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Spinal plasticity, a key process mediating neuropathic pain development, requires ubiquitination-dependent protein turnover. Presyn-
aptic active zone proteins have a crucial role in regulating vesicle exocytosis, which is essential for synaptic plasticity. Nevertheless, the
mechanism for ubiquitination-regulated turnover of presynaptic active zone proteins in the progression of spinal plasticity-associated
neuropathic pain remains unclear. Here, after research involving Sprague Dawley rats, we reported that spinal nerve ligation (SNL), in
addition to causing allodynia, enhances the Rab3-interactive molecule-1� (RIM1�), a major active zone protein presumed to regulate
neural plasticity, specifically in the synaptic plasma membranes (SPMs) of the ipsilateral dorsal horn. Spinal RIM1�-associated allodynia
was mediated by Fbxo3, which abates Fbxl2-dependent RIM1� ubiquitination. Subsequently, following deubiquitination, enhanced
RIM1� directly binds to CaV2.2, resulting in increased CaV2.2 expression in the SPMs of the dorsal horn. While exhibiting no effect on
Fbxo3/Fbxl2 signaling, the focal knockdown of spinal RIM1� expression reversed the SNL-induced allodynia and increased spontaneous
EPSC (sEPSC) frequency by suppressing RIM1�-facilitated CaV2.2 expression in the dorsal horn. Intrathecal applications of BC-1215 (a
Fbxo3 activity inhibitor), Fbxl2 mRNA-targeting small-interfering RNA, and �-conotoxin GVIA (a CaV2.2 blocker) attenuated RIM1�
upregulation, enhanced RIM1� expression, and exhibited no effect on RIM1� expression, respectively. These results confirm the pre-
diction that spinal presynaptic Fbxo3-dependent Fbxl2 ubiquitination promotes the subsequent RIM1�/CaV2.2 cascade in SNL-induced
neuropathic pain. Our findings identify a role of the presynaptic active zone protein in pain-associated plasticity. That is, RIM1�-
facilitated CaV2.2 expression plays a role in the downstream signaling of Fbxo3-dependent Fbxl2 ubiquitination/degradation to promote
spinal plasticity underlying the progression of nociceptive hypersensitivity following neuropathic injury.
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Introduction
The presynaptic active zone mediates synaptic vesicle exocytosis.
Modulation of the zone’s molecular composition is important
for the regulation of neurotransmitter release, synaptic plasticity,

and neuronal network activity (Spangler et al., 2013; Michel et al.,
2015). Rab3-interactive molecule-1� (RIM1�) is a major RIM
isoform and has been identified as an active zone protein with the
ability to significantly regulate vesicle exocytosis (Geppert et al.,
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Significance Statement

Ubiquitination is a well known process required for protein degradation. Studies investigating pain pathology have demonstrated
that ubiquitination contributes to chronic pain by regulating the turnover of synaptic proteins. Here, we found that the spinal
presynaptic active zone protein Rab3-interactive molecule-1� (RIM1�) participates in neuropathic pain development by binding
to and upregulating the expression of CaV2.2. In addition, Fbxo3 modifies this pathway by inhibiting Fbxl2-mediated RIM1�
ubiquitination, suggesting that presynaptic protein ubiquitination makes a crucial contribution to the development of neuro-
pathic pain. Research in this area, now in its infancy, could potentially provide a novel therapeutic strategy for pain relief.
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1997; Wang et al., 1997, 2000). Electrophysiological recordings of
pyramidal neurons dissected from RIM1�-knock-out (KO) mice
reveal that RIM1� is essential for synaptic vesicle priming and
presynaptic long-term plasticity (Kaeser et al., 2008). In the
Schaffer collateral-CA1 synapse, RIM1� is recognized as a central
molecule integrating active zone proteins and maintaining the
probability of vesicle release during short-term synaptic plasticity
(Schoch et al., 2002). Although ample studies have linked presyn-
aptic proteins to plasticity underlying the nociceptive hypersen-
sitivity after neuropathic injury (Kohno et al., 2005; Yan et al.,
2013), the potential role of the spinal RIM1�-associated presyn-
aptic plasticity in the development of neuropathic pain remains
unestablished to date.

Vesicle exocytosis at the active zone is initiated by the influx of
Ca 2� through Ca 2� channels (Gandini et al., 2011). In the CA1
area of the hippocampus, evidence obtained from field potentials
and whole-cell voltage-clamp recordings has confirmed the es-
sential role of RIM1� in Ca 2�-triggered exocytosis (Schoch et al.,
2006). Notably, RIM has been demonstrated to associate with
N-type voltage-dependent calcium channels (CaV2.2), thereby
enabling fast and synchronous neurotransmitter release at the
presynaptic site (Coppola et al., 2001; Hibino et al., 2002). In
addition, spinal CaV2.2 has been linked to the development of
neuropathic pain because mice lacking CaV2.2 have decreased
tactile allodynia caused by nerve ligation (Saegusa and Tanabe,
2014). Conversely, the spinal administration of �-conotoxin, a
selective CaV2.2 blocker, produces a dose-dependent ameliora-
tion of the nerve injury-induced mechanical allodynia (Jaya-
manne et al., 2013). These experiments have given rise to the
plausible hypothesis that spinal RIM1� may recruit nearby
CaV2.2 and thereby regulate neurotransmitter release at the pre-
synaptic terminal to participate in the neural plasticity underly-
ing the development of neuropathic pain.

Ubiquitination-associated protein degradation has attracted
researchers’ attention as a mechanism regulating the abundance
of synaptic proteins (Varshavsky, 2005; Yi and Ehlers, 2005).
Ubiquitination-dependent protein turnover has been linked to
changes in the composition of synaptic proteins in response to
altered synaptic activity (Ehlers, 2003; Yi and Ehlers, 2005). In-
terestingly, previous studies have demonstrated that Fbxl2, a
synapse-localized E3 ubiquitin ligase implicated in neural trans-
mission, directly binds to RIM1 and subsequently results in RIM1
ubiquitination (Yao et al., 2007, 2011). In Fbxl2-KO mice, RIM1
has a longer half-life, and it has the ability to significantly reduce
ubiquitination in association with an enhanced frequency of
miniature EPSCs (mEPSCs) in the CA3–CA1 synapse (Yao et al.,
2007). Recently, studies have revealed that Fbxo3, another E3-
ubiquitin ligase subunit, potently stimulates cytokine secretion
by destabilizing Fbxl2 (Chen et al., 2013; Mallampalli et al., 2013).
Together, these studies link the Fbxo3/Fbxl2 cascade to RIM1�
unubiquitination and activation. As RIM1� is known to be es-
sential for CaV2.2-associated vesicle exocytosis (Schoch et al.,
2006) and our laboratory has demonstrated that Fbxo3/Fbxl2
signaling contributes to the spinal plasticity underlying neuro-
pathic pain (Lin et al., 2015b), we wondered whether the Fbxo3/
Fbl2 cascade contributes to the spinal plasticity underlying

neuropathic pain development by affecting RIM1� and the sub-
sequent CaV2.2-dependent neurotransmission.

Here, we identify the role of spinal RIM1� in neuropathic
pain processing in the pre-SPMs of the dorsal horn. We conclude
that Fbxo3 contributes to the spinal plasticity underlying the de-
velopment of neuropathic pain by directly binding to and ubiq-
uitinating the Fbxl2, which results in the uncoupling of RIM1�
from Fbxl2 and subsequently activates RIM1� to recruit CaV2.2
to the presynaptic site of the dorsal horn.

Materials and Methods
Animal preparations. Adult male Sprague Dawley rats weighing 200 –250
g were used. They were housed at room temperature (23 � 2°C) with a
12 h light/dark cycle (lights on from 8:00 A.M. to 8:00 P.M.), and were fed
food and water ad libitum. All animal procedures in this study were
conducted in accordance with the guidelines of the International Asso-
ciation for the Study of Pain (Zimmermann, 1983) and were reviewed
and approved by the Institutional Review Board of Taipei Medical Uni-
versity, Taipei, Taiwan.

Spinal nerve ligation. Ligations of spinal nerves in rats were per-
formed under isoflurane anesthesia (induction 5%, maintenance 2%
in oxygen), following the methods of a previous study (Lin et al.,
2016). After isoflurane anesthesia, rats were placed in a prone posi-
tion. An incision was made, and the left L5–L6 spinal nerves were
carefully isolated and tightly ligated with 6-0 silk sutures 2–5 mm
distal to the dorsal root ganglia. Finally, the wound and the surround-
ing skin were sutured. In the sham-operation group, the surgical
procedures were identical to those in the nerve-ligation group, except
the silk sutures were left unligated.

Intrathecal catheter. Implantation of intrathecal cannula was per-
formed as described in our previous studies (Lin et al., 2015a,b). Under
isoflurane anesthetized (induction 5%, maintenance 2% in oxygen),
PE-10 Silastic tubing was implanted in the lumbar enlargement of the
spinal cord. The outer part of the catheter was plugged and immobilized
onto the skin on closure of the wound. After implantation, the animals
were allowed to recover for 3 d. Rats showed neurological deficits after
surgery were killed and excluded from statistical analyses.

