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Objective To observe the effects of PSD95 gene specific siRNAs on neuropathic pain relief, neuron
viability, and postsynaptic calcium/calmodulin-dependent protein kinase Ilo, (CaMKIIo) phosphorylation in
vitro and in vivo.

Methods Gene-specific siRNAs of rat PSD95 were synthesized chemically for transfection. Adult
male Sprague-Dawley (SD) rats were randomly divided into 3 groups: naive group (n=6), sham group (n=6),
and sciatic nerve chronic constriction injury (CCI) group (n=24). The CCI group was further divided into 4
groups (n=6 in each group), which were pretreated with normal saline, transfection vehicle, negative control
siRNAs, and PSD95 gene specific siRNAs respectively. All the subgroups received corresponding agents in-
trathecally for 3 days, started one day before the CCI of sciatic nerve. Both mechanical allodynia and thermal
hyperalgesia were measured on post-operative day 3 and 7. PSD95 gene silenced NG108-15 cells were fur-
ther stimulated by glutamate, with the cell viability and the expression/phosphorylation of CaMKIlo, meas-
ured by MTT cell proliferation assay and Western blot, respectively.

Results The siRNAs decreased PSD95 mRNA level significantly both in vivo and in vitro. Neuro-
pathic pain rats pretreated with PSD95 gene specific siRNAs exhibited significant elevation in the mechanical
withdrawal threshold and paw withdrawal thermal latency, without affecting the baseline nociception. PSD95
gene silencing enhanced neuronal tolerance against the glutamate excitotoxicity, meanwhile the phosphoryla-
tion of CaMKIIo Thr286 was attenuated.

Conclusion  Pre-emptive administration of PSD95 gene specific siRNAs may attenuate the central

sensitization CaMKIla-related signaling cascades, leading to the relief of neuropathic pain.
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OSTSYNAPTIC density (PSD) is an electron-

dense specialization of excitatory postsynaptic

membranes that contains a high concentration of

glutamate receptors and associated signaling
and cytoskeletal proteins, which is identified as a band of
electron-dense material 20-30 nm thick and 300 nm long.?
In the nervous system, excitatory synapses, and in par-
ticular their PSDs, contain many postsynaptic density-95/
discs large/zona occludens-1 (PDZ) domain proteins.> The
best characterized synaptic PDZ domain protein is post-
synaptic density protein 95 (PSD95), an abundant com-
ponent of the PSD.? PSD95, also known as discs, large
homolog 4 (DLG4) or synapse-associated protein 90, is a
member of the family of membrane-associated guanylate
kinase proteins, which has many recognized binding part-
ners and large number of copies in PSDs. PSD95 interacts
with postsynaptic glutamate receptors, both N-methyl-D-
aspartate (NMDA) and a-amino-3-hydroxy-5-methylisoa-
zole-4-proprionic acid (AMPA) receptors, in postsynaptic
signal transduction.

Postsynaptic signal transduction plays an important
role in the central sensitization of neuropathic pain. Post-
synaptic depolarization leads to an opening of the NMDA
receptor-gated channel, which in turn leads to calcium
entry and postsynaptic sensitization. Another possible
mechanism of postsynaptic sensitization involves an in-
creased trafficking of AMPA receptors to the cell surface.*
Because of the close relationship between PSD95 and these
glutamate receptors, several PSD95 gene silencing thera-
peutics on neuropathic pain have been attempted. Garry et
al® revealed that PSD95 plays a key role in neuropathic
reflex sensitization, and the NMDA receptor-dependent
hyperalgesia and allodynia of neuropathic pain were elimi-
nated in mutant mice expressing a truncated form of PSD95.
Tao et al® demonstrated that PSD95 is important in the
development of peripheral nerve injury-induced neuropathic
pain, and that rats injected intrathecally with PSD95 an-
tisense oligodeoxynucleotide exhibited a significant reduc-
tion in mechanical and thermal hyperalgesia. However, the
underlying cellular and molecular mechanism of PSD95 gene
silencing in neuropathic pain still remains unknown. In this
study, the PSD95 gene expression was silenced with siRNAs
both in vivo and in vitro. The possible cellular or molecular
implications of PSD95 gene silencing in neuropathic pain
relief was discussed.

