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Downregulation of neuroliginl ameliorates
postoperative pain through inhibiting
neuroliginl/postsynaptic density
95-mediated synaptic targeting of oc-amino-
3-hydroxy-5-methyl-4-isoxazole propionate
receptor GluA|l subunits in rat dorsal horns
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Abstract

Neuroligin| is an important synaptic cell adhesion molecule that modulates the function of synapses through protein—protein
interactions. Yet, it remains unclear whether the regulation of synaptic transmission in the spinal cord by neruoliginl
contributes to the development of postoperative pain. In a rat model of postoperative pain induced by plantar incision,
we conducted Western blot study to examine changes in the expression of postsynaptic membrane of neuroliginl, post-
synaptic density 95 (PSD-95), and a-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA) receptor GluAl and GluA2
subunits in the spinal cord dorsal horn after injury. The interaction between neuroligin| and PSD-95 was further determined
by using coimmunoprecipitation. Protein levels of neuroliginl and GluAl, but not GluA2 and PSD-95, were significantly
increased in the postsynaptic membrane of the ipsilateral dorsal horn at 3 h and | day after incision, as compared to that in
control group (naive). A greater amount of PSD-95 was coimmunoprecipitated with neuroligin| at 3 h after incision than that
in the control group. Intrathecal administration of small interfering RNAs (siRNAs) targeting neuroliginl suppressed the
expression of neuroliginl in the spinal cord. Importantly, pretreatment with intrathecal neuroliginl siRNA;497, but not
scrambled siRNA or vehicle, prevented the upregulation of GluAl expression at 3 h after incision, inhibited the enhanced
neuroligin I/PSD-95 interaction, and attenuated postoperative pain. Together, current findings suggest that downregulation of
spinal neuroliginl expression may ameliorate postoperative pain through inhibiting neuroligin|/PSD-95 interaction and
synaptic targeting of GIuAl subunit. Accordingly, spinal neuroliginl may be a potential new target for postoperative
pain treatment.
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Introduction

The mechanisms underlying postoperative pain may

differ from those of inflammatory or neuropathic  corresponding Authors:

pain.! There is hence an overwhelming need to dissect
the mechanisms underlying postoperative pain in order
to develop better analgesics for postoperative pain ther-
apy. The spinal cord dorsal horn is the first central relay
station in the pain pathways. In a rat model of incisional
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pain, previous studies demonstrated that the dorsal horn
neuronal circuits shift toward a state of hyperexcitabil-
ity, characterized by the enhanced neurotransmitters
release and the recruitment and aggregation of postsyn-
aptic receptors in the excitatory  synapses.’
Neurotransmitters released from the presynaptic termi-
nal act on receptors located on the post-synaptic mem-
brane to convey information between neurons at
synapses.” Protein complexes that link pre- and post-
synaptic membranes serve an important function in reg-
ulating neural networks. Signaling can be facilitated by
adhesion molecules, which cooperate across the synaptic
junction.*® Synaptically localized cell adhesion mole-
cules modulate the function of synapses through pro-
tein—protein interactions, alternating signaling cascades
and synaptic receptor function. The most widely
described cell adhesion molecules pairing is the interface
between neurexins and neuroligins that are located
at pre-synaptic and post-synaptic sites, respectively.
At excitatory postsynapses, neuroliginl binds the
major scaffold protein postsynaptic density 95 (PSD-
95), which interacts directly with NMDA glutamate
receptors (NMDAR) and indirectly with AMPA gluta-
mate receptors (AMPAR) through binding to the auxil-
jary subunit stargazin.”'* The importance of neuroligins
in nervous system function is highlighted by the fact that
neuroligin knock-out mice show altered NMDA-
mediated synaptic responses'® and deficits in long-term
potentiation.'®

Change in transsynaptic signaling may play a critical
role in the development of postoperative pain. Our pre-
vious studies showed that the synaptic targeting of
AMPA receptor GluAl subunit through the interaction
between stargazin and PSD-95 in dorsal horn neurons
plays an important role in the development of postoper-
ative pain.'” The function of neuroliginl is vital in the
transmission of trans-synaptic signaling. Binding of
neurexin/neuroligin to PDZ3 domain of PSD-95 con-
tributes to the transmission of signals between postsyn-
aptic and presynaptic membrane.'®'” However, whether
neuroliginl-mediated transsynaptic signals are implicat-
ed in the development of postoperative pain remains
unclear. We hypothesize that neuroliginl may play an
important role in the postsynaptic recruitment and
aggregation of AMPA receptors in dorsal horn neurons
and hence contributes to postoperative pain. Conversely,
disrupting the neuroliginl-mediated transsynaptic sig-
nals in dorsal horn would ameliorate postoperative pain.

Materials and methods

Animals

Adult male Sprague-Dawley rats (weigh 280-300 g)
were used for all studies. Rats were housed on a 12-h

light/12-h dark cycle and maintained at 21°C + 2°C with
free access to food and water. All experiments were
approved by the Ethical Committee of Beijing
Friendship Hospital, Capital Medical University
(15-1001, Beijing, China), and were performed in com-
pliance with the guidelines for animal experimentation
of the international association for the study of pain.
To avoid selection bias, we assigned animals randomly
to different experimental groups by a computer-
generated randomization list. The sample size for our
experiments was determined based on our previ-
ous studies.'’

Plantar incision

The plantar incision was performed as described previ-
ously.?” Briefly, all rats were anesthetized with 1.5% to
1.8% isoflurane anesthesia. Then, we made a 1-cm lon-
gitudinal incision through plantar skin and fascia of the
right hind paw of rats. The underlying flexor muscle was
elevated with forceps and incised longitudinally. The
muscle origin and insertion remained intact. The wound-
ed skin was closed and covered with antibiotic ointment.
Sham-operated rats underwent all procedures but
no incision.

Behavioral test

The paw withdrawal threshold and cumulative pain
score were carried out to evaluate pain behaviors by
an experimenter blind to surgery and drug treat-
ment conditions.

The paw withdrawal threshold was tested with cali-
brated von Frey filaments (Danmic, USA; Aesthesio). In
brief, to measure the mechanical withdrawal threshold,
we applied a series of filaments vertically to an area
adjacent to the wound near the medial heel for 6 s or
until the animal withdrew the paw. The positive
responses included rapid lifting, shaking, or licking of
the incised paw. The mechanical withdrawal threshold
was determined by an up-down method as described
previously.?'** To measure the cumulative pain score,
the animals were placed on an elevated mesh floor and
observed closely for a 1-min period every 5 min for 1 h,
and a score of 0, 1, or 2 was given based on the extent of
weight bearing on the incised foot. Full weight bearing
of the foot (score = 0) was present if the plantar aspect of
the hindpaw was blanched or distorted by the mesh. If
the foot was completely off the mesh, a score of two was
recorded. If the plantar aspect of the hindpaw touched
the mesh without blanching or distorting, a score of one
was given. The sum of the 12 scores (0-24) established
the cumulative pain score.”*** At 3 h, 1 day, and 3 days
after plantar incision, rats were subjected to behavioral
testing and then sacrificed for tissue harvest.
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Whole-cell homogenates and postsynaptic density
fractionation of proteins

The dorsal lumbar spinal cord (LL3-L6) ipsilateral and
contralateral to the incised paw was separated and
stored at —80°C. Tissues were homogenized in whole-
cell buffer (50 mM Tris-HCI (pH 7.5), 2 mM EDTA,
2mM EGTA, 1 mM DTT, 50 mM KF, 5 mM sodium
pyrophosphate, 0.1 mM sodium vanidate, 5 x 10-5 mM
okadaic acid, 5 mg/L pepstatin, 5 mg/L chymostatin,
5mg/L leupeptin, 5 mg/L aprotinin, 2% SDS). The sus-
pension was sonicated 8 to 10 times by ultrasonic probe
until the suspension was no longer turbid. To avoid
overheating, the EP tube was cooled in ice bath at inter-
vals. We collected the supernatant that was used for
protein concentration.