Behavioral studies. Tactile sensitivity was assessed by measuring each
rat’s paw-withdrawal threshold in response to probing with von Frey
monofilaments (Stoelting) according to the method of Schäfers (Schäfers
et al., 2003). In brief, rats were placed individually in an opaque plastic
cylinder, which was placed on a wire mesh. Animals were habituated for
1 h to allow acclimatization to the test environment before each test.
After acclimatization, calibrated von Frey filaments (0.07–26.0 g) were
applied to the plantar surfaces of the hindpaws of rats. The withdrawal
threshold was assayed 1 d before surgery to ensure that the animals had
normal tactile sensitivity. Because a previous study has showed the mean
withdrawal threshold of naive rats are approximately 15 g (Chung et al.,
2004), rats that displayed thresholds lower than 15 g (which could be
sensitive to nonpainful stimulation) and exhibited no withdrawal when
the hair of 15 g was applied (which could be insensitive to painful stim-
ulation) were excluded for further experiments. Motor function was as-
sessed using an accelerating rotarod apparatus (LE8500, Ugo Basile). For
acclimatization, the animals were subjected to three training trials at 3– 4
h intervals on 2 separate days. During the training sessions, the rod was
set to accelerate from 3 to 30 rpm over a 180 s period. During the test
session, the performance times of rats were recorded up to a cutoff time
of 180 s. Three measurements were obtained at intervals of 5 min and
were averaged for each test.

Subcellular fractionation. The dissected dorsal horn (L4 –L5) sample
was homogenized in 25 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 1%
sodium deoxycholate, and 0.1% SDS with a complete protease inhibitor
mixture (Roche). After incubation on ice (1 h), the lysates were centri-
fuged (14,000 rpm, 20 min, 4°C). The supernatant is recognized as total
homogenate. Subcellular fractions were prepared and modified accord-
ing to the method described in Butz et al. (1999). Briefly, rats were anes-
thetized and decapitated. The spinal cords were dissected on ice. All the
subcellular fractionation procedures and subsequent handling of frac-
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tionated samples were done at 4°C. The spinal cords were homogenized
in ice-cold sucrose/HEPES buffer (0.32 M sucrose, 10 mM HEPES, pH
7.4) containing protease inhibitors and phosphatase inhibitor, and cen-
trifuged at 800 � g for 10 min. Supernatant (S1) was separated from
pellet containing nuclei plus debris (P1). Collected supernatant S1 was

centrifuged at 9000 � g for 20 min to obtain supernatant S2 and crude
synaptosomal fraction from pellet P2. The pellet P2 was washed once in
sucrose/HEPES buffer, lysed hypotonically, and centrifuged at 25,000 �
g for 20 min to isolate synaptosomal membranes in the pellet (LP1),
whereas the free synaptic vesicles remained in the supernatant (LS1). The

Figure 1. SNL upregulates RIM1� expression in SPMs of the dorsal horn accompanied with allodynia. A, B, Representative Western blotting and statistical analysis (normalized to GAPDH
and N-cadherin) revealing SNL-increased RIM1� expression in the total homogenate (A) and SPMs (B) of the ipsilateral (I and IPSI), but not the contralateral (C and CONTRA), dorsal horn. IB,
Homogenate immunoblotting; SPM IB, SPM immunoblotting. Homogenate, two-way ANOVA with repeated measures over time, treatment, F(3,20) � 33.35, p � 0.001; time, F(5,100) � 3.806, p �
0.003; treatment � time, F(15,100) � 3.164, p � 0.001; SPMs, two-way ANOVA with repeated measures over time, treatment, F(3,20) � 87.35, p � 0.001; time, F(5,100) � 5.201, p � 0.001;
treatment � time, F(15,100) � 5.091, p � 0.001; *p � 0.05, **p � 0.01 vs Sham IPSI. #p � 0.05, ##p � 0.01 vs SNL Day �1; n � 6. C, Time course of SNL-reduced withdrawal threshold of the
ipsilateral hindpaw (von Frey test). Two-way ANOVA with repeated measures over time, treatment, F(3,24) � 59.25, p � 0.001; time, F(5,120) � 4.81, p � 0.001; treatment � time, F(15,120) � 3.79,
p � 0.001; *p � 0.05, **p � 0.01 vs Sham IPSI; ##p � 0.01 vs Day �1. n � 7.
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Figure 2. The knockdown of spinal RIM1� expression relieves SNL-induced allodynia. A, B, Representative Western blot and statistical analysis (normalized to GAPDH) demonstrating that the
intrathecal administration of RIM1� mRNA-targeting siRNA (RIM1� RNAi; 1, 3, and 5 �g; 10 �l; once daily for 4 d), but not missense siRNA (MS; 5 �g, 10 �l) or polyethylenimine (a transfection
reagent, PEI; 10 �l), dose-dependently decreased spinal RIM1� expression of naive rat. Yet, all these treatments failed to affect the abundance of RIM2 in the dorsal horn sample of naive rat. it,
Implantation of an intrathecal catheter; IB, immunoblotting. RIM1�, one-way ANOVA, post hoc Tukey’s test, F(6,35) � 22.96, p � 0.001; RIM2, one-way ANOVA, post hoc Tukey’s test, F(6,35) �
0.2130, p � 0.970; *p � 0.05, **p � 0.01 vs Naive. n � 6. C, The intrathecal application of neither RIM1� mRNA-targeting siRNA (RIM1� RNAi; 5 �g, 10 �l) nor missense siRNA (MS RNAi; 5 �g,
10 �l) resulted in motor deficits in rats (rotarod test). The gray bar at the bottom indicates the duration of intrathecal administration. Two-way ANOVA with repeated measures over time, treatment,
F(3,24) � 2.27, p � 0.11; time, F(4,96) � 0.11, p � 0.98; treatment � time, F(12,96) � 0.86, p � 0.59; n � 7. D, E, Although it exhibited no effect on sham-operated animals, intrathecal RIM1�
mRNA-targeting siRNA (SNL 7D�it�RIM1� RNAi; 5 �g, 10 �l) increased the withdrawal threshold of SNL animals on postoperative days 5 and 7 (von Frey test). The gray bar at the bottom
indicates the duration of intrathecal administration. In sham-operated animals, two-way ANOVA with repeated measures over time, treatment, F(3,24) � 0.10, (Figure legend continues.)
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pellet LP1 was resuspended with 1.1 M sucrose/HEPES buffer, layered on
the bottom of a discontinuous sucrose gradient (0.855 and 0.32 M) and
centrifuged for 2.5 h at 19,000 rpm, resulting in the isolation of myelin (in
the 0.32/0.855 M sucrose interface), SPMs (in the 0.855/1.1 M sucrose
interface), and mitochondria (in the pellet). All protein concentrations
were determined with the BCA protein assay kit (Pierce), using BSA as a
standard.

Western blotting. The sample was separated on an acrylamide gel and
transferred to a polyvinylidene difluoride membrane, which was then
incubated (1 h, room temperature) in either rabbit anti-RIM1� (1:250;
Biorbyt), rabbit anti-RIM2 (1:400; GeneTex), goat anti-Fbxl2 antibody
(1:250; Santa Cruz Biotechnology), rabbit anti-Fbxo3 antibody (1:500;
Santa Cruz Biotechnology), mouse anti-ubiquitin antibody (1:1000;
Santa Cruz Biotechnology), rabbit anti-CaV2.2 (1:200; Thermo Fisher
Scientific), N-cadherin (mouse; 1:2000; Thermo Fisher Scientific), or
mouse anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH;
1:4000; Santa Cruz Biotechnology). The blots were washed and incu-
bated (1 h, room temperature) in peroxidase-conjugated goat anti-
rabbit IgG (1:8000; Jackson ImmunoResearch) or goat anti-mouse
IgG (1:8000; Jackson ImmunoResearch). The protein bands were vi-
sualized using an enhanced chemiluminescence detection kit (ECL
Plus, Millipore) and then subjected to a densitometric analysis with
Science Lab 2003 (Fuji).

Coprecipitation studies. Extractions of dorsal horn samples were incu-
bated with a rabbit anti-RIM1� (Biorbyt), goat anti-Fbxl2 antibody
(Santa Cruz Biotechnology), or rabbit anti-CaV2.2 (Thermo Fisher Sci-
entific) overnight at 4°C. The 1:1 protein agarose suspension (Millipore)
slurry was added to the protein immunocomplex, and the mixture was
incubated at 4°C for 2–3 h. Agarose beads were washed once with 1%
(v/v) Triton X-100 in immunoprecipitation buffer [50 mM Tris-Cl, pH
7.4, 5 mM EDTA, 0.02% (w/v) sodium azide], twice with 1% (v/v) Triton
X-100 in immunoprecipitation buffer plus 300 mM NaCl, and three times
with immunoprecipitation buffer only. Bound proteins were eluted with
SDS polyacrylamide gel electrophoresis sample buffer at 95°C. The pro-
teins were then separated using SDS-PAGE, electrophoretically trans-
ferred onto polyvinylidene difluoride membranes, and detected using a
rabbit anti-RIM1� (1:250; Biorbyt), mouse anti-ubiquitin antibody (1:
1000; Santa Cruz Biotechnology), or rabbit anti-CaV2.2 (1:200; Thermo
Fisher Scientific).

Spinal slice preparations. Under anesthesia with isoflurane, rats under-
went laminectomy for removal of the lumbar spinal cord. The lumbar
spinal cord section was placed in ice-cold sucrose artificial CSF (aCSF)
bubbled with 95% O2/5% CO2. The sucrose aCSF consisted of the fol-
lowing (in mM): 234 sucrose, 3.6 KCl, 1.2 MgCl2, 2.5 CaCl2, 1.2
NaH2PO4, 12 glucose, and 25 NaHCO3. The pia-arachnoid membrane
was removed from the section. The spinal cord tissue was then placed in
a shallow groove formed in a gelatin block and glued on the stage of a
vibratome (DTK1000, Dosaka). Transverse spinal cord slices (400 �m)
were cut at the L5–L6 level in the ice-cold sucrose aCSF. After dissection,
slices were equilibrated in aCSF at room temperature for �1 h before
recording. The aCSF consisted of the following (in mM): 117 NaCl, 4.5
KCl, 2.5 CaCl2, 1.2 MgCl2, 1.2 NaH2PO4, 25 NaHCO3, and 11.4 dextrose
bubbled with 95% O2/5% CO2, pH 7.4. During recordings, one slice was
mounted on a submerged recording chamber and continuously perfused
with oxygenated aCSF at 3– 4 ml/min.