MATERIALS AND METHODS

Experimental animals
Adult male Sprague-Dawley (SD) rats (Beijing Vitalriver
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Co., Ltd) of eight-week old and weighing 220-250 g were
fed standard rat chow and acclimated for one week before
experiments. Animals were treated in accordance with the
Ethical Guidelines for Investigations of Experimental Pain in
Conscious Animals issued by the International Association
for the Study of Pain.

siRNAs preparation

The siRNAs sequence for the rat PSD95 (accession no.
NM_019621.1) was from nucleotides 1237 to 1255 relative
to the start codon (siR-P). The sequences were as follows:
sense, 5'-CCAGAAGAGUAUAGUCGAULtt-3’; antisense, 5'-
AUCGACUAUACUCUUCUGGLt-3'". Basic local alignment sear-
ch tool search of the nucleotide sequences in the GenBank
database showed no substantial homology with other genes.
A non-silencing sequence was designed as the negative
control (siR-N): sense, 5-UUCUCCGAACGUGUCACGULtt-3’;
5’-ACGUGACACGUUCGGAGAALtt-3' (Shanghai
GeneChem Co., Ltd). siRNAs were formed in a concentration
of 20 pmol/L stocks in universal buffer as manufacturer
described, annealed for 2 minutes at 90°C, cooled down to
room temperature, and stored overnight at 4°C. The siRNAs
stocks were aliquoted and stored at —-80°C.

antisense,

Cell culture and in vitro transfection

The NG108-15 neuronal cells (Cell center, Institute of Basic
Medical Sciences, Chinese Academy of Medical Sciences)
were routinely propagated in DMEM (Invitrogen, Carlsbad,
CA, USA) supplemented with 10% fetal bovine serum (Cell
center) and 100 U/mL penicillin G sodium and 100 ug/mL
streptomycin sulfate (Cell center). The cells were trans-
fected with siRNAs/Lipofectamine 2000™ (Invitrogen)
complexes, with the final siRNA concentration at 25, 50,
100, and 200 nmol/L. Twenty-four hours after transfection,
the cells were harvested and total RNA was isolated. PSD95
transcripts were detected by real-time reverse transcrip-
tion-polymerase chain reaction (RT-PCR).

Lumbar catheterization of the spinal subarachnoid
space

Lumbar catheterization of the spinal subarachnoid space
was carried out as reported.” A polyethylene catheter
(PE-10; nominal i.d. 0.28 mm, length 15 cm) was inserted
to the 5th to 6th lumbar intrathecal space cephalad to
reach the lumbar spinal cord. To confirm correct catheter
positioning, 10 pL of 2% lidocaine was administered th-
rough the catheter after complete recovery from the sur-
gery in post-operative days 2-3. A correct intrathecal
catheter placement was proved by paralysis of the hind
limbs without affecting normal forelimb motor function.
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The cannulated animals were allowed 4-5 days to recover.
The rats were given saline, transfection vehicle, the siR-P,
or siR-N through the catheter once per day for three con-
secutive days, and on the 2nd day during injection, rats
underwent the chronic constriction injury (CCI) operation
of the sciatic nerve.

Chronic constriction injury rats and in vivo delivery
of siRNAs

A CCI of the sciatic nerve was induced according to the
method of Bennett and Xie,® when the rats completely re-
covered from the intrathecal catheter placement surgery on
post-operative day 4. Briefly, in the CCI group rats (n=24),
the common sciatic nerve of the left thigh was exposed at
mid-thigh level, a 7 mm portion of nerve was freed of ad-
hering tissue and 4 loose ligatures (4.0 chromic gut suture)
were tied around the sciatic nerve (1-1.5 mm apart). A sham
group (n=6) received the procedure of the common sciatic
nerve exposure without ligatures. Rats in the naive group
(n=6) were not treated at all before sacrifice.