Postsynaptic density fractionation was carried out
according to previous studies with minor modifica-
tions.?*?> Tissues were homogenized in homogenization
buffer (10 mM Tris-HCI (pH 7.4), 5 mM NaF, | mM
sodium orthovanadate, 320 mM sucrose, | mM EDTA,
1 mM EGTA, 0.1 mM phenylmethylsulfonyl fluoride,
1 mM leupeptin, and 2 mM pepstatin A) and centrifuged
at 1000 x g for 20 min at 4°C. We collected the superna-
tant (S1, total soluble fraction) and discarded the pellet
(P1, nuclei, and debris fraction). Then, S1 was centri-
fuged at 10,000 x g for 20 min to produce a pellet (P2)
and supernatant (S2). The P2 was lysed hypo-
osmotically in ddH,O (500 pl) and centrifuged at
25,000 x g to produce pellet 3 (P3). We collected the
P3 (crude synaptosomal membrane fraction) to test the
protein concentration.

Western blot

Proteins (60 pg) were loaded and separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and then transferred onto a polyvinylidene
difluoride membrane. The membrane was blocked and
then incubated with primary mouse antibody to neuro-
liginl (1:1000, SYSY, Gottingen, Germany) at room
temperature for 2 h. Then, the membrane was incubated
with horseradish peroxidase-conjugated goat anti-mouse
IgG (1:4000, ZSGB-BIO, China) for 1 h. The membrane
was also blocked and incubated overnight with primary
rabbit antibodies to GluA1 (1:1000, Millipore, Billerica,
MA), GluA2 (1:1000, Millipore, Billerica, MA), or
PSD-95 (1:500, Abcam, Cambridge, UK). Then, the
membrane was incubated with horseradish peroxidase-
conjugated goat anti-rabbit IgG (1:1000, KPL, Boston,
MA). Finally, the membranes were exposed to reagents
from the Enhanced Chemiluminescence Detection Kit
(Thermo, Waltham, MA) and x-ray film for visualiza-
tion of protein bands. The intensity of the protein bands

was quantified with densitometry. The B-tubulin was
used as the loading control.

Immunofluorescence

Four rats were sacrificed at 3 h after incision and were
transcardially perfused with 10 mM phosphate-buffered
saline followed by 4% formaldehyde. L3-L6 spinal cord
segments were placed in 15% sucrose until the tissue sink
to the bottom and then replaced with 30% sucrose for
48 h at 4°C. Then, the tissues transversely cut to a 20-pm
thickness. Spinal cord sections were blocked and dual
stained for neuroliginl and PSD-95. The tissues were
incubated overnight in monoclonal mouse anti-
neuroliginl (1:50, Santa, Dallas, TX) with rabbit anti-
PSD-95 (1:500, Abcam, Cambridge, UK). The sections
were then incubated for 1 h in fluorescein-conjugated
affinipure goat anti-mouse IgG (1:100, Jackson,
Lancaster, PA) and rhodamine affinipure goat anti-
rabbit IgG (1:100, Jackson, Lancaster, PA) and mounted
in  VectaShield medium (Vector Laboratories,
Burlingame, CA). Confocal microscopy was performed,
and images were prepared with the confocal software
and Adobe Photoshop software (San Jose, CA). All
images were taken from the dorsal horn that is ipsilateral
to side of injury (right side).

Coimmunoprecipitation

Coimmunoprecipitation was performed as described
previously with minor modifications.?® Total protein
was extracted using non-denaturing cell lysis buffer
(Applygen, Beijing, China). The affinity-purified mouse
neuroliginl antibody (2 pg, Santa, Dallas, TX) was
added to the protein G sepharose beads and incubated
for 3 to 4 h at 4°C with gentle rotation. The complex was
centrifuged at 2000 r/min for 4 min. Then, the mixture
was mixed with the total protein from spinal cord homo-
genates (500 pg) for overnight at 4°C. The immunopre-
cipitates were washed three times. The proteins were
collected and the proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred onto polyvinylidene difluoride membrane.
The membrane was blocked and then incubated
overnight with primary antibodies to neuroliginl
(1:1000, SYSY, Gottingen, Germany) or PSD-95
(1:500, Abcam, Cambridge, UK). As a positive control
(input), 60 pg of total protein was loaded onto the gel.
The proteins were detected with horseradish peroxidase-
conjugated secondary antibody and visualized by
enhanced chemiluminescence and exposure to x-ray
film. Band intensity was quantified with imag-
ing software.
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Intrathecal catheter implantation

A polyethylene catheter was prepared and sterilized
before insertion. Rats were subjected to 5% chloral
hydrate anesthesia (300 mg/kg, i.p.). After sterile prepa-
ration, a blunt guide cannula (20 Gauge) was advanced
in the narrow space between LS5 and L6 intervertebral
space, and the correct intrathecal localization was con-
firmed by a tail-flick or a paw retraction and occasion-
ally by backflow of spinal fluid. The catheter was
threaded into the guide cannula and inserted approxi-
mately 3 cm beyond the tip of the guide cannula. The
catheter was sutured and tunneled under the skin to the
cervical region. After surgery, rats were housed in indi-
vidual cages. On the day 2 of the implantation surgery, a
15 pl of 2% lidocaine followed by saline (10 pl) was
given and an immediate motor paralysis of the hind
part of the animal (within 15 s) lasting for 20 to
30 min indicated a correct intrathecal location.
The rats without motor or postural deficits were selected
for further experiments at least five days after intrathecal
implantation. All injections were followed by a 10-pl saline
flush to clear the catheter.