Whole-cell electrophysiological recordings. The spinal lamina II was
identified by a translucent band in the superficial dorsal horn on an
upright fixed-stage infrared-differential interference contrast micro-
scope (BX51WI, Olympus). Spinal lamina I and outer lamina II were
selected for whole-cell patch-clamp recordings, as previously described
(Zhou et al., 2010). Glass pipettes (resistance, 5– 8 M�) were pulled and
filled with an internal solution containing the following (in mM): 110
Cs � gluconate, 5 tetraethylammonium, 5 QX314, 0.5 CaCl2, 5 BAPTA,
10 HEPES, 5 MgATP, and 0.33 GTP-Tris, pH 7.3, 280 mOsm/l. The input
resistance was monitored, and the recording was discarded if it changed
	15%. All electrophysiological signals were acquired using an Axon
setup (Molecular Devices). Signals were sampled by pCLAMP 9.2 via an
amplifier (Axopatch 200B) and an analog-to-digital converter (Digidata
1322A), filtered at 2–5 kHz, digitized at 10 kHz, and stored for off-line
analysis. sEPSCs and mEPSCs were recorded at �70 mV in the presence
of (�)bicuculline methiodide (10 �M), a GABAA receptor antagonist,
and without or with tetrodotoxin (1 �M), respectively.

Small-interfering RNA. The 19-nucleotide small-interfering RNA
(siRNA) duplex was 5
-GCACAAGCUUUAUGUCAGA-3
 for fRIM1�
and 5
-GAACAUUGAACACUUAAAC-3
 for Fbxl2. The missense nucleo-
tide sequence was 5
-UGAUAUUACCCUGAAUAUG-3
. The missense or
siRNA construct was intrathecally administered using a polyethyleneimine-
based (10 �l; Dharmacon) gene-delivery system into the dorsal subarach-
noid space (L4–L5) of animals through the implanted catheter (daily for
4 d).

Drug application. BC-1215 (a novel inhibitor of Fbxo3 activity; 100 nM,
10 �l; Merck) was intrathecally administered by single bolus injection.
�-Conotoxin GVIA (CaV2.2 blockers; 10, 30, and 100 pM; 10 �l;
Bachem) was administered intrathecally by single bolus injection. A ve-
hicle solution of equal volume to that of the tested agents was dispensed
to serve as a control. The amplitude and frequency of sEPSCs were re-
corded in the presence of BC-1215 (300 nM), �-conotoxin GVIA (100
nM), and nifedipine (an L-type calcium channel antagonist; 50 �M;
Sigma-Aldrich).

Data analysis. The data in this study were analyzed using SigmaPlot
10.0 (Systat Software) or Prism 6.0 (GraphPad) and are expressed as the
mean � SEM. Paired two-tailed Student’s t tests were used to compare
the means between groups. One-way or two-way ANOVA was used to
assess changes in values for serial measurements over time, and post hoc
Tukey’s tests were used to compare the means of groups. Significance was
set at p � 0.05. Mini Analysis 6.0 (Synaptosoft) was used to analyze the
amplitude and frequency of sEPSCs and mEPSCs. The Kolmogorov–
Smirnov test was used to compare the cumulative probability of sEPSCs
frequency and amplitude.

Results
Nerve ligation enhances RIM1� expression in the SPMs of the
dorsal horn and provokes behavioral allodynia
To uncover the role of spinal RIM1� in the development of neuro-
pathic pain, we initially examined the amount of RIM1� in the dor-
sal horn homogenate in response to neuropathic injury. Western
blotting demonstrated that RIM1� expression was significantly in-
creased in the ipsilateral, but not the contralateral, dorsal horn on
days 1, 3, 7, 14, and 21 after spinal nerve ligation (SNL; 0.40 � 0.04,
0.45 � 0.02, 0.57 � 0.03, 0.52 � 0.03, and 0.51 � 0.03, respectively.
n � 6; Fig. 1A). Because RIM1 had previously been reported to be
localized to the area of the SPMs (Wang et al., 2001), we used a
subcellular fractionation to examine RIM1� expression in the SPMs
of the dorsal horn following nerve ligation. The abundance of
RIM1� in the SPMs of the ipsilateral, but not the contralateral, dor-
sal horn increased after SNL (0.59 � 0.03, 0.61 � 0.03, 0.81 � 0.03,
0.78 � 0.03, and 0.80 � 0.02, respectively. n � 6) in parallel with that
in the total homogenate (Fig. 1B). Moreover, the SNL-enhanced
RIM1�-expression levels in the homogenate and SPM were both
temporally aligned with the SNL-induced tactile allodynia (2.77 �
0.44, 1.62 � 0.42, 0.30 � 0.07, 0.61 � 0.14, and 0.51 � 0.14 g,
respectively. n � 7; Fig. 1C). Together, these data suggest that neu-

4

(Figure legend continued.) p � 0.96; time, F(4,96) � 1.23, p � 0.30; treatment � time,
F(12,96) � 1.45, p � 0.16; in SNL animals, two-way ANOVA with repeated measures over
time, treatment, F(3,24) � 20.83, p � 0.001; time, F(4,96) � 961.9, p � 0.001; treatment �
time, F(12,96) � 10.62, p � 0.001; **p � 0.01 vs SNL; n � 7. F, G, Representative Western
blotting and statistical analysis demonstrating that the RIM1� expression in the total homog-
enate (F, normalized to GAPDH) and synaptic plasma membranes (G, normalized to N-cadherin)
of the ipsilateral dorsal horn on postoperative day 7 of sham-operated and SNL animals were
attenuated by the administration of RIM1� mRNA-targeting siRNA (SNL 7D�RIM1� RNAi,
5 �g, 10 �l; once daily at days 3– 6 after SNL). IB, Homogenate immunoblotting; SPM IB, SPM
immunoblotting. Student’s t tests; **p � 0.01 vs Sham 7D; ##p � 0.01 vs SNL 7D. ��p �
0.01 vs Sham 7D�RIM1� RNAi; n � 6.
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ropathic injury induces nociceptive hyper-
sensitivity associated with enhanced RIM1�
expression in the SPM of the ipsilateral dor-
sal horn.

Knocking down of spinal RIM1�
expression ameliorates
SNL-induced allodynia
To provide a genetic basis for the role of
spinal RIM1� in the development of neu-
ropathic pain, we generated rats in which
spinal RIM1� expression was focally
knocked down through the daily intra-
thecal administration of antisense siRNA
specifically targeting the RIM1� mRNA.
First, Western blotting demonstrated a
dose-dependent decrease in the abun-
dance of RIM1� expression in the dorsal
horn samples of naive rats following
administration with RIM1� mRNA-
targeting siRNA (1, 3, and 5 �g; 10 �l;
once daily for 4 d; 0.18 � 0.02, 0.07 �
0.02, 0.04 � 0.01, respectively; n � 6; Fig.
2A) but not with missense siRNA (5 �g,
10 �l), polyethylenimine (a transfection
reagent, 10 �l), or intrathecal catheter im-
plantation alone. In contrast, the expres-
sion of spinal RIM2 expression remained
at a relatively constant level across groups
(Fig. 2B). This finding suggests that spinal
RIM1� expression was specifically
knocked down by the administration with
antisense siRNA. Subsequent rotarod

Figure 3. Knockdown of spinal RIM1� expression decreases the SNL-enhanced frequency of sEPSCs and mEPSCs in ipsilateral
dorsal horn neurons. A, Top, Representative traces of sEPSCs recorded in the ipsilateral dorsal horn neuron of spinal slices isolated
from animals receiving the sham-operation (Sham 7D), SNL (SNL 7D), SNL treated with missense siRNA (SNL 7D�MS RNAi), and