The CCI group was further divided into 4 groups (n=6
in each group), which were pretreated with normal saline
(CCI-NS), transfection vehicle (CCI-TV), negative control
siRNAs (CCI-siR-N), and PSD95 gene specific siRNAs
(CCI-siR-P) respectively. On the day of the injection, one
aliquot of the siRNAs (siR-N or siR-P) was thawed on ice
and then mixed with the in vivo transfection vehicle, iFect
(Neuromics Antibodies, Northfield, MN, USA), to reach a
final concentration of 0.2 pg/pL. A total of 100 pL of the
siRNAs solution or vehicle (20 pL of suspension buffer in 80
pL of iFect, 1 : 4 v/v) was locally delivered to lumbar spinal
cord through implanted intrathecal catheter. The catheter
was flushed with 10 pL sterile saline.

Mechanical allodynia and heat allodynia test

The mechanical and thermal nociceptive threshold were
measured one day (i.e. post-operative day 3, POD3) and
five days (i.e. post-operative day 7, POD7) after the final
injection, followed by the execution of the rats and the
isolation of L3-L4 lumbar spinal cord.

Mechanical allodynia was tested using an electronic
von Frey filament (IITC Life Sciences, Woodland Hills, CA,
USA). The rats were acclimated to mesh bottom cages for
5-15 minutes. Testing consisted of applying punctate
mechanical pressure to the plantar surface of each hind
paw from below with the electronic von Frey filament
through the mesh floor, a total of 3 trials per hind paw per
day. The intensity of mechanical stimulation applied at the
time of paw withdrawal was recorded as the mechanical
withdrawal threshold (MWT). Rats were pretested before
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CCI surgery to acclimate them to the testing protocol.
Pretesting was carried out for at least 3 consecutive days
before CCI surgery.

For heat allodynia, rats were introduced into an
open-ended cylindrical space with a floor consisting of a
metallic plate that is heated by a thermode. The plate was
heated to 55+0.3°C to produce paw licking or jumping that
can be measured in terms of reaction time, which were
recorded as paw withdrawal thermal latency (PWTL).

Quantitative RT-PCR

Total RNA was isolated from NG108-15 neuronal cells or
lumbar spinal cord using TRIZOL™ (Invitrogen). First-
strand cDNA was prepared from equal amounts of total
RNA per sample (2 pg) using RevertAid™ First Strand cDNA
Synthesis Kit (Fermentas, Vilnius, Lithuania). Real-time
PCR was subsequently performed to quantitatively de-
termine the relative amounts of gene-specific cDNAs using
the iCycler iQ Multicolor Real-Time PCR Detection System
(Bio-Rad, Hercules, CA, USA) with QuantiFast SYBR Green
PCR Kit (Qiagen, Hilden, Germany). All samples were run in
triplicate using an annealing temperature of 60°C. Primers
for the amplification of PSD95 were: PSD95-forward,
5'-TCTATGTCATGCGCCGGAAACCC-3’; PSD95-reverse, 5'-
CAATCTGCAACCTGCCATCCTTGTG-3". Those for B-actin
were: actin-forward, 5'-TGTTGTCCCTGTATGCCTCTGGT-
CG-3’; actin-reverse, 5'-CAGCTGTGGTGGTGAAGCTGTAG-
CC-3'. All the primers were synthesized by Shanghai San-
gon Biological Engineering Technology & Services Co., Ltd.
Expression of PSD95 was normalized to the expression of
B-actin.