Neuroligin| siRNA

Purified siRNA duplexes targeting rat neuroliginl were
chemically synthesized by GenePharma Co., Ltd
(Shanghai, China). The following four different
siRNA sequence pairs were used: siRNA 49, 5-GG
CCUGUCAUUCAGUUUCUTT -3 and 5-AGAA
ACUGAAUGACAGGCCTT -3'; siRNAj3¢, 5-GGU
ACCUCAUCUGCAUAAUTT -3 and 5-AUUAUGC
AGAUGAGGUACCTT -3'; siRNA,497, 5'- GCAGGA
UGAUCCCAAACAATT -3’ and 5- UUGUUUGGG
AUCAUCCUGCTT -3'; and siRNA |34, 5- GCUGA
CUUUAUCCCAUUAUTT -3 and 5- AUAAUGG
GAUAAAGUCAGCTT -3'. To identify the interference
efficiency of the four siRNA duplexes and screen the
optimal siRNA duplexes for in vivo experiments, we
carried out cotransfection experiments in vitro. Human
embryonic kidney 293T cells were cultivated under stan-
dard conditions as described previously. Cotransfection
experiments were performed with a pcDNA3.1/
neuroliginl-green fluorescent protein (GFP) plasmid
(0.3 pg) and siRNA (0.8 pg). Selective neuroliginl
siRNA or scrambled siRNA was mixed in 200
ul of OptiMEMI low-serum media with 6ul of
Lipofectamine 2000 reagent (Invitrogen, Grand Island,
NY). Complexes were allowed to form for 20 min at
room temperature before being added to cells. Cells
were incubated at 37°C in 5% CO, with gentle rocking
for 24 h or 48 h and then harvested. Protein expression
was analyzed by Western blotting. The plasmid
(NIGN1-GFP) lane was used as standard lane.

The intrathecal injections of vehicle, neuroliginl
siRNA, or scrambled siRNA (negative control, 3.3 pug
in 10 pl) in transfection reagent (at a ratio of 1:5, w: v)
were performed twice daily for three consecutive days in
rats before plantar incision.'”?” The selected dose of
siRNA was based on our preliminary data.

Statistical analysis

Quantitative analysis for expression time-courses of neu-
roliginl, GluA1, GluA2, and PSD-95 was performed by
one-way analysis of variance (ANOVA) followed by all
pair-wise multiple comparison procedures using the
Bonferroni test. For coimmunoprecipitation experi-
ments, comparisons of immunoprecipitated neuroliginl
and PSD-95 between control and the 3-h time point were
analyzed statistically by Student’s 7 test for independent
samples. For comparisons of input and immunoprecip-
itation on immunoblots of neuroliginl and PSD-95
among control, sham-operated, and incision groups,
we used ANOVA followed by Bonferroni multiple com-
parison tests. The data from cell culture and pain behav-
ioral tests were also analyzed with ANOVA followed by
Bonferroni multiple comparison tests. The two-tailed
tests were used since we had open outcome expectations
for these experiments. SPSS 18 (SPSS Inc., Chicago, IL)
was used for data analysis. All data are expressed as
mean + SEM. P < 0.05 was regarded as significant.

Results

Plantar incision increased the protein levels of
neuroliginl and GluA |l in postsynaptic membrane
fraction of ipsilateral dorsal horn, but did not enhance
the total protein levels of neuroliginl in whole-cell
homogenates of ipsilateral dorsal horn

Western blot study showed that the levels of neuroliginl
and GluAl were significantly increased in the postsyn-
aptic membrane fraction of ipsilateral dorsal horn at 3h
and 1 day after plantar incision (P < 0.05), as compared
to that in control group (Figure I(a) to (c)). The
increased neuroliginl and GluAl expression returned
to the baseline level at three days after incision. There
was no significant change in the expression of GluA2
and PSD-95 in the postsynaptic membrane fraction of
ipsilateral dorsal horn after plantar incision (P> 0.05,
Figure 1(a), (d), and (e)).

In whole-cell homogenates of ipsilateral dorsal horn,
the protein levels of neuroliginl at 3 h, 1 day, and 3 days
after incision were not significantly different from that of
control group (Figure 1(f) and (g)). Additionally, in the
contralateral dorsal horn, the level of neuroliginl did not
significantly change after incision (data not shown).
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Figure I. Plantar incision increased the expression of neuroliginl and GIuAl in the postsynaptic membrane fraction of ipsilateral dorsal
horn, but did not enhance the expression of total neuroliginl in whole-cell homogenates of ipsilateral dorsal horn. (a) Representative
Western blots show neuroliginl, GluAl, GluA2, and PSD-95 protein levels in the postsynaptic membrane fraction of ipsilateral dorsal horn
in rats at 3 h, | day, and 3 days after plantar incision. (b) to (e) Quantitative analysis of band density shows that the expressions of
neuroliginl and GluAl, but not GluA2 and PSD-95 in the postsynaptic membrane fraction of ipsilateral dorsal horn, were significantly
increased after incision. The B-tubulin was used as an internal reference. (f) Representative Western blot shows the expression of
neuroligin| in the whole-cell homogenates of ipsilateral spinal cord dorsal horn in rats at different time points after plantar incision. The
B-tubulin was used as an internal reference. (g) Quantitative analysis of band density shows that incision did not significantly alter the
expression of neuroliginl in the whole-cell homogenates of the ipsilateral dorsal horn, as compared to that in the control group *P < 0.05,
*#P < 0.01, compared with the control group. n =6 rats/time point. Ctrl: Control group (naive); NGNLI: neuroliginl; PSD: postsynap-
tic density.

ipsilateral dorsal horn in rats at 3 h after plantar incision
(Figure 2(a) to (f)).

Neuroligin| and PSD-95 were colocalized in the
dorsal horn and showed an increased interaction after

plantar incision

The neuroliginl and PSD-95 interaction is indispensable
for the transmission of trans-synaptic signals. Double-
labeling immunofluorescence study showed that
neuroliginl and PSD-95 were highly colocalized in

We further determined whether incision changes the
interaction between neuroliginl and PSD-95 in dorsal
horn. At 3 h after plantar incision, the amount of
PSD-95 that was coimmunoprecipitated with neuroli-
ginl antibody was significantly increased in the ipsilat-
eral dorsal horn, as compared to that of the control
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Figure 2. Neuroliginl and PSD-95 were colocalized in the dorsal horn and showed an increased interaction after plantar incision.
Representative images of neuroligin| ((a) and (d), green) and PSD-95 ((b) and (e), red) immunoreactivity in the dorsal horn of lumbar spinal
cord (L5-Lé). Colocalization (merge) is shown in yellow ((c) and (f)). Double-labeled neurons are indicated by arrows. (a), (b), and (c) are
shown in lower magnification. (d), (€), and (f) are shown in higher magnification. Scale bars: 100 um (a) and 50 um (d). (g) Ipsilateral dorsal
horn tissue was collected from rats at 3 h after plantar incision of the right hind paw and from control (naive) rats. Representative
immunoblots illustrate total neuroliginl and PSD-95 protein (Input) and PSD-95 coimmunoprecipitated by neuroligin| antibody (IP: anti-
neuroliginl) or IgG (negative control). (h) Quantitative analysis shows the level of PSD-95 coimmunoprecipitated by neuroligin| antibody.
The interaction between neuroliginl and PSD-95 was significantly enhanced at 3 h after incision. The PSD-95 was not coimmunopreci-
pitated with IgG. *P < 0.0] compared to the control group. n=6 rats per group. NGNLI: neuroliginl; PSD: postsynaptic density.

group (P <0.01, Figure 2(g) and (h)). PSD-95 was not
coimmunoprecipitated by IgG (Figure 2(g)), suggesting
the specific interaction between neuroliginl and PSD-95,
which was enhanced in the dorsal horn after plantar
incision. The interaction between neuroliginl and PSD-
95 in the contralateral dorsal horn was not significantly
increased after incision (data not shown).

