nM forward and reverse 
primers, 2.5 µl 10X PCR buffer (all Promega Corporation), 
10 µl SYBR Green I and 1 µl cDNA. The mRNA expression 
levels were calculated according to relative standard curves. 
The curves were generated by plotting the quantification 
cycle (Cq) against the log amount of total cDNA added to 
the reaction. The relative target gene expression levels were 

Table II. Primer sequence used in RT‑PCR.
 
Gene	 Sequence

PDE4A	 F: 5'‑GAAGACAACCGGGACTCCT‑3'
	 R: 5'‑CCTCAGTGGTAGGCAATCC‑3'
PDE4B	 F: 5'‑CCTCCGACACCTTCGTAAC‑3'
	 R: 5'‑CCAGGTCTGTGAAGACAGC‑3'
PDE4D 	 F: 5'‑CCCTCTTGACTGTTATCATGCACACC‑3'
	 R: 5'‑GATCCTACATCATGTATTGCACTGGC‑3'
GAPDH 	 F: 5'‑ CCATGTTCGTCATGGGTGTGAACCA‑3'
	 R: 5'‑GCCAGTAGAGGCAGGGATGATGTTC‑5'

PDE4, phosphodiesterase  4; GAPDH, glyceraldehyde 3‑phosphate 
dehydrogenase; F, forward; R, reverse.

Table I. siRNA sequences.

siRNA 	 Sequence
 
siR‑A	 S: 5'‑AAGAGUGAGAAGUUGCUUCGAACGC‑3'
	 A: 5'‑UUCUCACUCUUCAACGAAGCUUGCG‑3'
siR‑B	 S: 5'‑UUCACCAUCCACAACAACAGUCUUG‑3'
	 A: 5'‑AAGUGGUAGGUGUUGUUGUCAGAA‑3'
siR‑D	 S: 5'‑AUGGAUGGUUGGUUGCACAUGGGUG‑3'
	 A: 5'‑CACCCAUGUGCAACCAACCAUCCAU‑3'

siRNA/siR, small interfering RNA; S, sense; A, antisense.



JI et al:  PHOSPHODIESTERASE 4B AND NEUROPATHIC PAIN 1917

determined using the 2-ΔΔCq method (22). Results were normal-
ized to GAPDH.

Detection of extracellular signal‑regulated kinases (ERK), 
phosphorylated (p)‑ERK, CD11 and glial fibrillary acidic 
protein (GFAP). A total of 8 days after surgery, the protein 
expression levels of ERK, p‑ERK, CD11 and GFAP were 
detected by western blotting (n=4), as described previously 
in the present study. For ERK and p‑ERK, 50 µg samples 
were separated in each lane. The following antibodies were 
used: Anti‑ERK1/2 (1:1,000; cat. no. 9102), anti‑p‑ERK1/2 
(Thr202/Tyr204) (1:1,000; cat.  no.  9101) (Cell Signaling 
Technology, Inc.), anti‑GFAP (1:500; cat. no. sc‑9065; Santa 
Cruz Biotechnology, Inc., Dallas, TX, USA), anti‑CD11b 
(1:1,000; cat.  no.  ab75476) and HRP‑conjugated goat 
anti‑mouse (cat. no. ab47827)/anti‑rabbit (cat. no. ab6721) Ig 
(1:1,000) (Abcam).

Detection of TNF‑α, IL‑1β, IL‑6 and IL‑10 expression. The 
expression of cytokines, including TNF‑α, IL‑1β, IL‑6 and 
IL‑10, was determined using enzyme‑linked immunosorbent 
assay (ELISA) kits (R&D Systems, Minneapolis, MN, USA) 
8 days after surgery (n=4/group), according to the manufactur-
er's protocol. Ipsilateral lumbar spinal cord samples (40‑50 mg) 
were dissected and homogenized in a buffer containing a 
protease inhibitor (Roche Diagnostics, Mannheim, Germany) 
using a Power Gen 124 tissue tearer (Thermo Fisher Scientific, 
Inc.). The samples were then centrifuged at 20,000 x g for 
30 min at 4˚C. The supernatants were aliquoted and stored at 
‑80˚C for further protein quantification.