Neuronal viability assay

The MTT (Biomol, Enzo Life Sciences, Farmingdale, NY,
USA) cell proliferation assay was applied to measure the
glutamate-induced neuronal toxicity of NG108-15 cells,
with NMDA receptor antagonist, D(—)-2-amino-5-phos-
phonopentanoic acid (APV), as the positive control. 3000
NG108-15 cells were dispensed into each well of a 96-well
plate 72 hours before the assay. After 24 hours in culture,
cells were either treated with normal culture media or
transfected with siRNAs for another 24 hours. Then the
cells were incubated in culture media containing different
concentrations of glutamate (50, 100, 200, 500, 1000, and
2000 pmol/L) for 24 hours, with 50 ymol/L APV added as
the positive control. Data were normalized to the relative
neuronal viability expressed as the ratios between the
absorbance of different glutamate concentration and the
absorbance of the cells treated with normal culture media
without glutamate.
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Western blot

For total and phosphorylated CaMKIla (CaMKIIa, pThr286)
(Calbiochem, Merck KGaA, Darmstadt, Germany; NB12 and
NB13, respectively) Western blot analysis, NG108-15 cells
transfected with different siRNAs were treated with 500
pmol/L glutamate for 3, 6, or 24 hours. The harvested cell
lysates at each time point were then quantitated and boiled
for 5 minutes before separating with sodium dodecyl sulfate
polyacrylamide gel electrophoresis. An equal volume of
prepared lysate was run per condition and transferred to
Hybond-P PVDF membrane (Amersham, GE Heal- thcare UK
Ltd., England, UK). After blocking, the membranes were
incubated in primary antibody overnight at 4°C. HRP-con-
jugated goat anti-mouse IgG secondary antibody (Jackson
ImmunoResearch, West Grove, PA, USA) was used at a di-
lution of 1:5000 for 1 hour at room temperature, and
visualization by Ultra enhanced chemi- luminescence (Mul-
tiSciences Biotech, Hangzhou, China) was captured by
FluorChem® FC2 (Alpha Innotech, San Leandro, CA, USA).

Statistical analysis

All the experiments were performed in triplicate. Data were
presented as means+SD. SPSS 11.5 software was applied
for statistical analysis. The P values were calculated using
Student'’s t-test and one way analysis of variance (ANOVA).
In the pain behavioral studies, the mechanical thresholds
evaluated by von Frey filaments were expressed in grams.
Pain behavioral data were compared between pre- and
post-injection conditions using repeated measures ANOVA.
P<0.05 was considered statistically significant.

RESULTS

PSD95 gene silencing by siRNAs in vitro and in vivo
Quantitative RT-PCR analysis of total RNA extracts from
NG108-15 cells showed a dose-dependent knockdown of
the PSD95 expression by siR-P transfection compared with
negative control (i.e. siR-N-transfected cells). With siRNAs
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at different final concentrations, PSD95 transcripts were
decreased by different percentages (25 nmol/L, 76.4%=
26.9%; 50 nmol/L, 91.5%+51.6%; 100 nmol/L, 94.4%=
28.1%; 200 nmol/L, 97.9%=%0.8%; all P<0.05, Fig. 1).
Based on the above results, 50 nmol/L was selected as the
optimal final concentration to be used in the following in
vitro experiments.

As shown by the mRNA levels of PSD95 in the lumbar
spinal cord determined by quantitative RT-PCR, siR-P
treated group had a decreased PSD95 transcript level of
62.0%+17.0% (P<0.05). Saline, siR-N, or transfection
vehicle pretreatment did not alter the PSD95 mRNA level in
the lumbar spinal cord.

Intrathecal administration of PSD95 gene specific
siRNAs reversed mechanical allodynia and thermal
hyperalgesia

PSD95 gene specific siRNAs at 2 ug per day significantly
attenuated the mechanical and thermal nociception, when
compared with other groups or controls. Neither vehicle
nor siRNAs treatment precipitated overt signs of behavioral
toxicity or motor impairment in the animals. The inhibitory
effect of siRNAs treatment on mechanical allodynia and
thermal hyperalgesia were obvious (P<<0.05) and lasted for
at least 5 days after the final injection (Table 1, Fig. 2).