Validation of small interfering RNAs (siRNAs)
for neuroligin |
Since siRNAs may induce selective and effective gene-

silencing, we examined four siRNAs in cultured human
embryonic kidney 293T cells to identify the effective one

for inhibiting neuroliginl expression. The siRNAggo,
siRNA,3¢65, and siRNA,49; inhibited the expression of
GFP-neuroliginl at 24 h and 48 h after treatment
(P<0.01, Figure 3(a) and (b)). The siRNA,49; induced
a greater inhibition than siRNAgg and siRNA,3¢,. The
siRNA 34, and scrambled siRNA (negative control) did
not inhibit GFP-neuroliginl expression. Accordingly, the
siRNA,497 was chosen for the following in vivo study.

Intrathecal pretreatment of siRNA, 497 attenuated
postoperative pain in rats

We then used intrathecal delivery of siRNA,49; to
determine  whether  downregulation of  spinal
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Figure 3. ldentification of small interfering RNA (siRNA) for neuroliginl. (a) and (b) Representative immunoblots show the effects of four
neuroliginl siRNA constructs on the expression of neuroliginl-green fluorescent protein (GFP) fusion protein at 24 h and 48 h after
treatment in human embryonic kidney 293 cells. (c) Quantitative analysis shows that the siRNA699, siRNA2362, and siRNA2497
decreased the expression of neuroligin| in cultured cells at 24 h and 48 h. The siRNA2497 completely silenced neuroligin| expression at
24 h and induced a greater inhibition than others siRNAs at 48 h. The scrambled siRNA did not affect neuroligin| expression. **P < 0.01,
compared to the control group. n = 6/group. Scr: scrambled; siRNA: small interfering ribonucleic acid; NGNLI: neuroligin|.
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Figure 4. Intrathecal pretreatment with siRNA2497 decreased cumulative pain scores and mechanical hypersensitivity at 3 h after plantar
incision. Pretreatment with intrathecal siRNA2497, but not scrambled siRNA, significantly reduced the cumulative pain scores and
increased the paw withdrawal threshold of rats at 3 h post-incision as compared with vehicle pretreatment. *P < 0.05, compared to the
control group; #P < 0.05, compared to the vehicle-pretreated group. n =9 rats per group. Ctrl: control (naive) group; siRNA: small
interfering ribonucleic acid; Scr: scrambled.

neuroliginl in vivo provides postoperative pain relief. siRNA, or siRNA,4;, respectively. Compared to
Twenty-seven rats with intrathecal catheter were ran- naive and sham-operated rats, plantar incision signifi-
domly divided into three experimental groups (n=9/ cantly increased cumulative pain scores (P <0.05,
group) that received intrathecal vehicle, scrambled Figure 4(a)) and decreased the paw withdrawal
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threshold to mechanical stimulation (P < 0.05, Figure 4
(b)). Compared to vehicle pretreatment, intrathecal
pretreatment with siRNA,49; significantly reduced
the cumulative pain scores and enhanced paw with-
drawal threshold in rats at 3 h post-incision (P < 0.05,
Figure 4). However, compared to control group, the
cumulative pain scores remained higher and the paw
withdrawal thresholds remained lower in the group
with siRNA,49; pretreatment (P < 0.05). Pretreatment
with scrambled siRNA did not change the cumulative
pain scores and paw withdrawal thresholds, as com-
pared to vehicle pretreatment (P> 0.05).

(a) (b) _ 20
& & o Fw
& & £ &« z 2
O 10
%
NLGNT | o— — e — T 06
e}
= 0.0
GluA1 - e .
GIUA? | gae et e o Guap |
£
PSD-95 | qNED GaND N> D @GNS | S
Sa
B-UbUIIN | o e S (DE
o

(d) 18
€
= T
o 8 101
€
S
O35 os
ie]
S
oo
& <& g X &
AP I YY)
& %0& &

Intrathecal siRNA, 497 attenuated the upregulation
of neuroliginl and GluA| expression dafter
plantar incision

There was an increased expression of neuroliginl and
GIuAl in postsynaptic membrane of ipsilateral dorsal
horn in scrambled siRNA-pretreated and vehicle-
pretreated rats at 3 h after plantar incision, as compared
to the control rats. The enhanced expression of neuro-
liginl and GIluAl was significantly attenuated by
siRNA,49; pretreatment (P <0.05, Figure 5(a) to (c)).
The expressions of GluA2 and PSD-95 in postsynaptic

)

PSD-95
(fold of B-tubulin)

Figure 5. Intrathecal pretreatment of rats with siRNA2497 inhibits the enhanced expression of GIuA| at postsynaptic membrane after
plantar incision. (a) Representative Western blots show neuroligin|, GluAl, GluA2, and PSD-95 protein levels in the postsynaptic fraction
of ipsilateral dorsal horn tissue from different groups. The B-tubulin was used as an internal reference. (b) Quantitative analysis of band
density shows that pretreatment of siRNA2497 significantly suppressed the neuroliginl expression in postsynaptic membrane 3 h after
planter incision. (c) Pretreatment with intrathecal siRNA2497, but not scrRNA or vehicle, prevented the increase in GluA| expression in
the postsynaptic membrane of ipsilateral dorsal horn at 3 h after plantar incision. (d) and (e) Pretreatment with intrathecal siRNA2497 had
no effects on the expression of GluA2 and PSD-95 in postsynaptic membrane. *P < 0.05, **P < 0.01, compared to the control group. n=6
rats/group. Ctrl: control (naive) group; siRNA: small interfering ribonucleic acid; Scr: scrambled; NGNLI: neuroliginl; PSD: postsynap-

tic density.
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Figure 6. Intrathecal pretreatment with siRNA2497 attenuated the increased in neuroligin |-PSD-95 interaction after plantar incision. (a)
Representative immunoblots illustrate PSD-95 coimmunoprecipitated by neuroliginl antibody in the ipsilateral dorsal horn in rats that
received different pretreatments. (b) Coimmunoprecipitation results show that pretreatment with siRNA2497 reduced the level of
neuroligin |-PSD-95 interaction as compared to the control group. *P < 0.05, **P < 0.01, compared to the control group. n =6 rats per
group. Ctrl: control (naive) group; IP: immunoprecipitation; NGNLI: neuroligin|; siRNA: small interfering ribonucleic acid; Scr: scrambled;

PSD: postsynaptic density.

membrane were not significantly different between
groups (Figure 5(d) and (e)).

Intrathecal siRNA, 497 inhibited the increased
interaction between neuroliginl and PSD-95
after plantar incision

The amount of PSD-95 that was coimmunoprecipitated
by neuroliginl antibody in ipsilateral dorsal horn of
vehicle- and scrambled siRNA-pretreated groups was
significantly greater than that of the sham injury group
(P <0.05, Figure 6(a) and (b)), suggesting an increased
interaction between neuroliginl and PSD-95 after plan-
tar incision. Pretreatment with siRNA,497 significantly
decreased the level of PSD-95 coimmunoprecipitated
by neuroliginl antibody (Figure 6(b)).