Statistical analysis. Data are presented as the mean ± standard 
deviation. Data from the western blotting and RT‑qPCR studies 
were analyzed using one‑way analysis of variance (ANOVA). 
Data from the thermal and mechanical hyperalgesia tests were 
analyzed using two‑way ANOVA, in order to determine the 
differences between the groups at various time points. All 
statistical analyses were performed using SPSS 18.0 statistical 
software (SPSS, Inc., Chicago, IL, USA). P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Protein expression levels of PDE4A, B and D in the spinal 
cord of naïve rats. PDE4A, B and D protein expression was 
detected in the spinal cord of naïve rats (Fig. 1); however, 
PDE4C expression was not detected (data not shown).

siRNA attenuates the protein and mRNA expression levels of 
PDE4A, B and D. PDE4A, B and D mRNA expression levels 
were significantly upregulated 2, 4, 6 and 8 days after L5 
SNL, as compared with the sham group (Fig. 2). Treatment 
with saline, vehicle or mismatched RNA did not reduce 
the upregulated mRNA expression levels (P<0.05; Fig. 2). 
However, treatment with 2 µg siRNA‑PDE4A, B or D signifi-
cantly decreased the mRNA expression levels ofPDE4A, B or 
D, respectively (P<0.05; Fig. 2), as compared with the saline 
group. This effect, first observed at 2 days post‑L5 SNL, 
continued to 8 days post‑ligation without significant altera-
tions.

siRNA exhibited similar effects on the protein expression 
levels of PDE4A, B and D (Fig. 3). L5 ligation resulted in 
overexpression of PDE proteins, and intrathecal injection with 
siRNA‑PDE4A, B or D significantly lowered the expression of 
PDE4A, B or D, respectively.

Intrathecal injection with PDE4B siRNA improves MWT and 
TWL in SNL rats. Prior to L5 SNL, all groups exhibited compa-
rable baseline thresholds for mechanical and thermal stimuli 
(Fig. 4A and B; ‑1 day). The values of the sham group rats 
were steady during the experimental period (Fig. 4A and B). 
L5 SNL led to significantly reduced MWT and TWL (P<0.05; 
Fig. 4). No significant differences were observed between the 
saline, vehicle and mismatched RNA groups (P>0.05; Fig. 4). 
In addition, intrathecal injection with PDE4A‑siRNA and 
PDE4D‑siRNA did not improve the mechanical allodynia 
and thermal hyperalgesia, as compared with the saline group 
(P>0.05; Fig.  4). However, injection with PDE4B‑siRNA 
significantly attenuated the development of mechanical allo-
dynia and thermal hyperalgesia, as compared with the saline 
group (P<0.05; Fig. 4).

ERK activation in the spinal cord. L5 SNL resulted in a 
significant increase in the expression levels of p‑ERK, as 
compared with the sham group (Fig. 5A; P<0.05). Compared 
with the saline group, only the PDE4B‑siRNA group exhib-
ited a significant decrease in the expression levels of p‑ERK 
(Fig. 5A; P<0.05). However, there was no difference in the 
expression of total ERK between the various groups (Fig. 5B; 
P>0.05).

Protein expression of CD11b and GFAP in the spinal cord 
of rats. CD11b, a microglial marker (Fig. 6A) and GFAP, an 
astrocyte marker (Fig. 6B), were measured 8 days after L5 
SNL. CD11b and GFAP protein expression levels were higher 
following SNL, as compared with the sham group (P<0.05; 
Fig.  6). However, intrathecal injection of PDE4B‑siRNA 
attenuated the upregulated expression of CD11b and GFAP, as 
compared with the saline group (P<0.05; Fig. 6).