4

SNL treated with RIM1� mRNA-targeting antisense siRNA
(SNL 7D�RIM1� RNAi). Bottom left, Cumulative probability
histograms of the interevent interval and the amplitude of
sEPSCs recorded from all groups. Note that the interevent in-
terval of sEPSCs was significantly shorter and the amplitude
was larger in the SNL group than in the sham-operated group
(p � 0.01, Kolmogorov–Smirnov test). RIM1� mRNA-
targeting antisense siRNA prolonged interevent intervals
of sEPSCs compared with the SNL group (p � 0.01, Kolm-
ogorov–Smirnov test). Bottom right, Average frequency
(F(3,16) � 27.25, one-way ANOVA, p � 0.001, post hoc Tukey’s
tests; **p � 0.01 vs Sham 7D; ##p � 0.01 vs SNL) and ampli-
tude (F(3,16) � 6.44, one-way ANOVA, p � 0.01, post hoc
Tukey’s tests; **p � 0.01 vs Sham 7D) of sEPSCs in animals
receiving the sham operation, SNL, SNL treated with missense
siRNA, and SNL treated with RIM1� mRNA-targeting anti-
sense siRNA. B, Top, Representative traces of mEPSCs recorded
in the ipsilateral dorsal horn neurons of spinal slices isolated
from groups. Bottom left, Cumulative probability histograms
of the interevent interval and the amplitude of mEPSCs. The
interevent interval of mEPSCs was significantly shorter and the
amplitude was larger in SNL animals than in the sham-
operated animals ( p � 0.01, Kolmogorov–Smirnov test).
RIM1� mRNA-targeting antisense siRNA prolonged inter-
event intervals of mEPSCs compared with the SNL group ( p �
0.01, Kolmogorov–Smirnov test). Bottom right, Average fre-
quency (F(3,17) � 38.91, one-way ANOVA, p � 0.001, post hoc
Tukey’s tests. **p � 0.01 vs Sham 7D; ##p � 0.01 vs SNL) and
amplitude (F(3,17) � 18.13, one-way ANOVA, p � 0.01, post
hoc Tukey’s tests; **p � 0.01 vs Sham 7D) of mEPSCs.
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analysis showed no significant differences in the motor perfor-
mance among the naive and polyethylenimine-treated (10 �l),
missense siRNA-treated (5 �g, 10 �l), or RIM1� mRNA-
targeting siRNA-treated (5 �g, 10 �l) groups (Fig. 2C), suggest-
ing that neither these procedures nor the spinal RIM1�
knockdown led to motor deficits in rats. Although none of the
treatments exhibited any effects on the withdrawal threshold of
the sham-operated animals (Fig. 2D), the results of the von Frey
test showed that the daily administration of RIM1� mRNA-
targeting siRNA (5 �g, 10 �l) partially ameliorated SNL-induced
behavioral allodynia, as evidenced by a significant increase in the
withdrawal threshold on days 5 and 7 after the operation (5.14 �
0.73 and 6.00 � 0.87 g, respectively; n � 7; Fig. 2E). Moreover,
administration with RIM1� mRNA-targeting siRNA (5 �g, 10
�l) significantly decreased the RIM1� expression in both the
total homogenate (from 0.27 � 0.02 to 0.04 � 0.01 g and from
0.65 � 0.02 to 0.34 � 0.05, respectively; n � 6; Fig. 2F) and SPM
(from 0.37 � 0.02 to 0.06 � 0.01 g and from 0.83 � 0.03 to 0.43 �
0.03, respectively; n � 6; Fig. 2G) of the ipsilateral dorsal horn
samples dissected at postoperative day 7 from the sham-operated
and SNL-operated groups. Collectively, the data obtained from
the knockdown animals suggested that the increase in RIM1� in
the SPM of the ipsilateral dorsal horn contributes to the SNL-
associated nociceptive hypersensitivity.

RIM1� in pre-SPMs of the dorsal horn contributes to
SNL-induced allodynia
The above experimental results showed that RIM1� expression
in the SPM of the dorsal horn was increased after SNL. However,
the precise location of the SNL-enhanced RIM1�, i.e., at the pre-
synaptic or postsynaptic membrane, is still uncertain. Therefore,
to further identify the involvement of presynaptic and postsyn-
aptic RIM1� in SNL-induced allodynia, we assessed sEPSCs,
which are action potential-dependent presynaptic events, by
electrophysiological recording in acute spinal slices dissected

from different groups. In SNL animals, both the frequency and
amplitude of the sEPSCs were significantly increased in the ipsi-
lateral spinal dorsal neurons on postoperative day 7 compared
with the sham-operated group (frequency: Sham, 0.39 � 0.12,
n � 5; SNL, 2.57 � 0.24, n � 5; amplitude: Sham, 14.73 � 0.59,
n � 5; SNL, 21.21 � 1.02, n � 5; Fig. 3A). Notably, spinal admin-
istration with RIM1� mRNA-targeting siRNA (5 �g, 10 �l) sig-
nificantly decreased the SNL-enhanced frequency but exhibited
no effect on the amplitude of the sEPSCs (frequency: 0.62 � 0.18;
amplitude: 20.44 � 1.72, n � 5; Fig. 3A). Conversely, neither the
frequency nor amplitude of the sEPSCs was affected in dorsal
neurons dissected from rats receiving intrathecal application of
missense siRNA (5 �g, 10 �l; frequency: 2.25 � 0.25; amplitude:
20.43 � 1.10, n � 5). To rule out the possibility that spinal
RIM1� knockdown-associated decrement in sEPSC frequency in
the SNL animal could be attributed to reducing the number of
action potentials in axon transmission, we next recorded
mEPSCs, a spontaneous synaptic activity independent of presyn-
aptic action potential. We observed that while the enhanced am-
plitude was not affected (amplitude: SNL, 18.0 � 0.33, n � 6;
SNL�RIM1� RNAi, 18.18 � 0.84, n � 5), the increased fre-
quency of mEPSCs was significantly reduced in RIM1� knock-
down animals (SNL, 2.30 � 0.23, n � 6; SNL�RIM1� RNAi,
0.34 � 0.06, n � 5; Fig. 3B). This result, similar to the result of
sEPSCs, suggests that focal knockdown of spinal RIM1� predom-
inantly decreased presynaptic release but has minor axonal ef-
fects. Collectively, these results suggest that the SNL induced
allodynia and enhanced sEPSC frequency through the RIM1�-
dependent mechanism in the presynaptic membrane.

BC-1215 relieves allodynia through activation of Fbxl2-
dependent RIM1� ubiquitination in SPMs of the dorsal horn
At presynaptic terminals in vitro, activity-dependent synaptic
function is regulated by E3-ubiquitin ligase (E3)-mediated pro-
tein ubiquitination (Yi and Ehlers, 2005). A recent study has
found that Fbxl2, a synapse-localized E3 ubiquitin ligase, directly
binds to and ubiquitinates RIM1 to regulate synaptic vesicle re-
lease (Yao et al., 2007). As our previous study showed that Fbxo3,
another E3-ubiquitin ligase subunit, contributes to the develop-
ment of neuropathic pain by destabilizing Fbxl2 (Lin et al.,
2015a), we speculated that presynaptic RIM1� contributes to
neuropathic pain through Fbxo3-abating Fbxl2-dependent
RIM1� ubiquitination in the SPM of the dorsal horn. To address
this issue, we first assayed spinal Fbxo3 and Fbxl2 expression in
the SPM following nerve ligation. Western blotting showed that
SNL significantly increased Fbxo3 abundance (0.77 � 0.03, n �
6) but decreased Fbxl2 abundance (0.13 � 0.03, n � 6) in the
SPM of the ipsilateral dorsal horn sample on postoperative day 7
(Fig. 4A). Next, we examined whether the intrathecal application
of BC-1215, a novel activity inhibitor of Fbxo3, could modify
SNL-induced behavioral allodynia. The results of the von Frey
test demonstrated that a single injection bolus of BC-1215 (100
nM, 10 �l), but not the vehicle solution (10 �l), significantly
ameliorated SNL-induced behavioral allodynia by 3 h after injec-
tion (from 0.58 � 0.15 to 6.28 � 0.52 g, n � 7), a time point at
which BC-1215 was shown to exhibit maximal effect on with-
drawal threshold of SNL rats (Lin et al., 2015b). Nevertheless,
application of neither the vehicle solution nor BC-1215 (100 nM,
10 �l) affected the withdrawal threshold of the contralateral
hindpaw at this time point (Fig. 4B). Based on these results, we
further examined whether BC-1215 exerted its analgesic effect by
attenuating Fbxo3-dependent Fbxl2 ubiquitination, resulting in
enhanced RIM1� ubiquitination and degradation in the SPM of
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Figure 4. BC-1215 relieves allodynia by promoting Fbxl2-dependent RIM1� ubiquitination.
A, Representative Western blotting and statistical analysis (normalized to N-cadherin) demon-
strating that SNL increased Fbxo3 but decreased Fbxl2 in the SPMs of the ipsilateral dorsal horn
at day 7 after the operation. SPM IB, SPM immunoblotting. Student’s t test. **p � 0.01 vs Sham
7D; ##p �0.01 vs SNL Day�1; n �6. B, At postoperative day 7, the intrathecal administration
with BC-1215 (SNL 7D�BC-1215; 100 nM; 10 �l), but not the vehicle solution (SNL 7D�Veh,
10 �l), increased the withdrawal threshold of the ipsilateral (IPSI) hindpaw in the SNL rat 3 h
after injection. Nevertheless, both of these treatments failed to affect the contralateral
(CONTRA) hindpaw at the same time point (100 nM; von Frey test). IPSI 0 h, one-way ANOVA,
F(2,18) � 0.37, p � 0.70, post hoc Tukey’s tests; IPSI 3 h, one-way ANOVA, F(2,18) � 84.44, p �
0.001, post hoc Tukey’s tests; CONTRA 0 h, one-way ANOVA, F(2,18) � 0.73, p � 0.50, post hoc
Tukey’s tests. CONTRA 3 h, one-way ANOVA, F(2,18) � 0.27, p � 0.76, post hoc Tukey’s tests;
**p � 0.01 vs SNL 7D 3 h. n � 7. C, On day 7 after the operation, the SNL increased Fbxl2 but
decreased RIM1� ubiquitination in the SPMs of the ipsilateral dorsal horn (SNL 7D), and this
was markedly reversed by spinal injection of BC-1215 (SNL 7D�BC-1215; 100 nM, 10 �l). SPM
IP, SPM immunoprecipitation; IB, Immunoblotting. Fbxl2, one-way ANOVA, F(2,12) � 6.77, p �
0.010, post hoc Tukey’s tests; Fbxo3, one-way ANOVA, F(2,12) � 7.40, p � 0.008, post hoc
Tukey’s tests; *p � 0.05 vs Sham 7D; #p � 0.05 vs SNL 7D; n � 5. D, Without affecting the
abundance of Fbxo3, BC-1215 (SNL 7D�BC-1215; 100 nM, 10 �l) reversed the SNL-decreased
Fbxl2 and SNL-increased RIM1� expression in the SPMs of the ipsilateral dorsal horn. Fbxo3,
one-way ANOVA, F(3,20) � 23.78, p � 0.001, post hoc Tukey’s tests; Fbxl2, one-way ANOVA,
F(3,20) � 26.18, p � 0.001, post hoc Tukey’s tests; RIM1�, one-way ANOVA, F(3,20) � 63.67,
p � 0.001, post hoc Tukey’s tests; **p � 0.01 vs Sham 7D; ##p � 0.01 vs SNL 7D; n � 6. E, The
administration with neither RIM1� mRNA-targeting siRNA (SNL 7D�RIM1� RNAi; 5 �g, 10
�l) nor missense siRNA (SNL 7D�MS RNAi; 5 �g, 10 �l) affected spinal Fbxo3 or Fbxl2 expres-
sion in the SPM of the ipsilateral dorsal horn on day 7 after SNL. Fbxo3, one-way ANOVA,
F(2,15) � 0.15, p � 0.87, post hoc Tukey’s tests; Fbxl2, one-way ANOVA, F(2,15) � 1.19, p �
0.33, post hoc Tukey’s tests; n � 6.
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Figure 5. Knockdown of spinal Fbxl2 expression provokes behavioral allodynia by increasing RIM1� expression without affecting the abundance of Fbxo3 in the ipsilateral dorsal horn. A,
Representative Western blotting and statistical analysis (normalized to GAPDH) demonstrating that intrathecal administration of Fbxl2 mRNA-targeting siRNA (Fbxl2 RNAi; 1, 3, and 5 �g; 10 �l;
once daily for 4 d), but not missense siRNA (MS RNAi; 5 �g, 10 �l) or polyethylenimine (a transfection reagent, PEI; 10 �l), dose-dependently decreased spinal Fbxl2 expression of naive rat. it,
Implantation of an intrathecal catheter; IB, immunoblotting. One-way ANOVA, post hoc Tukey’s test, F(6,35) � 26.07, p � 0.001; *p � 0.05, **p � 0.01 (Figure legend continues.)
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the dorsal horn. At day 7 postoperation, SNL predictably in-
creased Fbxl2 ubiquitination in the SPM of the ipsilateral dorsal
horn (from 91.00 � 19.42 to 222.00 � 30.52%, n � 5), which was
markedly reversed by an intrathecal BC-1215 injection (100 nM,
10 �l; 117.60 � 28.57%, n � 5). Moreover, administrating BC-
1215 (100 nM, 10 �l) to SNL animals with through the intrathecal
route robustly increased RIM1� ubiquitination in the SPM of the
ipsilateral dorsal horn (96.80 � 22.96%, n � 5) compared with
the untreated animals (22.80 � 11.14%, n � 5; Fig. 4C). In addi-
tion, we observed that BC-1215 (100 nM, 10 �l) reversed not only
SNL-enhanced RIM1� expression (from 0.84 � 0.03 to 0.51 �
0.02, n � 6) but also reversed SNL-decreased Fbxl2 expression
(from 0.17 � 0.03 to 0.45 � 0.05, n � 6) without affecting the
abundance of Fbxo3 in the SPM of the ipsilateral dorsal horn on
day 7 after SNL (Fig. 4D). Importantly, the administration of
either RIM1� mRNA-targeting siRNA (5 �g, 10 �l, daily for 4 d)
or missense siRNA (10 �l) did not affect the Fbxo3 or Fbxl2
expression in the SPM of the ipsilateral dorsal horn on day 7 after
SNL (Fig. 4E), implying that spinal Fbxo3 and Fbxl2 in the SPM
act as upstream proteins of RIM1� in neuropathic pain develop-
ment. Collectively, these results suggest that SNL-associated
Fbxo3 expression participates in the development of neuropathic
pain by ubiquitinating Fbxl2, thereby decreasing the Fbxl2-
dependent RIM1� ubiquitination in the SPM of the ipsilateral
dorsal horn.