Discussion

Current study showed for the first time that plantar inci-
sion upregulated the expression of neuroliginl and
increased its interaction with PSD-95 in the postsynaptic
membrane fraction of spinal cord dorsal horn. This
change may subsequently lead to an increased targeting
of AMPA receptor GluAl subunit to the cellular
membrane in dorsal horn neurons. Importantly, down-
regulation of neuroliginl expression by intrathecal
siRNA,497 before incision reduced the interaction
between neuroliginl and PSD-95 and synaptic targeting
of GluA1 subunits. Furthermore, intrathecal neuroliginl
siRNA pretreatment also attenuated incision-induced
guarding pain behavior and mechanical hypersensitivity.

AMPA receptors play an important role in fast excit-
atory synaptic transmission.”® Previous studies showed
that epidural or intrathecal administration of AMPA/
kainate receptor antagonists produced analgesia in inci-
sional pain model, suggesting an important role of spinal

AMPA receptors in the development of postoperative
pain hypersensitivity.>” ! Our group has been studying
the regulation of spinal AMPA receptor (phosphoryla-
tion, subunits trafficking) in incisional pain sensitization.
In an acute incisional pain model, we found that the
phosphorylation of GluAl subunits at Serine-831 and
Serine-845 sites might be differentially regulated after
incision and support a neurobiological mechanism of
post-operative pain involved in phosphorylation of
AMPA subunits GluAl-Ser-831, but not pGluAl-
Ser-845.>2 Furthermore, we found that surgical tissue
injuries enhanced the membrane translocation level of
PKC gamma, but not PKC alpha, beta I, and beta II,
and induced the trafficking of GluAl, but not GluA2
into neuronal plasma membrane.** Our group also dem-
onstrated that surgical incision enhances the interaction
between stargazin and AMPA receptor subunit GluAl,
but not GluA2, and increases the surface delivery of
GluAl in dorsal horn neurons. Importantly, downregu-
lation of stargazin with intrathecal siRNA significantly
inhibited incision-induced interaction between stargazin
and GluAl, and attenuated the surface delivery of
GluAl in dorsal horn.'” Current findings show that
plantar incision significantly increases the level of
GluAl, but not GluA2 subunit at postsynaptic mem-
brane fraction of the ipsilateral dorsal horn.* Under
physiologic condition, most AMPA receptors are imper-
meable to Ca2+ because of the presence of the GluA2
subunit.** Changes in GluAl and GluA2 subunit traf-
ficking, which lead to rapid alterations in the composi-
tion of synaptic AMPA receptors, may play an
important role in pain hypersensitivity that develops
after tissue or nerve injury.*>>’ Our current findings in
a rat model of incisional pain suggest that an increase in
Ca2+-permeable AMPA receptors in dorsal horn neu-
rons in response to plantar incision may contribute
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to postoperative pain by strengthening the excitatory
synaptic transmission at spinal level. It has been
reported that acute peripheral inflammatory stimulation
by CFA or 5% formalin can induce spinal long-term
potentiation very early after stimulation onset (within
3 h after subcutancous injection of CFA or formalin
into plantar).®® This will further provide evidence to
demonstrate the functional significance of the present
study. Previous studies also showed that neurogenic
inflammation induced by capsaicin, carrageenan, and
formalin injection also increased the membrane insertion
of GluAl, but not GIluA2 subunits in the dorsal
horn,*>*** which is in line with current findings.

Neurexins and neuroligins are important transmem-
brane adhesion proteins in the regulation of synapse
function.''***%¢ The expressions of neuroliginl and neu-
roligin2 in the central nervous system are restricted to
excitatory and inhibitory synapses, respectively.'®47
Neuroliginl is enriched at the postsynaptic densities of
excitatory synapses containing the scaffolding protein
PSD-95. In contrast, neuroligin2 is primarily located at
glycinergic and GABAergic inhibitory synapses, where it
colocalizes with the scaffolding protein gephyrin.®
Because of their specific synaptic localization and func-
tion, neuroligins control the balance between excitatory
and inhibitory synapses.'®>*?! Under hyperalgesic
states, synaptic plasticity in the dorsal horn shifts the
balance toward excitation.”> However, less is known
whether neuroliginl dysfunction is implicated in the
imbalanced excitatory/inhibitory synaptic transmission
in dorsal horn during postoperative pain. In the current
study, we provide novel evidence that plantar incision
increases the expression of neuroliginl, at postsynaptic
membrane fraction, but not the whole homogenates of
the ipsilateral dorsal horn after plantar incision. Recent
studies have shown that nerve injury did not alter
the neuroliginl expression in the dorsal horn.*”>*
It has been demonstrated that changes in synaptic
strength can alter neuroliginl intracellular transport.
Competitive PSD-95 peptide and neuroligin 1 C-termi-
nal mutagenesis can specifically alter expression of neu-
roliginl on membrane and interfere its internalization."'
Our results suggest that the trafficking of neuroliginl to
postsynaptic membrane in dorsal horn neurons may
occur after plantar incision, but the underlying mecha-
nisms remain to be investigated.

Although the level of PSD-95 in postsynaptic mem-
brane fraction was unchanged after plantar incision,
coimmunoprecipitation revealed that incision enhances
its interaction with neuroliginl. According to previous
studies,”® > pre-existing PSD-95 “slots” promoted the
synaptic recruitment of Stargazin/AMPARs complexes
in long-term potentiation. Our study showed that plan-
tar incision enhanced the expression of neuroliginl in
postsynaptic membrane and the binding between

neuroliginl and pre-existing PSD-95. The total levels
of PSD-95 in postsynaptic membrane were unchanged
after planter incision. Additionally, double-labeling
immunofluorescence study indicates that neuroliginl
and PSD-95 are colocalized in dorsal horn neurons at
3 h post-incision. This morphological evidence suggests
a physiological basis for the interaction between neuro-
liginl and PSD-95 in the same cell. Lin et al.”? also
showed the colocolization of neuroliginl and PSD-95
in dorsal horn neurons in neuropathic rats. At excitatory
synapses, neuroligin-1 binds to the third PDZ (PSD-95/
Dlg/Z0-1) homology domain of the major scaffold pro-
tein PSD-95, which interacts directly with NMDA recep-
tors and indirectly with AMPA receptors through
binding to the auxiliary subunit stargazin.”'* Our pre-
vious study demonstrated that the interaction between
PSD-95 and stargazin can regulate the clustering of
AMPA receptor GluA1 subunits in the dorsal horn in
response to incisional noxious stimuli.'” Neuroligin1 has
been implicated in diverse forms of synaptic plastici-
ty.”®>7 Overexpression of neuroliginl increases evoked
synaptogenesis and excitatory postsynaptic currents,'>>®
indicating that the enhanced expression of neuroliginl
may contribute to the facilitated excitatory synaptic
transmission. Taken together, these findings suggest
that plantar incision enhances the expression of neuro-
liginl, which leads to the increased interaction between
neuroliginl and PSD-95 in postsynaptic dorsal horn
neurons. Subsequently, PSD-95 may indirectly enhance
the synaptic targeting of GluAl subunits through the
interaction with stargazing.!” Together, these findings
support the critical role of neuroliginl/PSD-95 interac-
tion in the incision-induced synaptic targeting of spinal
AMPA receptor GluAl subunits. As we have not exam-
ined in a chronic postsurgical pain model (e.g., skin/
muscle incision and retraction model), the interpretation
of current findings is limited to the early or acute post-
operative pain condition.

