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VPS26A–SNX27 Interaction-Dependent mGluR5 Recycling
in Dorsal Horn Neurons Mediates Neuropathic Pain in Rats
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Retromer, which crucially contributes to endosomal sorting machinery through the retrieval and recycling of signaling receptors away
from degradation, has been identified as a critical element for glutamatergic-receptor-dependent neural plasticity at excitatory synapses.
We observed it accompanied by behavioral allodynia; neuropathic injury time-dependently enhanced VPS26A and SNX27 expression;
VPS26A–SNX27 coprecipitation; and VPS26A-positive, SNX27-positive, and VPS26A–SNX27 double-labeled immunoreactivity in the
dorsal horn of Sprague Dawley rats that were all sufficiently ameliorated through the focal knock-down of spinal VPS26A expression.
Although the knock-down of spinal SNX27 expression exhibited similar effects, spinal nerve ligation (SNL)-enhanced VPS26A expression
remained unaffected. Moreover, SNL also increased membrane-bound and total mGluR5 abundance, VPS26A-bound SNX27 and
mGluR5 and mGluR5-bound VPS26A and SNX27 coprecipitation, and mGluR5-positive and VPS26A/SNX27/mGluR5 triple-labeled
immunoreactivity in the dorsal horn, and these effects were all attenuated through the focal knock-down of spinal VPS26A and SNX27
expression. Although administration with MPEP adequately ameliorated SNL-associated allodynia, mGluR5 expression, and membrane
insertion, SNL-enhanced VPS26A and SNX27 expression were unaffected. Together, these results suggested a role of spinal VPS26A–
SNX27-dependent mGluR5 recycling in the development of neuropathic pain. This is the first study that links retromer-associated sorting
machinery with the spinal plasticity underlying pain hypersensitivity and proposes the possible pathophysiological relevance of endo-
cytic recycling in pain pathophysiology through the modification of glutamatergic mGluR5 recycling.
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Introduction
Endocytic sorting of signaling receptors between recycling and
degradative pathways is a key cellular process that controls the

surface complement of receptors (Ehlers, 2000; Martin et al.,
2004; Temkin et al., 2011). Retromer, a stable trimer composed of
vacuolar protein sorting-associated protein 26 (VPS26), VPS29,
and VPS35 (Collins et al., 2005; Hierro et al., 2007; Gallon et al.,
2015), has been identified as a critical element of the endo-
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Significance Statement

VPS26A–SNX27-dependent mGluR5 recycling plays a role in the development of neuropathic pain. The regulation of the VPS26A–
SNX27 interaction that modifies mGluR5 trafficking and expression in the dorsal horn provides a novel therapeutic strategy for
pain relief.
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trieval and recycling to the plasma membrane or trans-Golgi
network and therefore away from degradation (Cullen et al.,
2011). Mammalian-retromer-dependent recycling of the signal-
ing receptor is associated with glutamatergic receptor-dependent
neural plasticity at excitatory synapses in multiple neuropa-
thologies, such as Alzheimer’s disease (Wen et al., 2011) and
Down’s syndrome (Wang et al., 2013). However, the potential
contribution of retromer-dependent cycling in spinal gluta-
mate-receptor-associated pain hypersensitivity has not been
established.

Sorting nexin (SNX)27, an endosome-associated cargo adap-
tor, is unique among SNXs because this protein possesses a PDZ
domain (Wang et al., 2013; Gallon et al., 2014). The direct inter-
action of the PDZ domain of SNX27 with the retromer subunit
VPS26A is necessary for the recognition and recycling of PDZ
motif-containing cargo (Steinberg et al., 2013; Gallon et al., 2014)
from the endosome toward the plasma membrane (Temkin et al.,
2011; Gallon and Cullen, 2015). Notably, through a PDZ-
dependent mechanism, SNX27 promotes the recycling and
membrane insertion of the glutamatergic receptor (Wang et al.,
2013), a key player in pain-associated neural plasticity (Larsson et
al., 2011; Peng et al., 2013; Luo et al., 2014). Therefore, the
SNX27-VPS26A complex is emerging as a potential link between
glutamatergic receptor recycling and the spinal mechanism un-
derlying neuropathic pain development.