Knocking down spinal Fbxl2 expression provokes behavioral
allodynia by increasing RIM1� expression without affecting
the abundance of Fbxo3
To further clarify the upstream and/or downstream relationships
between Fbxo3 and Fbxl2, we next generated rats in which spinal
Fbxl2 expression was focally knocked down through daily intra-
thecal administration with antisense siRNA specifically targeting
Fbxl2 mRNA. Western blotting demonstrated a dose-dependent
decrease in the abundance of Fbxl2 expression in the dorsal horn
samples of naive rats receiving an intrathecal injection of Fbxl2
mRNA-targeting siRNA (1, 3, and 5 �g; 10 �l; once daily for 4 d;
0.47 � 0.04, 0.26 � 0.04, 0.18 � 0.03, respectively; n � 6; Fig.
5A), indicating that spinal Fbxl2 expression was knocked down

by specific siRNA. Subsequent rotarod analysis showed no signif-
icant difference in the motor performance among the naive,
polyethylenimine-treated (10 �l), missense siRNA-treated (5 �g,
10 �l), and Fbxl2 mRNA-targeting siRNA-treated (5 �g, 10 �l)
groups (Fig. 5B), suggesting that neither these procedures nor the
spinal Fbxl2 knockdown led to motor deficits in rats. Notably, the
focal knockdown of spinal Fbxl2 expression (5 �g, 10 �l) resulted
in a decreased withdrawal threshold compared with the naive rats
on days 3 and 4 after treatment (3.71 � 0.52 and 2.20 � 0.48 g;
n � 7; Fig. 5C), suggesting that the decrease in spinal Fbxl2 ex-
pression is an essential factor in the development of SNL-
associated allodynia. Moreover, administration with Fbxl2
mRNA-targeting siRNA (5 �g, 10 �l) not only decreased Fbxl2
expression (from 0.63 � 0.01 to 0.19 � 0.01, n � 6) but also
increased RIM1� expression (from 0.38 � 0.03 to 0.84 � 0.03,
n � 6) without affecting the abundance of Fbxo3 expression in
the SPM of the ipsilateral dorsal horn on day 7 after SNL (Fig.
5D). We next clarify whether the RIM1� plays as one of the
downstream effectors of Fbxo3/Fbxl2 cascade in the neuropathic
injury-induced allodynia. First, we examined whether knock-
down of spinal RIM1� expression occludes the effect of Fbxl2
siRNA. In naive animals, trim-down of spinal RIM1� expression
(5 �g, 10 �l) partially reversed the decrement of withdrawal
threshold caused by administration with Fbxl2 mRNA-targeting
antisense siRNA (5 �g, 10 �l; from 2.05 � 0.35 to 5.14 � 0.59 g,
n � 7; Fig. 5E). In addition, focal knockdown of spinal RIM1�
expression (5 �g, 10 �l) exhibited no additional analgesic effect
on BC-1215 (100 nM, 10 �l) for the withdraw threshold has no
significant difference between daily BC-1215-treated SNL rats
with and without daily RIM1� mRNA-targeting antisense siRNA
(7.42 � 0.71 and 8.14 � 1.35 g, respectively; n � 7; Fig. 5F). These
data further support the proposal that spinal Fbxl2 functions as a
downstream molecule of Fbxo3 and subsequently activates
RIM1� in the SPM of the ipsilateral dorsal horn to underlie the
development of neuropathic pain.

BC-1215 reduces SNL-enhanced frequency and amplitude of
sEPSCs in spinal ipsilateral slices
A previous study demonstrated that SNL-enhanced spinal Fbxo3
expression underlies the development of neuropathic pain by
affecting postsynaptic components of the spinal neural circuitry
(Lin et al., 2015b). Moreover, the above results showed that phar-
macological antagonism of spinal Fbxo3 alleviated SNL-induced
allodynia by modifying presynaptic RIM1�-dependent machin-
ery. Nevertheless, whether spinal Fbxo3 could also contribute to
neuropathic pain mechanisms by influencing the presynaptic
components of neural transmission in the dorsal horn is not
clear. Therefore, we investigated the impact of BC-1215 on the
SNL-enhanced frequency/amplitude of sEPSCs recorded from
dorsal horn neurons in spinal slices dissected from SNL animals.
Interestingly, incubation of slices with BC-1215 (300 nM) for 3 h
significantly reversed the SNL-induced enhanced frequency and
amplitude of sEPSCs in dorsal horn neurons (frequency: SNL,
2.40 � 0.23, n � 6; SNL�BC-1215, 0.33 � 0.13, n � 4; ampli-
tude: SNL, 21.17 � 1.12, n � 6; SNL�BC-1215, 14.16 � 0.89,
n � 4; Fig. 6A), indicating that Fbxo3 contributes to the SNL-
induced allodynia through not only postsynaptic but also presyn-
aptic sites of the dorsal horn.