Neuroliginl is involved in chronic pain, such as neu-
ropathic pain.”® Current findings suggest that neuroli-
ginl-/PSD-95-mediated synaptic targeting of spinal
AMPA receptor GluAl subunits may also play an
important role in the development of incisional pain sen-
sitization. We think that the increased interaction
between neuroliginl and PSD-95 may contribute to the
development of central sensitization, and may not only
present in chronic pain conditions. But the mechanism
underlying the transition of post-operative incision pain
from acute phase to chronic phase remains unclear.

The suppression of neuroliginl by siRNA produced a
significant pain inhibition after incision, suggesting that
neuroliginl is an important player in the development of
postoperative pain. Meanwhile, knockdown of neuroli-
ginl expression with siRNA attenuated the increased
interaction between neuroliginl and PSD-95 and
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inhibited the synaptic targeting of GluA1l subunits after
incision. However, the expressions of PSD-95 and
GIluA2 subunits at postsynaptic membrane fraction
were unchanged. The expression ratio of synaptic
GluAl to GluA2 may greatly affect the efficacy and
strength of AMPA receptor-mediated excitatory synap-
tic transmission.”® %> GluAl-deficient mice exhibited
fewer Ca2+-permeable AMPA receptors and a decrease
in AMPA current density in dorsal horn neurons, which
was associated with a decreased inflammatory hyperal-
gesia.®®* In contrast, GluA2-deficient mice exhibited an
increased spinal Ca2+-permeable AMPA receptors and
an increased inflammatory hyperalgesia.®> Thus, neuro-
liginl siRNA may cause a reduction in the number of
Ca2+-permeable AMPA receptors at postsynaptic
dorsal horn neurons, which, in turn, decreases synaptic
strength and leads to attenuated spinal nociceptive trans-
mission. A recent study in mice lacking 4E-binding pro-
tein 1 showed that an enhanced expression of
neuroliginl is associated with the increased excitatory
synaptic input into dorsal horn neurons and facilitation
of synaptic potentiation.®® Furthermore, genetic sup-
pression of neuroliginl normalized the increased excit-
atory synaptic activity and reversed mechanical
hypersensitivity.®  Therefore, neuroliginl-mediated
trans-synaptic signaling is a critical to the development
of pain hypersensitivity.

In summary, our findings suggest that neuroliginl-/
PSD-95-mediated synaptic targeting of AMPA receptor
GluAl subunits may be involved in postoperative pain.
Targeting neuroliginl-mediated trans-synaptic signaling
at spinal level may provide a new therapy to inhibit
postoperative pain.

Author Contributions

WY and TM conceived the project and supervised all experi-
ments. GRJ and WY designed the project. GRJ, LXY, and
XZJ performed the animal models, conducted behavioral
experiments and siRNA experiments. LHL, SYQ, and MDX
carried out the western, coimmunoprecipitation, and immuno-
fluorescence. GRJ, LHL, LXY, GY, LJF, and WY analyzed
the data. GRJ, WY, and GYT wrote the manuscript. All
authors read and approved the final manuscript.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of
this article.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: This work was supported by the National Natural
of China (81400909, 81571065,

Science  Foundation

81428008, 81171181, Beijing, China) and Natural Science
Foundation of Beijing (7152056, Beijing, China).

References

1. Zahn PK and Brennan TJ. Lack of effect of intrathecally
administered N-methyl-D-aspartate receptor antagonists
in a rat model for postoperative pain. Anesthesiology
1998; 88: 143-156.

2. Leem JW, Kim HK, Hulsebosch CE and Gwak YS.
Tonotropic glutamate receptors contribute to maintained
neuronal hyperexcitability following spinal cord injury in
rats. Exp Neurol 2010; 224: 321-324.

3. Dalva MB, McClelland AC and Kayser MS. Cell adhesion
molecules: signalling functions at the synapse. Nat Rev
Neurosci 2007; 8: 206-220.

4. Bamji SX, Shimazu K, Kimes N, Huelsken J, Birchmeier
W, Lu B and Reichardt LF. Role of beta-catenin in syn-
aptic vesicle localization and presynaptic assembly. Neuron
2003; 40: 719-731.

5. Dalva MB, Takasu MA, Lin MZ, Shamah SM, Hu L,
Gale NW and Greenberg ME. EphB receptors interact
with NMDA receptors and regulate excitatory synapse for-
mation. Cell 2000; 103: 945-956.

6. Graf ER, Zhang X, Jin SX, Linhoff MW and Craig AM.
Neurexins induce differentiation of GABA and glutamate
postsynaptic specializations via neuroligins. Cell 2004;
119: 1013-1026.

7. Umemori H, Linhoff MW, Ornitz DM and Sanes JR.
FGF22 and its close relatives are presynaptic organizing
molecules in the mammalian brain. Cell 2004;
118: 257-270.

8. Hu HT, Umemori H and Hsueh YP. Postsynaptic SDC2
induces transsynaptic signaling via FGF22 for bidirection-
al synaptic formation. Sci Rep 2016; 6: 33592.

9. Barrow SL, Constable JR, Clark E, El-Sabeawy F,
McAllister AK and Washbourne P. Neuroliginl: a cell
adhesion molecule that recruits PSD-95 and NMDA recep-
tors by distinct mechanisms during synaptogenesis. Neural
Dev 2009; 4: 17.

10. Schnell E, Sizemore M, Karimzadegan S, Chen L, Bredt
DS and Nicoll RA. Direct interactions between PSD-95
and stargazin control synaptic AMPA receptor number.
Proc Natl Acad Sci U S A 2002; 99: 13902—13907.

11. Schapitz 1U, Behrend B, Pechmann Y, Lappe-Siefke C,
Kneussel SJ, Wallace KE, Stempel AV, Buck F, Grant
SG, Schweizer M, Schmitz D, Schwarz JR, Holzbaur
EL and Kneussel M. Neuroligin 1 is dynamically
exchanged at postsynaptic sites. J Neurosci 2010;
30: 12733-12744.

12. Knight D, Xie W and Boulianne GL. Neurexins and neu-
roligins: recent insights from invertebrates. Mol Neurobiol
2011; 44: 426-440.

13. Jeyifous O, Lin EI, Chen X, Antinone SE, Mastro R,
Drisdel R, Reese TS and Green WN. Palmitoylation
regulates glutamate receptor distributions in postsynaptic
densities through control of PSD95 conformation and ori-
entation. Proc  Natl  Acad  Sci  USA 2016;
113: E8482-E8491.



Molecular Pain

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Zhang B and Sudhof TC. Neuroligins are selectively essen-
tial for NMDAR signaling in cerebellar stellate interneur-
ons. J Neurosci 2016; 36: 9070-9083.

Chubykin AA, Atasoy D, Etherton MR, Brose N,
Kavalali ET, Gibson JR and Sudhof TC. Activity-
dependent validation of excitatory versus inhibitory synap-
ses by neuroligin-1 versus neuroligin-2. Neuron 2007;
54: 919-931.