Metabotropic glutamate receptor 5 (mGluR5) undergoes
cargo cycling in HEK293 cells (Trivedi et al., 2012). Inflammatory
pain increases the abundance and membrane insertion of
mGluR5 in the dorsal horn (Pitcher et al., 2007). However, the
potential contribution of cargo cycling in pain-enhanced
mGluR5 abundance/trafficking remains unclear. Moreover, al-
though the role of the SNX27–retromer complex in the endo-
somal recycling of mGluR5 has not been established, considering
that SNX27 contributes to the subcellular recycling of G-protein-
coupled receptor (GPCR) through the PDZ-mediated protein-
protein interactions (Magalhaes et al., 2012; Bauch et al., 2014;
Dunn et al., 2015) and the fact that mGluR5 is characterized by a
GPCR that contains a PDZ-binding motif (Kitano et al., 2002),
we hypothesized that the VPS26A–SNX27 complex participates
in neuropathic pain development through the modification of
endosomal sorting-associated membrane trafficking and the deg-
radation of mGluR5 in dorsal horn neurons.

Materials and Methods
Animal preparations. Adult male Sprague Dawley rats weighing 200 –250
g were used throughout this study. All animal procedures in this study
were conducted in accordance with the guidelines of the International
Association for the Study of Pain (Zimmermann, 1983) and were re-
viewed and approved by the Institutional Review Board of Taipei Medi-
cal University, Taipei, Taiwan.

Spinal nerve ligation. Spinal nerve ligation rat model was performed as
described by previous studies (Lin et al., 2015a,b). Briefly, the rats were
anesthetized under isoflurane anesthesia (induction 5%, maintenance
2% in air). An incision was made and the left L5–L6 spinal nerves were
carefully were dissected and tightly ligated with 6-0 silk sutures 2–5 mm
distal to the dorsal root ganglia. In the sham operation group, the surgical
procedures were identical to the nerve ligation group except the silk
sutures were left unligated.

Intrathecal catheter. Implantation of intrathecal cannulae was per-
formed as described in our previous study (Peng et al., 2013). Briefly,
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 and were then used for behavioral tests,
Western blotting, coprecipitation, or immunohistochemistry. Rats

showing 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 et al.
(2003). In brief, rats were placed individually in an opaque plastic cylin-
der, which was placed on a wire mesh. Animals were habituated for 1 h to
allow acclimatization to the test environment before each test. After ac-
climatization, 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 showed that the mean with-
drawal threshold of naive rats was �15 g (Kim and Chung, 1992), rats
that displayed a threshold lower or higher than 15 g were excluded from
further study. Motor function was assessed 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.

Western blotting. In brief, 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). All of the protein concentrations were
determined using a bicinchoninic acid assay. The supernatant was sepa-
rated on an acrylamide gel and transferred to a polyvinylidene difluoride
membrane, which was then incubated (1 h, room temperature) in
either rabbit anti-SNX27 (SNX27, 1:1000; Santa Cruz Biotechnology,
Santa Cruz, CA), rabbit anti-VPS26A (1:1000; Abcam, Cambridge),
rabbit anti-mGluR5 (1:4000; Abcam, Cambridge), or mouse anti-
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 1:4000; Santa
Cruz Biotechnology, Santa Cruz, CA). The blots were washed and incu-
bated (1 h, room temperature) in peroxidase-conjugated goat anti-rabbit
IgG (1:8000; Jackson ImmunoResearch), goat anti-mouse IgG (1:8000;
Jackson ImmunoResearch) or rabbit anti-sheep IgG (1:8000; Millipore,
Billerica, Massachusetts). The protein bands were visualized using an
enhanced chemiluminescence detection kit (ECL Plus; Millipore) and
then subjected to a densitometric analysis with Science Lab 2003 (Fuji).