SNL provokes enhancement of spinal presynaptic RIM1�
expression associated with CaV2.2
RIM, a Ca 2�-dependent synaptic vesicle priming factor, is essential
for vesicle priming and the subsequent recruitment of the nearby
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(Figure legend continued.) vs Naïve; n�6. B, C, The focal knockdown of spinal Fbxl2 (Fbxl2 RNAi;
5�g, 10�l) resulted in no significant differences in the time of rotarod performance (C, rotarod test)
but decreased the withdrawal threshold on days 3 and 4 following the start of treatment (D, von Frey
test). The gray bar at the bottom indicates the duration of intrathecal administration. Rotarod perfor-
mance, two-way ANOVA with repeated measures over time, treatment, F(3,24) � 1.79, p � 0.17;
time, F(4,96) �1.84, p�0.13; treatment� time, F(12,96) �1.31, p�0.22. von Frey test, two-way
ANOVA with repeated measures over time, treatment, F(3,24)�6.62, p�0.002; time, F(4,96)�7.56,
p � 0.001; treatment � time, F(12,96) � 4.20, p � 0.001; **p � 0.01 vs Naïve; n � 7. D, Without
affecting Fbxo3 expression, focal knockdown of spinal Fbxl2 expression (Fbxl2 RNAi; 5 �g, 10 �l)
decreased the abundance of Fbxl2 and increased the abundance of RIM1� in the SPMs of the ipsilat-
eraldorsalhorn.SPMIB,SPMimmunoblotting.Fbxo3,one-wayANOVA,F(2,15)�0.24,p�0.79,post
hoc Tukey’s tests; Fbxl2, one-way ANOVA, F(2,15) �92.50, p�0.001, post hoc Tukey’s tests; RIM1�,
one-way ANOVA, F(2,15) � 85.33, p � 0.001, post hoc Tukey’s tests; **p � 0.01 vs Naïve; n � 6.
E, When compared with the decreased withdrawal threshold in the Fbxl2 knocked-down animals
(Fbxl2 RNAi; 5 �g, 10 �l), additional knockdown of RIM1� partially reversed the decreased with-
drawal threshold of the ipsilateral hindpaw (Fbxl2 RNAi�RIM1� RNAi; both 5 �g, 10 �l). One-way
ANOVA, F(2,18) � 34.56, p � 0.001, post hoc Tukey’s tests; **p � 0.01 vs Naïve; #p � 0.01 vs Fbxl2
RNAi; n � 7. F, When compared with daily spinal injection of BC-1215 significantly increased the
withdrawal threshold of the ipsilateral hindpaw (SNL 7D�BC-1215s; 100 nM, 10�l; daily for 4 d from
day 3 to day 6 after SNL) additional administration with RIM1�mRNA-targeting siRNA (SNL 7D�BC-
1215�RIM1� RNAi; 5 �g, 10 �l; daily for 4 d from day 3 to day 6 after SNL) did not further increase
thewithdrawalthreshold(100nM;10�l;vonFreytest).One-wayANOVA,F(2,18)�21.63,p�0.001,
post hoc Tukey’s tests; **p � 0.01 vs SNL 7D; n � 7.
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CaV2.2, which underlies fast excitation–secretion coupling (Han et
al., 2011; Fernández-Busnadiego et al., 2013). Notably, in the spinal
dorsal horn, CaV2.2s are specially localized in the presynaptic nerve
terminals of primary afferents, where they control Ca2� influx,
transmitter release, and the transmission of noxious signals to the
CNS (Lopez Soto and Raingo, 2012). Moreover, previous studies
have demonstrated that �-conotoxin, a selective CaV2.2 blocker,
dose-dependently reduces neuropathic allodynia in rats (Jayamanne
et al., 2013). We therefore hypothesized that RIM1� and CaV2.2
work cooperatively in the spinal presynaptic sites to cause
SNL-induced neuropathic pain. To this end, we first examined
RIM1�–CaV2.2 interactions in the spinal SPM after SNL using im-
munoprecipitation analysis. When compared with the sham opera-
tion, SNL enhanced the abundance of RIM1�-bound RIM1a
(0.66 � 0.04, n � 6) and CaV2.2 coprecipitates (0.69 � 0.05, n � 6)
in the SPM of the ipsilateral dorsal horn at day 7 after the operation
(SPM IP: RIM1�; Fig. 7A), indicating that the interactions of RIM1�

and CaV2.2 were enhanced in the spinal SPM after SNL. Next, by
intrathecally injecting �-conotoxin GVIA, an CaV2.2 antagonist,
into neuropathic animals, we examined whether antagonism of spi-
nal CaV2.2 reduces SNL-induced allodynia. On day 7 post-SNL, in-
trathecal injection of �-conotoxin GVIA (�-conotoxin; 10, 30, and
100 pM; 10 �l), but not vehicle (10 �l), dose-dependently increased
the withdrawal threshold of the ipsilateral hindpaw at 1–6 h postin-
jection (Fig. 7B; 10 pM: 2.25 � 0.49, 3.34 � 0.61, 3.05 � 0.45, 1.71 �
0.20, 1.22 � 0.22, and 1.08 � 0.18 g; 30 pM: 3.42 � 0.57, 4.28 � 0.80,
4.20 � 0.95, 3.71 � 0.52, 2.25 � 0.46, and 2.34 � 0.45 g; 100 pM:
4.28 � 0.52, 7.14 � 0.73, 5.71 � 0.52, 4.57 � 0.36, 4.28 � 0.80, and
4.00 � 0.87 g, respectively; n � 7). In contrast, spinal injection of
�-conotoxin GVIA (100 pM, 10 �l) at day 7 after SNL exhibited no
effect on the mechanical threshold of the contralateral hindpaw
measured 2 h after injection, a time point �-conotoxin GVIA dis-
played maximal analgesic effect (Fig. 7C). Also, at 2 h after injection,
�-conotoxin GVIA (100 pM, 10 �l) did not affect the mechanical

Figure 6. BC-1215 decreases the SNL-enhanced frequency and amplitude of sEPSCs in the ipsilateral dorsal horn. Top, Representative traces of sEPSCs recorded in the ipsilateral dorsal horn
neurons of a spinal slice isolated from animals receiving the sham operation (Sham 7D), SNL (SNL 7D), SNL treated with vehicle (SNL 7D�Veh), and BC-1215 (SNL 7D�BC-1215). Lower left,
Cumulative probability histograms of the interevent interval (left) and the mean value (right) of the frequency and amplitude of sEPSCs recorded from all groups. Note that the interevent interval
of sEPSCs was significantly longer and the amplitude was smaller in the SNL�BC-1215 group than in the SNL group ( p � 0.01, Kolmogorov–Smirnov test). Average frequency (F(3,16) � 14.5,
one-way ANOVA, p � 0.001, post hoc Tukey’s tests; **p � 0.01 vs Sham 7D; ##p � 0.01 vs SNL 7D) and amplitude (F(3,16) � 12.21, one-way ANOVA, p � 0.01, post hoc Tukey’s tests; **p � 0.01
vs Sham 7D; ##p � 0.01 vs SNL) of sEPSCs in animals receiving the sham operation, SNL, SNL with vehicle, and BC-1215.
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threshold of the ipsilateral hindpaw of sham-operated animals at
postoperation day 7 (Fig. 7D). Rotarod analysis showed no signifi-
cant differences in the motor performance among the naive, vehicle-
treated, and �-conotoxin GVIA-treated groups (100 pM, 10 �l),
indicating that the �-conotoxin GVIA-increased mechanical
threshold in SNL animals was not attributed to motor deficits in rats
(Fig. 7E). In electrophysiological recordings, �-conotoxin GVIA
(100 nM) also significantly reduced the SNL-induced enhanced fre-
quency, but not amplitude, of sEPSCs (frequency: SNL, 2.37 � 0.40;
n � 5; SNL��-conotoxin, 0.62 � 0.10; n � 4; amplitude: SNL,
21.17 � 0.95; n � 5; SNL��-conotoxin, 20.41 � 1.21; n � 4; Fig.
7F) in spinal slices. Coapplication of nifedipine (50 �M), an L-type
postsynaptic calcium channel antagonist, with �-conotoxin GVIA
did not affect the �-conotoxin GVIA-decreased frequency of
sEPSCs in the SNL spinal slices (Fig. 7G). This result suggests that the
CaV2.2-dependent behavioral allodynia that follows neuropathic in-
jury can be attributed to presynaptic mechanisms. Collectively, these
data suggest that the RIM1�–CaV2.2 interaction at the presynaptic
membrane of the ipsilateral dorsal horn contributes to the develop-
ment of neuropathic pain.

SNL provokes spinal presynaptic
Fbxo3/Fbxl2/RIM1�/CaV2.2 signaling
To further confirm that presynaptic RIM1� acts as a downstream
molecule of the spinal Fbxo3/Fbxl2 cascade to mediate neuro-
pathic pain development by recruiting and coupling with CaV2.2
in the SPM of the dorsal horn, we assayed spinal CaV2.2 expres-
sion in the SPM after SNL. At postoperative day 7, Western blot-
ting showed that SNL significantly increased CaV2.2 abundance
in the SPM of the ipsilateral dorsal horn (from 0.44 � 0.03 to
0.81 � 0.03; n � 6; Fig. 8A), which could be blunted by a single
bolus injection of BC-1215 (100 nM, 10 �l, i.t.; from 0.82 � 0.03
to 0.56 � 0.06, n � 6; Fig. 8B), suggesting that short-term abro-
gation of spinal presynaptic Fbxo3-mediated Fbxl2 ubiquitina-
tion decreased the amount of SNL-upregulated CaV2.2 in the
SPM. We next investigated whether spinal Fbxo3 regulates
CaV2.2 expression in the SPM via Fbxl2-mediated RIM1� ubiq-
uitination. Daily administration of RIM1� mRNA-targeting
siRNA (5 �g, 10 �l, i.t.) significantly attenuated SNL-enhanced
CaV2.2 expression in the SPM of the ipsilateral dorsal horn at day
7 after the operation (from 0.82 � 0.04 to 0.52 � 0.05, n � 6; Fig.
8C). Single bolus injections of BC-1215 (100 nM, 10 �l, i.t.) suf-
ficiently decreased the SNL-enhanced abundance of RIM1�-
bound RIM1� (from 0.80 � 0.03 to 0.57 � 0.02, n � 6) and
CaV2.2 (from 0.87 � 0.02 to 0.67 � 0.02, n � 6), and of CaV2.2-
bound CaV2.2 (from 0.69 � 0.02 to 0.38 � 0.02, n � 6) and
RIM1� (from 0.68 � 0.05 to 0.49 � 0.04, n � 6) in the SPM
purified from the ipsilateral dorsal horn samples dissected on day
7 after SNL (Fig. 8D). Conversely, neither intrathecal administra-
tion with �-conotoxin GVIA (100 pM, 10 �l, i.t.) nor vehicle
affected the Fbxo3, Fbxl2, or RIM1� expression in the SPM (Fig.
8E). Moreover, when compared with BC-1215 injection alone
(100 nM, 10 �l, i.t.; 5.42 � 0.57 g, n � 7), coadministration with
�-conotoxin GVIA (100 pM, 10 �l, i.t.; 6.00 � 0.43 g, n � 7)
exhibited no additional analgesic effect because there was no sta-
tistical difference in withdrawal threshold between these groups
(Fig. 8F). Together, these data support our hypothesis that
RIM1� functions as a downstream molecule of the spinal Fbxo3/
Fbxl2 cascade to mediate neuropathic pain development by re-
cruiting and coupling with CaV2.2 at the presynaptic SPM of the
ipsilateral dorsal horn.