PSD95 gene silencing antagonized glutamate-indu-
ced neuronal excitotoxicity

Glutamate caused a significant decrease in neuronal vi-
ability (P<0.05 for glutamate at 50 pmol/L and above
compared with control). Culture media that contained
different concentrations of glutamate decreased relative
neuronal viability of normal or siR-N-transfected NG108-15
cell in a dose-dependent manner (Fig. 3). APV completely
reversed the decrease of neuronal viability caused by
glutamate. Transfection of NG108-15 cells with siR-P also
significantly antagonized the glutamate-induced neuronal
excitotoxicity (P<0.05, Fig.3).

Table 1. PSD95 gene specific siRNAs reverses mechanical allodynia and thermal hyperalgesia (n=6)%

Groups MWT (g) PWTL (sec)
Baseline POD3 POD7 Baseline POD3 POD?7

Naive 52.6+ 8.7 50.3+ 8.1 52.8+ 7.0 13.47+4.08 13.81+4.29 13.74+4.35
Sham 51.4+ 5.3 54.0+ 7.5 48.2+ 7.7 12.67+2.17 13.99+2.92 13.63+3.67
CCI-NS 52.1+ 9.5 22.5+ 7.4 11.8+ 4.4 15.32+3.96 11.33+4.15 12.50+6.48
CCI-TV 50.4+14.3 16.6+ 5.6 12.8+ 6.7 10.78+3.53 7.84+2.14 5.93+1.51
CCI-siR-N 53.0+ 7.7 16.7+ 6.6 12.4+ 4.4 11.72+2.72 7.33+£2.21 5.80+1.93
CCI-siR-P 51.4+ 9.9 31.4+11.0% 40.0+31.0%* 13.95+3.78 14.79+3.92%* 16.08+5.45%

§: Plus-minus values are means+SD.

CCI: chronic constriction injury; NS: normal saline; TV: transfection vehicle; siR-N: negative control siRNA; siR-P: PSD95 gene specific siRNA;
MWT: mechanical withdrawal threshold; PWTL: paw withdrawal thermal latency; POD3: post-operative day 3; POD7: post-operative day 7

*P<0.05 compared with CCI-siR-N.
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Figure 2. PSD95 gene specific siRNAs reverses mechanical
allodynia and thermal hyperalgesia (n=6).
Chronic constriction injury rats were given siR-P,
siR-N, transfection vehicle, or normal saline 24 hours
before the operation. Both mechanical withdrawal
threshold (MWT) (A) and paw withdrawal thermal
latency (PWTL) (B) were evaluated on different
post-operative days (POD), with naive and sham as
the controls.
*P<0.05 compared with siR-N.

PSD95 gene silencing attenuated CaMKIIa expres-
sion and phosphorylation

Significant increase of both total and phosphorylated
CaMKIIa (CaMKIIa, pThr286) were observed in normal or
siR-N-transfected NG108-15 cells (P<<0.05, Fig. 4). This
effect was attenuated when cells were transfected with
siR-P (P<0.05).

both normally cultured NG108-15 cells and the cells
transfected with non-silencing siRNAs increased in a
time-dependent manner when stimulated with 500
pmol/L glutamate for 3, 6, and 24 hours. Those chan-
ges were attenuated in NG108-15 cells transfected
with PSD95 gene specific siRNAs under the same
glutamate stimulation.

DISCUSSION

Chronic pain, especially neuropathic pain, due to nerve
injury is resistant to current analgesics. Multiple sites along
the neural axis are altered after nerve injury. Both pe-
ripheral sensitization and central sensitization contribute to
the origination and development of neuropathic pain.*
Central sensitization means the increased responsiveness
of nociceptive neurons in the central nervous system to



206 CHINESE MEDICAL SCIENCES JOURNAL

their normal or subthreshold afferent input.

Glutamate, the fast transmitter of primary afferent
neurons, binds to several receptors on postsynaptic neu-
rons in the dorsal horn of spinal cord.® Sustained release of
glutamate by nociceptors leads to glutamate binding to the
NMDA receptor and allows entry of calcium into the neuron,
which then increases the excitability of nociceptive neurons
and activates numerous intracellular pathways that then
contribute to the maintenance of central sensitization. In
the present study, glutamate was used to stimulate
NG108-15 cell to achieve the cellular model of glutamate
excitotoxicity.