Effects of PDE4B‑siRNA on the expression of TNF‑α, IL‑6, 
IL‑1β and IL‑10 in the spinal cord. To investigate the effects 
of PDE4B‑siRNA, the expression levels of numerous inflam-
matory cytokines, including TNF‑α, IL‑6, IL‑1β and IL‑10, 

Figure 1. Protein expression of phosphodiesterase (PDE)4A, B and D in the 
spinal cord of naïve rats. GAPDH, glyceraldehyde 3‑phosphate dehydrogenase.
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were measured. Compared with the sham group, the expres-
sion levels of TNF‑α, IL‑6 and IL‑1β were significantly 

increased in the SNL groups (P<0.05). However, the 
PDE4B‑siRNA group exhibited significantly reduced levels 

Figure 2. mRNA expression levels of phosphodiesterase (PDE)4A, B and D in the lumbar spinal cord of rats. Relative mRNA expression levels of PDE4A, B and 
D were significantly increased on days 2, 4, 6 and 8 after L5 ligation, as compared with the sham (S) group. Compared with the saline (NS) group, treatment with 
small interfering (si)RNA decreased the mRNA expression levels. Data are presented as the mean ± standard deviation. *P<0.05 vs. the S group; #P<0.05 vs. the NS 
group. V, vehicle group; M, mismatch siRNA group; siR‑A, PDE4A‑siRNA group; siR‑B, PDE4B‑siRNA group; siR‑D, PDE4D‑siRNA group.

Figure 3. Protein expression levels of phosphodiesterase (PDE)4A, B and D in the lumbar spinal cord of rats. Relative protein expression levels of PDE4A, 
B and C were significantly increased on days 2, 4, 6 and 8 after nerve injury, as compared with the sham (S) group. Compared with the saline (NS) group, 
treatment with small interfering (si)RNA decreased the protein expression levels. Data are presented as the mean ± standard deviation. *P<0.05 vs. the S group; 
#P<0.05 vs. the NS group. V, vehicle group; M, mismatch siRNA group; siR‑A, PDE4A‑siRNA group; siR‑B, PDE4B‑siRNA group; siR‑D, PDE4D‑siRNA group; 
GAPDH, glyceraldehyde 3‑phosphate dehydrogenase.
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of the proinflammatory cytokines, as compared with the 
saline group (P<0.05). In addition, PDE4B‑siRNA signifi-
cantly enhanced IL‑10 production, as compared with the 
other SNL groups (P<0.05; Table III).

Discussion

In the present study, a model of neuropathic pain was 
established using single‑sided L5 SNL (21). The model was 
confirmed, since MWT and TWL were reduced following 
SNL. In addition, the mRNA and protein expression levels 
of PDE4A, B and D were significantly upregulated following 
SNL. Intrathecal injection of the SNL rats with PDE4A, B or 
D‑specific siRNA markedly reduced the elevated expression 

levels of PDE4A, B and D, respectively. However, only in 
the group treated with PDE4B‑specific siRNA were MWT 
and TWL improved. Furthermore, only in rats treated with 
PDE4B‑specific siRNA was p‑ERK activity significantly 
decreased, the expression levels of proinflammatory cytokines 
TNF‑α, IL‑1β and IL‑6 suppressed, and the expression of IL‑10 
increased 8 days after L5 SNL. These findings suggested that, 
among the PD4E family, PDE4B may have an important role 
in ameliorating neuropathic pain, potentially via inhibition of 
ERK activity.

In the past decade, it has been reported that microglia and 
astrocytes are activated in the spinal cord in various animal 
models of neuropathic pain, and have an important role in the 
development and maintenance of hypernociception (23,24). 

Figure 4. Line plots illustrating alterations in (A) mechanical withdrawal threshold (MWT) and (B) thermal withdrawal latency (TWL). Tests were conducted 
1 day prior to surgery, and 2, 4, 6 and 8 days after the operation. L5 spinal nerve ligation (SNL) resulted in an overall significant decrease in mechanical and 
thermal threshold, as compared with the sham group (P<0.05). Treatment with PDE4‑A or D‑specific small interfering (si)RNA, had no effect on MWT or 
TWL (P>0.05), whereas PDE4B‑siRNA significantly attenuated the development of mechanical and thermal hyperalgesia in L5 SNL rats, as compared with 
the SNL + saline (NS) group. Data are presented as the mean ± standard deviation. *P<0.05 vs. the sham group; #P<0.05 vs. the SNL + NS group. V, vehicle 
group; M, mismatch siRNA group; siR‑A, PDE4A‑siRNA group; siR‑B, PDE4B‑siRNA group; siR‑D, PDE4D‑siRNA group.