Jung SY, Kim J, Kwon OB, Jung JH, An K, Jeong AY,
Lee CJ, Choi YB, Bailey CH, Kandel ER and Kim JH.
Input-specific synaptic plasticity in the amygdala is regu-
lated by neuroligin-1 via postsynaptic NMDA receptors.
Proc Natl Acad Sci U S A 2010; 107: 4710-4715.

Guo R, Zhao Y, Zhang M, Wang Y, Shi R, Liu Y, Xu J,
Wu A, Yue Y, Wu J, Guan Y and Wang Y. Down-
regulation of Stargazin inhibits the enhanced surface
delivery of alpha-amino-3-hydroxy-5-methyl-4-isoxazole
propionate receptor GluR1 subunit in rat dorsal horn
and ameliorates postoperative pain. Anesthesiology 2014;
121: 609-619.

Levinson JN, Chery N, Huang K, Wong TP, Gerrow K,
Kang R, Prange O, Wang YT and El-Husseini A.
Neuroligins mediate excitatory and inhibitory synapse for-
mation: involvement of PSD-95 and neurexin-lbeta in
neuroligin-induced synaptic specificity. J Biol Chem 2005;
280: 17312-17319.

Giannone G, Mondin M, Grillo-Bosch D, Tessier B, Saint-
Michel E, Czondor K, Sainlos M, Choquet D and
Thoumine O. Neurexin-1beta binding to neuroligin-1 trig-
gers the preferential recruitment of PSD-95 versus
gephyrin through tyrosine phosphorylation of neuroligin-
1. Cell Rep 2013; 3: 1996-2007.

Brennan TJ, Vandermeulen EP and Gebhart GF.
Characterization of a rat model of incisional pain. Pain
1996; 64: 493-501.

Chaplan SR, Bach FW, Pogrel JW, Chung JM and Yaksh
TL. Quantitative assessment of tactile allodynia in the rat
paw. J Neurosci Methods 1994; 53: 55-63.

Dixon WJ. Efficient analysis of experimental observations.
Annu Rev Pharmacol Toxicol 1980; 20: 441-462.

Xu J and Brennan TJ. Guarding pain and spontaneous
activity of nociceptors after skin versus skin plus deep
tissue incision. Anesthesiology 2010; 112: 153-164.

Liaw WIJ, Zhu XG, Yaster M, Johns RA, Gauda EB and
Tao YX. Distinct expression of synaptic NR2A and NR2B
in the central nervous system and impaired morphine tol-
erance and physical dependence in mice deficient in post-
synaptic density-93 protein. Mol Pain 2008; 4: 45.

Dunah AW and Standaert DG. Dopamine D1 receptor-
dependent trafficking of striatal NMDA glutamate recep-
tors to the postsynaptic membrane. J Neurosci 2001;
21: 5546-5558.

Babiec WE, Guglietta R and O’Dell TJ. Basal levels of
AMPA receptor GluA1 subunit phosphorylation at threo-
nine 840 and serine 845 in hippocampal neurons. Learn
Mem 2016; 23: 127-133.

Xu Q, Cheong YK, He SQ, Tiwari V, Liu J, Wang Y, Raja
SN, Li J, Guan Y and Li W. Suppression of spinal con-
nexin 43 expression attenuates mechanical hypersensitivity

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

in rats after an L5 spinal nerve injury. Neurosci Lett 2014;
566: 194-199.

Ben-Yaacov A, Gillor M, Haham T, Parsai A, Qneibi M
and Stern-Bach Y. Molecular mechanism of AMPA recep-
tor modulation by TARP/stargazin. Neuron 2017; 93:
1126-1137.e1124.

Zahn PK, Pogatzki-Zahn EM and Brennan TJ. Spinal
administration of MK-801 and NBQX demonstrates
NMDA-independent dorsal horn sensitization in incisional
pain. Pain 2005; 114: 499-510.

Lee HJ, Pogatzki-Zahn EM and Brennan TJ. The effect of
the AMPA /kainate receptor antagonist LY293558 in a rat
model of postoperative pain. J Pain 2006; 7: 768-777.

Jin HC, Keller AJ, Jung JK, Subieta A and Brennan TJ.
Epidural tezampanel, an AMPA /kainate receptor antago-
nist, produces postoperative analgesia in rats. Anesth
Analg 2007; 105: 1152-1159.

Wang Y, Mu X, Wu J, Wu A, Fang L, Li J and Yue Y.
Differential roles of phosphorylated AMPA receptor
GluR1 subunits at Serine-831 and Serine-845 sites in
spinal cord dorsal horn in a rat model of post-operative
pain. Neurochem Res 2011; 36: 170-176.

Wang Y, WuJ, Guo R, Zhao Y, Wang Y, Zhang M, Chen
Z, Wu A and Yue Y. Surgical incision induces phosphor-
ylation of AMPA receptor GluR1 subunits at Serine-831
sites and GluR1 trafficking in spinal cord dorsal horn via a
protein kinase Cgamma-dependent mechanism.
Neuroscience 2013; 240: 361-370.

Vikman KS, Rycroft BK and Christie MJ. Switch to
Ca2+-permeable AMPA and reduced NR2B NMDA
receptor-mediated neurotransmission at dorsal horn noci-
ceptive synapses during inflammatory pain in the rat.
J Physiol 2008; 586: 515-527.

Galan A, Laird JM and Cervero F. In vivo recruitment by
painful stimuli of AMPA receptor subunits to the plasma
membrane of spinal cord neurons. Pain 2004;
112: 315-323.

Jones TL and Sorkin LS. Activated PKA and PKC, but
not CaMKIlalpha, are required for AMPA/Kainate-
mediated pain behavior in the thermal stimulus model.
Pain 2005; 117: 259-270.

Luo C, Seeburg PH, Sprengel R and Kuner R. Activity-
dependent potentiation of calcium signals in spinal sensory
networks in inflammatory pain states. Pain 2008;
140: 358-367.

Yang F, Guo J, Sun WL, Liu FY, Cai J, Xing GG and
Wan Y. The induction of long-term potentiation in spinal
dorsal horn after peripheral nociceptive stimulation and
contribution of spinal TRPVI in rats. Neuroscience 2014;
269: 59-66.

Katano T, Furue H, Okuda-Ashitaka E, Tagaya M,
Watanabe M, Yoshimura M and Ito S. N-cthylmalei-
mide-sensitive fusion protein (NSF) is involved in central
sensitization in the spinal cord through GluR2 subunit
composition switch after inflammation. Eur J Neurosci
2008; 27: 3161-3170.

LuY, Sun YN, Wu X, Sun Q, Liu FY, Xing GG and Wan
Y. Role of alpha-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate (AMPA) receptor subunit GluR1 in



Guo et al.

13

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

spinal dorsal horn in inflammatory nociception and neu-
ropathic nociception in rat. Brain Res 2008; 1200: 19-26.
Park JS, Voitenko N, Petralia RS, Guan X, Xu JT,
Steinberg JP, Takamiya K, Sotnik A, Kopach O,
Huganir RL and Tao YX. Persistent inflammation induces
GIluR2 internalization via NMDA receptor-triggered PKC
activation in dorsal horn neurons. J Neurosci 2009;
29: 3206-3219.