High level glutamate causes neuronal excitotoxicity,
and can be blocked by NMDA receptor antagonist.*® Pro-
found research revealed that glutamate-receptor-based
calcium inflow and signal are of great importance in neu-
ronal excitotoxic damage.!' Calcium influx through NMDA
receptors plays key roles in synaptic transmission, neu-
ronal development, and plasticity. Excessive calcium influx
triggers excitotoxicity, damaging neurons in diverse neu-
rological disorders. NMDA receptor-mediated postsynaptic
nitric oxide synthesis and changes in NMDA receptor gene
expression are both associated with neurotoxicity.?

In cultured cortical neurons, suppression of PSD95
expression selectively attenuates excitotoxicity triggered
via NMDA receptors, but not other glutamate or calcium ion
channels.®® Moreover, the activation of NMDA receptors
initiates the neuronal apoptosis, which also contributes to
the excitotoxic neuronal death.'® Hou et al®® clarified that
antisense oligonucleotides-induced PSD95 gene silencing
delayed cell death in postischemic rat hippocampus.
PSD95’s interaction with glutamate receptors (especially
NMDA receptor) was disrupted by PSD95 gene silencing,
which then enhanced neuronal viability and restrained the
development of neuropathic pain. The results of the pre-
sent study with NG108-15 neuronal cells are in accord with
these previous findings.

CaMKII is abound in the central nervous system, which
is mainly composed of two major isoforms: CaMKIIa and
CaMKIIB,*® showing very broad substrate specificity and
phosphorylating many proteins in neurons.'” CaMKIIa was
identified as a major PSD protein. Following strong synaptic
activation, CaMKIIa autophosphorylates at its Thr286 and
translocates from the cytosol to the PSD or presumed
postsynaptic sites where it phosphorylates target proteins
in long-term potentiation.'®

CaMKIIa and the NMDA receptor are key regulators of
synaptic plasticity underlying learning and memory. Direct
binding of CaMKIIa to the NMDA receptor subunit NR2B is
induced by Ca?*/calmodulin, which mediates CaMKIla
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translocation to synapses and regulates synaptic str-
ength.'® 2° CaMKIIa activity and Thr286 autophosphoryla-
tion are essential for normal NMDA receptor-dependent
forms of long-term potentiation in the hippocampal CA1
region and hippocampus-dependent behaviors, such as
spatial learning and memory,'® 2! and also for plasticity in
other central nervous system regions.?? Central sensitiza-
tion of neuropathic pain can elevate Thr286 autophos-
phorylation of CaMKIIa and the interaction between CaM-
KIIa and NMDA receptor subunits, which were disrupted in
mice expressing a truncated PSD95 protein.!’ CaMKIIa in
spinal dorsal horn acts on the downstream of NR2B subunit
phosphorylation at its Tyrl472 and is involved in the
maintenance, rather than generation, of mechanical allo-
dynia in neuropathic pain.?* 2* In the present study, PSD95
gene silencing also attenuated the CaMKlIla Thr286
autophosphorylation without affecting NMDA receptor,
implying the key role of PSD95 in NMDA receptor-PSD95-
CaMKIIa postsynaptic signaling cascade. However, other
cascades and/or cellular factors downstream to the NMDA
receptor may also participate in the maintenance of neu-
ropathic pain.

In conclusion, central sensitization is of great impor-
tance for neuropathic pain. Both glutamate-induced NMDA
receptor activation and subsequent postsynaptic cal-
cium-dependent signaling contribute to the origination and
maintenance of the central sensitization. The present study
illustrated the key role of PSD95 in NMDA receptor sig-
naling, especially in NMDA receptor-PSD95-CaMKII post-
synaptic signaling cascade, which was blocked by PSD95
gene specific siRNAs. Therefore, PSD95 gene specific
siRNAs may relieve neuropathic pain mainly through at-
tenuating the central sensitization signaling cascades.
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