  A   B

Figure 5. (A) Phosphorylated (p)‑extracellular signal‑regulated kinases (ERK) and (B) ERK activity in the spinal cord 8 days after surgery. p‑ERK activity was 
markedly increased in the L5 spinal nerve ligation (SNL) groups. Treatment with phosphodiesterase (PDE)4B‑small interfering (si)RNA (siR‑B) significantly 
inhibited the activation of ERK, as compared with the saline (NS) group. However, total ERK was not significantly altered between the various groups. Data 
are presented as the mean ± standard deviation. *P<0.05 vs. the sham (S) group; #P<0.05 vs. the NS group. V, vehicle group; M, mismatch siRNA group; GAPDH, 
glyceraldehyde 3‑phosphate dehydrogenase.
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In our previous study, a non‑specific glial inhibitor, 
pentoxifylline, was shown to exert a dose‑dependent antihy-
peralgesic effect when systemically injected prior to nerve 
injury; however, it had no effect following the establishment 
of hypersensitivity (14). In addition, other non‑specific PDE 
inhibitors, such as propentofylline and inbudilast, may 
attenuate hyperalgesia in both preventive and therapeutic 
schemes; the differences may be due to the various inhibitory 
potencies of these drugs on PDE4 (13,15). To further eluci-
date the role of PDE4, the present study used specific siRNA 
to suppress the respective PDE4 subtypes, and observed the 
behavioral and neuroinflammatory response in the spinal 
cord.

The expression levels of PDE4A, B, C and D were initially 
detected by western blotting in the spinal cord of naïve rats. 
The expression levels of PDE4A, B and D were similar and 
quite low, as compared with GAPDH; however, PDE4C 
protein was not detected. These results were consistent with 
those of previous reports (25,26), which detected the expres-
sion of PDE4A, B and D in oligodendrocytes, and PDE4B in 
microglia using immunohistochemistry. 

The present study used three siRNAs targeting PDE4A, 
B and D to study their potential roles in neuropathic pain. In 
order to determine the effects and specificity of the siRNA, 
we observed both the mRNA and protein expression levels 
of the respective targets 1 day after siRNA injection. After 2, 
4, 6 and 8 days, SNL significantly increased the mRNA and 
protein expression levels of PDE4A, B and D by ~200%, and 
only specific siRNA could significantly inhibit this increase by 
~50%. The possible mechanisms underlying increased PDE4 
expression may be via nuclear factor‑κB activation (27) and 
enhanced N‑methyl‑D‑aspartate receptor activity (28) after 
nerve injury. siRNA specificity was confirmed by the mark-
edly suppressive effects of the siRNA molecules for up to 
8 days after SNL.

All three siRNA were able to suppress the expression 
of their respective targets; however, only PDE4B siRNA 
exhibited significant attenuation of mechanical and thermal 
hyperalgesia in the SNL rats after 8 days. Previous studies 
reported that PDE4B is mainly expressed in microglia (29,30); 
therefore, the expression levels of CD11b, a microglia marker 
and GFAP, an astrocyte marker were detected 8 days after 

Figure 6. Protein expression levels of (A) CD11b and (B) glial fibrillary acidic protein (GFAP) in the lumbar spinal cord of rats. Relative protein expression 
levels of CD11b and GFAP were significantly increased 8 days after nerve injury, as compared with the sham (S) group (P<0.05). Compared with the saline (NS) 
group, intrathecal injection with phosphodiesterase (PDE)4B‑small interfering (si)RNA (siR‑B) decreased protein expression (P<0.05). Data are presented as the 
mean ± standard deviation.*P<0.05 vs. the S group; #P<0.05 vs. the NS group. V, vehicle group; M, mismatch siRNA group; GAPDH, glyceraldehyde 3‑phosphate 
dehydrogenase.
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Table III. Expression of cytokines 8 days post‑operation (pg/mg, mean ± standard deviation).