Discussion
In the current study, we report neuropathic injury induces noci-
ceptive hypersensitivity associated with enhanced RIM1� expres-
sion in the pre-SPMs of the dorsal horn. SNL-enhanced Fbxo3
expression increases RIM1� expression through ubiquitination-
dependent Fbxl2 degradation in pre-SPMs. Moreover, the SNL-
induced RIM1� subsequently interacts with CaV2.2, thereby
enhancing the amount of pre-SPM-bound CaV2.2 in the dorsal
horn, which underlies the plasticity mediating the development
of behavioral allodynia. Our results for the first time report the
contribution of spinal RIM1�, an active zone protein, to the
pathogenesis of neuropathic pain.

RIM1�, the major isoform of mammalian RIM families, was
shown to bind with synaptic proteins to mediate vesicle release
(Wang et al., 1997, 2000; Kaeser and Südhof, 2005). At synapses,
RIM1� facilitates neurotransmitter release presumably by
prompting vesicle priming and fusion (Calakos et al., 2004). In
contrast to the deletion of both RIM1� and RIM1�, which se-
verely impairs mouse survival, the deletion of RIM1� alone is not
lethal and is sufficient to impair synaptic strength and plasticity,
i.e., exhibits similar effects as the double deletion of RIM1� and
RIM1� (Kaeser et al., 2008). This finding prompts us to identify
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Figure 7. SNL enhances spinal presynaptic RIM1�–CaV2.2 coupling and increases
CaV2.2-dependent mEPSC frequency. A, Representative and statistical analysis of immu-
noprecipitation showing that when compared with sham operation (Sham 7D), SNL (SNL
7D) significantly increased the abundance of RIM1�-bound CaV2.2 in the SPM of ipsilat-
eral dorsal horn samples at day 7 after operation. No detectable immunoreactivity was
observed in the control IgG precipitation. IB, Immunoblotting; In, input control; SPM IP,
SPM immunoprecipitation. Student’s t tests; **p � 0.01 vs Sham 7D; n � 6. B, On
postoperative day 7, a single bolus injection of �-conotoxin GVIA (SNL 7D��-conotoxin;
10, 30, and 100 pM; 10 �l, i.t.) dose-dependently increased the withdrawal threshold of
the ipsilateral hindpaw at hours 1– 6 postinjection (von Frey test). Veh, Vehicle. Two-way
ANOVA with repeated measures over time, treatment, F(4,30) � 39.34, p � 0.001; time,
F(6,180) � 15.80, p � 0.001; treatment � time, F(24,180) � 4.374, p � 0.001; *p � 0.05,
**p � 0.01 vs SNL 7D; n � 7. C, When compared with SNL animals, spinal administration
with �-conotoxin GVIA (SNL 7D��-conotoxin, 100 pM; 10 �l) did not affect the with-
drawal threshold of the contralateral (CONTRA) hindpaw test at 2 h after injection at
post-SNL day 7. One-way ANOVA, F(2,18) � 0.1920, p � 0.827, post hoc Tukey’s tests; n �
7. D, When compared with sham-operated animals, spinal administration with
�-conotoxin GVIA (100 pM; 10 �l) did not affect the withdrawal threshold of the ipsilat-
eral hindpaw of the sham-operated animals test at 2 h after injection on post-SNL day 7.
One-way ANOVA, F(2,18) � 0.3498, p � 0.709, post hoc Tukey’s tests; n � 7. E, The
intrathecal application of neither vehicle solution (10 �l) nor �-conotoxin GVIA (100 pM;
10 �l, i.t.) resulted in motor deficits in rats (rotarod test). Two-way ANOVA with repeated
measures over time, treatment, F(2,18) � 1.387, p � 0.275; time, F(6,108) � 1.111, p �
0.361; treatment � time, F(12,108) � 0.664, p � 0.782; n � 7. F, Top, Representative
trace of sEPSCs recorded in the ipsilateral spinal slice isolated from animals receiving the
sham operation (Sham 7D), SNL (SNL 7D), as well as sham and SNL treated with
�-conotoxin GVIA (Sham 7D��-conotoxin and SNL 7D��-conotoxin). Bottom, Cumu-
lative probability histograms of the interevent interval and the amplitude of sEPSCs. Note
that the interevent interval of sEPSCs was significantly longer in the SNL��-conotoxin
group than in the SNL group ( p � 0.01, Kolmogorov–Smirnov test). Average frequency
(F(3,14) � 16.81, one-way ANOVA, p � 0.001, post hoc Tukey’s tests; **p � 0.01 vs Sham
7D; ##p � 0.01 vs SNL) and amplitude (F(3,14) � 11.43, one-way ANOVA, p � 0.01, post
hoc Tukey’s tests; **p � 0.01 vs Sham 7D) of the sEPSCs in animals receiving the sham
operation, SNL, sham treated with �-conotoxin GVIA (Sham 7D��-conotoxin), and SNL
treated with �-conotoxin GVIA (SNL 7D��-conotoxin). G, Top, Representative trace of
sEPSCs recorded in the ipsilateral spinal slice isolated from animals receiving the sham
operation (Sham 7D), SNL (SNL 7D), SNL treated with �-conotoxin GVIA (SNL 7D��-
conotoxin), and SNL treated with �-conotoxin GVIA and nifedipine (SNL 7D��-
conotoxin�nifedipine). Bottom, Cumulative probability histograms of the interevent
interval and mean value of the frequency of sEPSCs ( p � 0.01, Kolmogorov–Smirnov
test). Average frequency, F(3,15) � 14.63, one-way ANOVA, p � 0.001, post hoc Tukey’s
tests; **p � 0.01 vs Sham 7D; ##p � 0.01 vs SNL.
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Figure 8. SNL provokes spinal presynaptic Fbxo3/Fbxl2/RIM1�/CaV2.2 signaling. A, Representative Western blotting and statistical analysis (normalized to N-cadherin) revealing SNL-increased
CaV2.2 expression in the SPMs of the ipsilateral dorsal horn on day 7 after the operation. SPM IB, SPM immunoblotting. Student’s t test; **p � 0.01 vs Sham 7D; ##p � 0.01 vs SNL �1D; n � 6. B, A
single bolus injection of BC-1215 (SNL 7D�BC-1215; 100 nM, 10 �l) significantly reversed SNL-enhanced CaV2.2 expression in the SPMs. One-way ANOVA, F(3,20) � 15.53, p � 0.001, post hoc
Tukey’s tests; **p � 0.01 vs Sham 7D; ##p � 0.01 vs SNL 7D; n � 6. C, The daily administration (days 3– 6 after SNL) of RIM1� mRNA-targeting siRNA (SNL 7D�RIM1� RNAi; 5 �g, 10 �l, i.t.)
ameliorated SNL-upregulated CaV2.2 expression in the SPMs of the ipsilateral dorsal horn on postoperative day 7. One-way ANOVA, F(3,20) � 10.34, (Figure legend continues.)
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the role of spinal RIM1� in the pain pathology. Consistent with
evidence linking RIM1�-dependent neurotransmitter release to
presynaptic plasticity, our findings further extend the role of
RIM1� in the spinal plasticity underlying neuropathic pain de-
velopment. Our conclusion is based on the results showing that,
besides causing behavioral allodynia, experimental neuropathic
injury time-dependently increases the amount of RIM1� in the
total homogenate and SPM of the dorsal horn. Conversely, focal
knockdown of spinal RIM1� expression ameliorates SNL-
induced allodynia. Nevertheless, a study demonstrates that RIM1
and RIM2 can replace each other’s presynaptic functions at cen-
tral synapses (Han et al., 2015). Quite different from that study,
we observed antisense RNAi dose-dependently decreased spinal
RIM1� but has a minor effect on RIM2 expression. We speculate
the RIM1-RIM2 alteration occurs only when the RIM1 function
is totally eliminated.

Recently, E3-ubiquitin ligase-mediated protein ubiquitina-
tion has attracted researchers’ attention for it has a crucial role in
regulating the turnover of pain-associated synaptic proteins
(Ehlers, 2003; Ossipov et al., 2007). Along with studies linking
presynaptic proteins to the pain-associated synaptic plasticity
(Yan et al., 2013; Hung et al., 2014), our findings reveal a novel
machinery in which ubiquitination-dependent RIM1� turnover
contributes to the development of neuropathic pain. Studies have
demonstrated that reagents, such as MG-132, that antagonize
protein ubiquitination and thereby the subsequent degradation
can attenuate nociceptive responses in arthritic rats (Ahmed et
al., 2010). Therefore, it is plausible that antagonizing protein
ubiquitination/degradation could relieve pain. Nevertheless, our
present data revealed that Fbxo3 modifies spinal RIM1� expres-
sion by mediating Fbxl2 ubiquitination, and that Fbxl2 also in-
hibits RIM1� protein via ubiquitination and degradation of
RIM1�. It is possible that the application of wide-range ubiquiti-
nation inhibitors might produce complicated effects in these
ubiquitination pathways. Moreover, systemic reduction of pro-
tein ubiquitination, even restricted to the CNS, could result in
unopposed effects because specific ubiquitination defects are
linked to several neural developmental disorders (Kishino et al.,
1997). In contrast, our findings revealed a potential therapeutic
effect of BC-1215, an Fbox3-selective antagonist, in pain devel-
opment, and hence provide a less harmful strategy for the relief of
neuropathic pain.