Preparation of spinal synaptosomal membrane fractionation. In experi-
ments assaying the amount of synaptosomal membrane-bound protein
in spinal cord, we used methods adapted from studies (Galan et al., 2004;
Hallett et al., 2008; Peng et al., 2012). In brief, the dissected dorsal horn
(L4 –L5) samples were homogenized and centrifuged (7500 rpm, 5 min).
The supernatant containing cytosol (S1) was separated from the pellet
containing nuclei plus debris (P1). The collected supernatant was then
centrifuged (13,000 rpm, 1 h) again to obtain pure cytosol from the
supernatant (S2) and crude synaptosomal membrane from the pellet
(P2). The crude synaptosomal membrane was resuspended in PBS. Pro-
tein amounts were finally measured and prepared for Western blotting as
explained above. The amount of synaptosomal membrane-bound
mGluR5 in spinal cord was measured by assaying the abundance of
mGluR5 in the membrane fraction (P2) using an antibody identical to
that used to measure the total mGluR5 (rabbit, 1:4000; Abcam) in the
total spinal tissue.

Coprecipitation. Rabbit polyclonal antibody against VPS26A, SNX27
or mGluR5 was incubated (overnight, 4°C) with the dorsal horn extracts.
The 1:1 slurry protein agarose suspension (Millipore) was added into this
protein immunocomplex and the mixture was incubated for 2–3 h at
4°C. The agarose beads were washed once with 1% (v/v) Triton X-100 in
an 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 an
immunoprecipitation buffer containing 300 mM NaCl, and thrice with
an immunoprecipitation buffer only. The bound proteins were eluted
with SDS PAGE sample buffer at 95°C. The proteins were separated by
SDS PAGE, electrophoretically transferred to polyvinylidene difluoride
membranes, and detected using rabbit anti-SNX27 (1:1000; Santa Cruz
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Biotechnology), rabbit anti-VPS26A (1:1000; Abcam), and rabbit anti-
mGluR5 (1:4000; Abcam).

Immunofluorescence. After perfusion (100 ml of PBS followed by 300
ml of paraformaldehyde; 4%; pH7.4), the spinal cord samples were har-
vested (L4 –L5), postfixed (4°C for 4 h), and cryoprotected in sucrose
solution (30%) overnight. The samples were double labeled to investi-
gate interactions between SNX27 and neuronal/glial/microglia markers;
specifically, the spinal sections were incubated overnight (4°C) with a
mixture of rabbit anti-SNX27 (1:200; Santa Cruz Biotechnology) and
mouse monoclonal anti-neuronal nuclear antigen (NeuN, a neuronal
marker, 1:500; Millipore), mouse anti-glial fibrillary acidic protein (a
marker of astroglial cells; 1:1000; Millipore), or mouse anti-integrin �M
(OX-42, a marker of microglia; 1:500; Santa Cruz Biotechnology). After
rinsing in PBS three times, the sections were then incubated (1 h, 37°C)
with Alexa Fluor 488 (1:1500; Invitrogen) and Alexa Fluor 594 (1:1500;
Invitrogen). When examining the interaction among SNX27, VPS26,
and mGluR5, the specific antibodies were mixed with 10� reaction buf-
fer (Mix-n-Stain; Biotium) with the antibody solution at a ratio of 1:10.
Then, the solution was transferred to the virus-containing dye (CF; Bi-
otium) and incubated in the dark (30 min, room temperature). The
spinal cord sections were sequentially incubated (overnight, 4°C) with
dilute solutions: rabbit anti-SNX27 (1:200; Santa Cruz Biotechnology),
rabbit anti-VPS26A (1:200; Abcam), and rabbit anti-mGluR5 (1:200;
Abcam) and washed 5 times between each incubation. Spinal sections
were subsequently rinsed in PBS and coverslips were applied. When these
fluorescent markers are excited, they can be easily detected by a charge
coupled device (X-plorer; Diagnostic Instruments) through a fluorescent
microscopy (DM2500; Leica). Five spinal cord sections in each rat were
used for cell counting. Cell counting was performed under a microscope
at the magnification of 200�.

Small-interfering RNA. The 19-nucleotide duplexes of the small-
interfering RNAs (siRNAs) for SNX27 were 5�-GUACUUCUUUCA
UCAGGCU-3�. The 19-nucleotide duplexes of the small-interfering
RNAs (siRNAs) for VPS26A were 5�-CUAUUCCGAUAAGAUUGUU-
3�. The missense or siRNA was intrathecally administered with a poly-
ethyleneimine (10 �l, Al 25 kDa; Sigma-Aldrich)-based gene-delivery
system into the dorsal subarachnoid space (L4 –L5) of animals through
the implanted catheter (daily for 4 d from day 3– 6 after spinal nerve
ligation, SNL).