Cytokine	 S	 NS	 V	 siR‑M	 siR‑B

TNF‑α	 47.6±4.3	 129.2±3.8a	 126.5±4.8a	 130.1±3.6a	 96.1±3.5a,b

IL‑1β	 43.7±6.6	 144.1±15.9a	 147.6±17.6a	 154.0±11.9a	 84.2±13.3a,b

IL‑6	 77.9±12.3	 259.1±15.8a	 269.4±10.3a	 260.7±17.1a	 162.4±12.7a,b

IL‑10	 148.5±12.3	 156.1±9.6	 158.9±11.5	 159.8±10.9	 241.9±17.4b

TNF‑α, IL‑6 and IL‑1β expression was markedly elevated in rats following L5 ligation, as compared with the sham (S) group. Phosphodiesterase 
(PDE)4B‑siRNA treatment significantly reduced the expression levels of TNF‑α, IL‑6 and IL‑1β, but significantly enhanced the secretion of 
IL‑10. aP<0.05 vs. the S group; bP<0.05 vs. the saline (NS) group. V, vehicle group; siR, small interfering RNA, siR‑M, mismatch siR; siR‑B, 
PDE4B siR; TNF, tumor necrosis factor; IL, interleukin.
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SNL. The present study demonstrated that PDE4B siRNA 
could significantly inhibit the increases in CD11b and GFAP 
after nerve injury. These findings indicated that only inhibi-
tion of PDE4B could suppress the SNL‑induced activation of 
microglia and astrocytes.

To further understand the inhibitory effects of PDE4B 
siRNA, alterations in ERK activity were observed in the 
lumbar spinal cord 8 days after SNL. Previous studies have 
demonstrated that phosphorylation of ERK contributes to the 
neuroinflammation mediated by microglia and astrocytes in 
various models of neuropathic pain (31‑33). The present study 
demonstrated that PDE4B siRNA was able to significantly 
inhibit the activation of ERK. Although the present study did 
not measure the levels of cAMP in the spinal cord, previous 
studies have shown that an elevated cAMP signal may inhibit 
the activation of ERK via protein kinase A (PKA)‑dependent 
and ‑independent pathways (34,35).

Cytokines are important factors released by activated 
microglia and astrocytes, which influence neuronal excitivity. 
Previous studies have reported that enhanced intracellular 
cAMP activity in microglia and astrocytes may inhibit the 
production of proinflammatory cytokines and enhance IL‑10 
secretion (36,37). Using primary cultured microglia, we further 
demonstrated that PKA was a main downstream effector (38). 
In the present study, PDE4B siRNA exerted inhibitory effects 
on the expression of TNF‑α, IL‑1β and IL‑6, and enhanced the 
expression of IL‑10.

Considering the low expressions of PDE, 100 µg protein 
was loaded for western blotting in the present study; however, 
PDE4C expression could not be detected in naïve rats. 
Fortunately, previous studies have demonstrated that PDE4A, 
B and D are expressed in oligodendrocytes, whereas only 
PDE4B has been detected in microglia, as determined using 
immunohistochemistry (25,26). Secondly, the levels of cAMP 
were not detected in the spinal cord after intrathecal siRNA 
injection. Since the present study was focused on the effects of 
PDE on the modulation of glial‑mediated neuroinflammation, 
it was hypothesized that the level of cAMP in the mixed spinal 
tissue could not reflect the levels in glia. In our ongoing study 
using cultured microglia, cAMP concentration was measured 
following treatment with PDE4 siRNA (unpublished data). 
Only PDE4B siRNA was able to significantly increase cAMP 
levels in the microglia 30 min after a lipopolysaccharide chal-
lenge.

The results of the present study indicated that PDE4B may 
be considered the main effector for the degradation of cAMP 
in glia, and inhibition of PDE4B may inhibit glial activation, 
reduce proinflammatory cytokine expression, and subse-
quently attenuate hypernociception following nerve injury.

In conclusion, the present study provided evidence 
suggesting that inhibition of PDE4B may attenuate neuroin-
flammation in the spinal cord, and partly relieve neuropathic 
pain. PDE4B may be considered a promising target for the 
development of novel therapeutic strategies for the treatment 
of neuropathic pain.
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