It is worth noting that in this study, a bolus injection of BC-
1215 had no effect on SNL-induced Fbxo3 expression in the SPM
of the dorsal horn, yet it sufficiently ameliorated the associated
allodynia. Although the underlying causes remain unclear, we
speculated that BC-1215, a reagent originally designed to prevent
Skp1-Cullin-Fbxo3-catalysis of Fbxl2 ubiquitination, failed to re-
verse the SNL-enhanced Fbox3 levels because it blocks Fbxo3
activity but exhibits no effect on Fbxo3 expression (Mallampalli
et al., 2013). Similarly, our previous study (Lin et al., 2015b)
found a single BC-1215 injection reversed the SNL-associated
allodynia but failed to alter the enhanced spinal Fbxo3 expres-
sion. Nevertheless, in that study, a bolus of BC-1215 reversed
intrathecal TNF� injectioninduced allodynia and spinal Fbxo3
expression. More studies are needed to determine whether BC-
1215 has a short-lived effect on the pathological enhancement of
Fbxo3 expression and whether the long-term administration of
BC-1215 could block neuropathic injuryupregulated spinal
Fbxo3 expression.

Synaptic protein ubiquitination is implicated in the regulation
of both presynaptic and postsynaptic plasticity (Hegde et al.,
1997; Ehlers, 2003; Speese et al., 2003; Zhao et al., 2003). In the
current study, Fbxo3-selective inhibitor significantly reversed the
SNL-enhanced frequency and amplitude of sEPSCs, suggesting
the Fbxo3-dependent allodynia originates from the presynaptic
and postsynaptic sites of the dorsal horn. While other studies
have demonstrated that Fbxo3-dependent ubiquitination medi-
ates pain-associated plasticity by affecting the postsynaptic com-
ponents (Lin et al., 2015b), the current study reveals a potential
involvement of Fbxo3-dependent ubiquitination of presynaptic
components in the spinal plasticity underlying neuropathic pain.
Nevertheless, a recent study demonstrated that MG-132 de-
creased the paired-pulse facilitation in the CA3–CA1 synapse of
hippocampal slices as well as the mEPSC frequency, but not the
amplitude, of the hippocampus pyramidal neurons (Yao et al.,
2007). Their results, somewhat different from ours, suggest that
ubiquitination mechanisms modify neural transmission/plastic-
ity by acting on presynaptic terminals. We propose several poten-
tial causes for this discrepancy. First, in contrast to our study
investigating the ubiquitination occurring in dorsal horn neu-
rons, their study recorded neuronal activity in hippocampus
slices/neurons. Whether the ubiquitination-dependent modifi-
cation of neural transmission/plasticity has site-specific effects
needs to be clarified. Additionally, MG-132 is a broad-spectrum
ubiquitination inhibitor that generally blocks all ubiquitination
pathways, making it a reagent quite different from BC-1215,
which is an Fbxo3-selective inhibitor that specifically antagonizes
Fbxo3-dependent cascades in our study. Yet the potential in-
volvement of Fbxo3-dependent ubiquitination in the postsynap-
tic machinery cannot be excluded because E3-ubiquitin ligases
are shown to interact and thereby modify the expression of post-
synaptic density-95, a major scaffolding protein that tethers post-
synaptic receptors to the signal proteins/cytoskeleton and hence
affects the associated neural plasticity (Colledge et al., 2003).
Thus, the detailed mechanisms need to be verified carefully in
further studies.

Besides postsynaptic mechanisms (Liu et al., 2000; Yan et al.,
2013), another potential mechanism involved in pain-associated
spinal plasticity is modification of the glutamatergic neurotrans-
mission at the presynaptic site, because neuropathic injury in-
creases the frequency of glutamate release from the terminal of
damaged sensory afferents (Yan et al., 2013). In the current study,
though SNL increased both the frequency and amplitudes of sEP-
SCs, knockdown of spinal RIM1� expression selectively reversed
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(Figure legend continued.) p � 0.001, post hoc Tukey’s tests; **p � 0.01 vs Sham 7D; ##p �
0.01 vs SNL 7D; n � 6. D, Representative and statistical analysis of immunoprecipitation show-
ing that on postoperative day 7, the amount of RIM1�-bound CaV2.2 and CaV2.2-bound RIM1�
in the SPMs was reduced by a single bolus injection of BC-1215 (100 nM, 10 �l). The amount of
N-cadherin in the preprecipitated homogenates remained relatively constant at these time
points. No detectable immunoreactivity was observed in the control IgG-recognized precipita-
tion. In, Input control. SPM IP, SPM immunoprecipitation. RIM1�-RIM1�, one-way ANOVA,
F(2,15) � 25.32, p � 0.001, post hoc Tukey’s tests; RIM1�–CaV2.2, one-way ANOVA, F(2,15) �
21.99, p � 0.001, post hoc Tukey’s tests; CaV2.2–CaV2.2, one-way ANOVA, F(2,15) � 54.65, p �
0.001, post hoc Tukey’s tests; CaV2.2–RIM1�, one-way ANOVA, F(2,15) � 6.67, p � 0.008, post
hoc Tukey’s tests; *p � 0.05, **p � 0.01 vs SNL 7D; n � 6. E, The administration of neither
�-conotoxin GVIA (SNL 7D��-conotoxin; 100 pM; 10 �l, i.t.) nor vehicle (SNL 7D�Veh, 10
�l) affected spinal Fbxo3, Fbxl2, or RIM1� expression in the SPMs of the ipsilateral dorsal horn
on day 7 after SNL. Fbxo3, one-way ANOVA, F(2,15) � 3.41, p � 0.06, post hoc Tukey’s tests;
Fbxl2, one-way ANOVA, F(2,15) � 0.79, p � 0.47, post hoc Tukey’s tests; RIM1�, one-way
ANOVA, F(2,15) � 0.41, p � 0.67, post hoc Tukey’s tests; n � 6. F, When compared with sham-
operated animals, spinal BC-1215 injection significantly increased the withdrawal threshold of the
ipsilateral hindpaw of SNL animals (SNL 7D�BC-1215, 100 nM; 10 �l), and coadministration with
�-conotoxin GVIA (100 pM; 10 �l) exhibited no further increase in the withdrawal threshold (SNL
7D�BC-1215��-conotoxin). **p � 0.01 vs SNL 7D; n � 7.
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the SNL-increased frequency, indicating a role of RIM1� in the
presynaptic glutamatergic effect. Nevertheless, it is worth noting
that application of an Fbxo3 antagonist reversed both the SNL-
increased frequency and amplitude of sEPSCs, i.e., Fbxo3 exhib-
ited presynaptic and postsynaptic glutamatergic effects in
mediating pain-associated spinal plasticity. This proposal is fur-
ther supported by the fact that though RIM1� knockdown re-
duced SNL-enhanced RIM1� expression and sEPSC frequency to
the level comparable to the sham-operated group, it only partially
reversed the SNL-associated allodynia. Conversely, in neuro-
pathic rats, knockdown of RIM1� expression exhibited no
significant effect on the BC-1215-exhibited analgesic effect. Ad-
ditionally, focal trim-down of spinal RIM1� expression only in-
completely reversed the Fbxl2 siRNA-decreased withdrawal
threshold. Together with our previous findings showing that
Fbxo3/Fbxl2 signaling affected postsynaptic spinal AMPA-
receptor expression to underlie the neuropathic pain develop-
ment (Lin et al., 2015b), our results reveal highly coordinated
presynaptic and postsynaptic changes that are additive to in-
crease synaptic strength, and this may be mediated by common
upstream signaling subsequent to neuropathic injury. Hence, be-
sides developing pharmacological agents targeting postsynaptic
glutamatergic transmission, we identify the presynaptic terminal
as a potential site for the medical treatment of neuropathic pain
through the use of targeting proteins that regulate glutamate re-
lease, such as Fbxo3 and RIM1�.

CaV2.2 is recognized to be localized in the presynaptic termi-
nals and hence contributes to glutamatergic neurotransmission
(Bobich et al., 2004). On day 7 after SNL, we observed the exper-
imental neuropathic injury-upregulated spinal CaV2.2 expres-
sion and coupling with RIM1�, a recognized presynaptic active
zone protein, in the SPM. Moreover, spinal injection of CaV2.2
antagonist �-conotoxin GVIA significantly reduced the SNL-
enhanced frequency but not amplitude of sEPSCs. This evidence
implies a role for presynaptic CaV2.2 in the spinal plasticity un-
derlying the development of neuropathic pain. This speculation
is further supported by the fact that coadministration with nifed-
ipine, a postsynaptic calcium channel antagonist, exhibited no
additional effect on the decrease in frequency of sEPSCs in dorsal
horn neurons of SNL animals caused by the �-conotoxin GVIA.

We observed that the experimental neuropathic injury-
upregulated spinal CaV2.2 expression in the SPM was signifi-
cantly attenuated by a bolus injection of BC-1215, revealing a
prompt Fbxo3 ubiquitination-modified CaV2.2 increase in the
SPM of the dorsal horn. Our findings are consistent with a pre-
vious study reporting that protein ubiquitination/degradation
dynamically regulates CaV2.2 expression at the cell surface (Gan-
dini et al., 2014), and with a study reporting that ubiquitination
acutely modifies presynaptic neurotransmitter release in mam-
malian neurons (Rinetti and Schweizer, 2010). Nevertheless,
while BC-1215 significantly increased the withdrawal threshold,
coadministration with �-conotoxin GVIA exhibits no further
analgesic effect on the SNL rat. Together with evidence discussed,
this result suggests that presynaptic CaV2.2 plays a role as one of
the possible downstream molecules of the Fbox3 in mediating
development of neuropathic pain.
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