Lee DZ, Chung JM, Chung K and Kang MG. Reactive
oxygen species (ROS) modulate AMPA receptor phos-
phorylation and cell-surface localization in concert with
pain-related behavior. Pain 2012; 153: 1905-1915. 2012/
07/10.

Chen SX, Tari PK, She K and Haas K. Neurexin-neuro-
ligin cell adhesion complexes contribute to synaptotropic
dendritogenesis via growth stabilization mechanisms in
vivo. Neuron 2010; 67: 967-983.

Bemben MA, Shipman SL, Hirai T, Herring BE, Li Y,
Badger JD, Nicoll RA 2nd, Diamond JS and Roche
KW. CaMKII phosphorylation of neuroligin-1 regulates
excitatory synapses. Nat Neurosci 2014; 17: 56-64.
Gutierrez RC, Flynn R, Hung J, Kertesz AC, Sullivan A,
Zamponi GW, El-Husseini A and Colicos MA. Activity-
driven mobilization of post-synaptic proteins. Eur J
Neurosci 2009; 30: 2042-2052.

Gjorlund MD, Carlsen EMM, Konig AB, Dmytrieva O,
Petersen AV, Jacobsen J, Berezin V, Perrier JF and
Owczarek S. Soluble ectodomain of neuroligin 1 decreases
synaptic activity by activating metabotropic glutamate
receptor 2. Front Mol Neurosci 2017; 10: 116.

Dolique T, Favereaux A, Roca-Lapirot O, Roques V,
Leger C, Landry M and Nagy F. Unexpected association
of the “inhibitory” neuroligin 2 with excitatory PSD95 in
neuropathic pain. Pain 2013; 154: 2529-2546.

Blundell J, Tabuchi K, Bolliger MF, Blaiss CA, Brose N,
Liu X, Sudhof TC and Powell CM. Increased anxiety-like
behavior in mice lacking the inhibitory synapse cell adhe-
sion molecule neuroligin 2. Genes Brain Behav 2009;
8: 114-126.

Kim JA, Kim D, Won SY, Han KA, Park D, Cho E, Yun
N, An HJ, Um JW, Kim E, Lee JO, Ko J and Kim HM.
Structural insights into modulation of neurexin-neuroligin
trans-synaptic adhesion by MDGAI1/neuroligin-2 com-
plex. Neuron 2017; 94: 1121-1131.e1126.

Prange O, Wong TP, Gerrow K, Wang YT and El-
Husseini A. A balance between excitatory and inhibitory
synapses is controlled by PSD-95 and neuroligin. Proc Natl
Acad Sci U S 4 2004; 101: 13915-13920.

Dahlhaus R, Hines RM, Eadie BD, Kannangara TS, Hines
DJ, Brown CE, Christite BR and El-Husseini A.
Overexpression of the cell adhesion protein neuroligin-1
induces learning deficits and impairs synaptic plasticity
by altering the ratio of excitation to inhibition in the hip-
pocampus. Hippocampus 2010; 20: 305-322.

Lin TB, Lai CY, Hsiech MC, Jiang JL, Cheng JK, Chau
YP, Ruan T, Chen GD and Peng HY. Neuropathic allo-
dynia involves spinal neurexin-lbeta-dependent neuroli-
gin-1/postsynaptic density-95/NR2B cascade in rats.
Anesthesiology 2015; 123: 909-926.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Tomita S, Stein V, Stocker TJ, Nicoll RA and Bredt DS.
Bidirectional synaptic plasticity regulated by phosphoryla-
tion of stargazin-like TARPs. Neuron 2005; 45: 269-277.
Sumioka A, Yan D and Tomita S. TARP phosphorylation
regulates synaptic AMPA receptors through lipid bilayers.
Neuron 2010; 66: 755-767.

Heine M, Groc L, Frischknecht R, Beique JC, Lounis B,
Rumbaugh G, Huganir RL, Cognet L and Choquet D.
Surface mobility of postsynaptic AMPARSs tunes synaptic
transmission. Science 2008; 320: 201-205.

Kim J, Jung SY, Lee YK, Park S, Choi JS, Lee CJ, Kim
HS, Choi YB, Scheiffele P, Bailey CH, Kandel ER and
Kim JH. Neuroligin-1 is required for normal expression
of LTP and associative fear memory in the amygdala of
adult animals. Proc Natl Acad Sci U S A 2008;
105: 9087-9092.

Bie B, Wu J, Yang H, Xu JJ, Brown DL and Naguib M.
Epigenetic suppression of neuroligin 1 underlies amyloid-
induced memory deficiency. Nat Neurosci 2014;
17: 223-231.

Budreck EC, Kwon OB, Jung JH, Baudouin S, Thommen
A, Kim HS, Fukazawa Y, Harada H, Tabuchi K,
Shigemoto R, Scheiffele P and Kim JH. Neuroligin-1 con-
trols synaptic abundance of NMDA-type glutamate recep-
tors through extracellular coupling. Proc Natl Acad Sci U
S A4 2013; 110: 725-730.

Wang Y, Wu J, Wu Z, Lin Q, Yue Y and Fang L.
Regulation of AMPA receptors in spinal nociception.
Mol Pain 2010; 6: 5.

Makino H and Malinow R. AMPA receptor incorporation
into synapses during LTP: the role of lateral movement
and exocytosis. Neuron 2009; 64: 381-390.

Woolf CJ. Central sensitization: implications for the diag-
nosis and treatment of pain. Pain 2011; 152: S2-S15.
Malinow R and Malenka RC. AMPA receptor trafficking
and synaptic plasticity. Annu Rev Neurosci 2002;
25: 103-126.

Andrasfalvy BK, Smith MA, Borchardt T, Sprengel R and
Magee JC. Impaired regulation of synaptic strength in hip-
pocampal neurons from GluRI1-deficient mice. J Physiol
2003; 552: 35-45.

Schuh CD, Brenneis C, Zhang DD, Angioni C, Schreiber
Y, Ferreiros-Bouzas N, Pierre S, Henke M, Linke B,
Nusing R, Scholich K and Geisslinger G. Prostacyclin reg-
ulates spinal nociceptive processing through cyclic adeno-
sine monophosphate-induced translocation of glutamate
receptors. Anesthesiology 2014; 120: 447-458.

Hartmann B, Ahmadi S, Heppenstall PA, Lewin GR,
Schott C, Borchardt T, Seeburg PH, Zeilhofer HU,
Sprengel R and Kuner R. The AMPA receptor subunits
GluR-A and GluR-B reciprocally modulate spinal synaptic
plasticity and inflammatory pain. Neuron 2004
44: 637-650.

Khoutorsky A, Bonin RP, Sorge RE, Gkogkas CG,
Pawlowski SA, Jafarnejad SM, Pitcher MH, Alain T,
Perez-Sanchez J, Salter EW, Martin L, Ribeiro-da-Silva
A, De Koninck Y, Cervero F, Mogil JS and Sonenberg
N. Translational control of nociception via 4E-binding
protein 1. eLife 2015; 4: e12002.