Drug application. MPEP (a mGluR5 antagonist; 10, 100, and 300 nM;
10 �l Tocris Bioscience; bolus at day 7 or daily from day 3 to 6 after SNL;
intrathecal) were administered intrathecally via a bolus injection. A ve-
hicle solution of a volume identical to that of the tested agents was dis-
pensed to serve as a control.

Data analysis. All of the data in this study were analyzed using Sigma-
Plot version 10.0 (Systat Software) or Prism 6.0 (GraphPad) and are
expressed as the mean � SEM. Paired two-tailed Student’s t test was used
to compare the means between groups. One-way or two-way ANOVAs
were 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.

Results
Nerve ligation induces allodynia associated with spinal
SNX27 expression
We first investigated whether spinal SNX27 plays a role in the
development of neuropathic pain. Western blots revealed that
SNL significantly increased the abundance of SNX27 in the ipsi-
lateral, but not the contralateral, dorsal horn at days 3, 7, 14, and
21 after operation (Fig. 1A). In contrast, the sham operation did
not alter SNX27 expression in the ipsilateral or the contralateral
dorsal horn. To visualize the cellular location of SNL-induced
SNX27 expression, spinal slices were stained with the specific
antibody at day 7 after operation, when the animals displayed
maximal allodynia and spinal SNX27 expression. As anticipated,
SNL increased SNX27 immunofluorescence in the ipsilateral
dorsal horn, and double-labeled staining revealed that SNX27

immunofluorescence colocalized with neuronal, but not micro-
glial or astrocyte markers (Fig. 1B), indicating that SNL specifi-
cally upregulates SNX27 expression in the ipsilateral dorsal horn
neurons. Moreover, consistent with the time profile of SNX27
expression, we observed that SNL significantly decreased the
withdrawal latency of the ipsilateral hindpaw at days 3, 7, 14, and
21 after operation (Fig. 1C). These results suggested that neuro-
pathic injury induces nociception hypersensitivity associated
with enhanced SNX27 expression in the ipsilateral dorsal horn
neurons.

Knock-down of spinal SNX27 expression ameliorates
SNL-induced allodynia
To provide further evidence supporting the role of spinal SNX27
in the development of neuropathic pain, we generated rats in
which spinal SNX27 expression was knocked down focally
through daily intrathecal administration with specific antisense
siRNA. Western blot analyses demonstrated that the abundance
of SNX27 in dorsal horn samples was dose-dependently de-
creased through intrathecal injection with SNX27 mRNA-
targeting siRNA (1, 2, and 3 �g, 10 �l, once daily for 4 d; Fig. 2A),
but not with missense siRNA (3 �g, 10 �l), polyethylenimine (a
transfection reagent, 10 �l), or intrathecal catheter implantation
alone, indicating that spinal SNX27 expression was sufficiently
knocked down by specific siRNAs. Subsequent analyses using
Rotarod tests to evaluate the motor performance of rodents
showed that there was no significant difference between the naive
and polyethylenimine-missense siRNA (3 �g, 10 �l)- or SNX27
mRNA-targeting siRNA (3 �g, 10 �l)-treated groups (Fig. 2B),
suggesting that neither of these procedures nor spinal SNX27
knock-down led to motor deficits in these animals. The results of
the von Frey test showed no effect on the withdrawal threshold of
sham-operated animals (Fig. 2C), whereas treatment with SNX27
mRNA-targeting siRNA (3 �g, 10 �l), as anticipated, partially
ameliorated SNL-induced behavioral allodynia, as evidenced by a
significant increase of the withdrawal threshold at days 5 and 7
after operation (Fig. 2D). Moreover, SNX27 mRNA-targeting
siRNA (3 �g, 10 �l) significantly decreased SNL-enhanced
SNX27 expression in the ipsilateral dorsal horn at day 7 after
operation (Fig. 2E). Collectively, the data obtained from the
knock-down rats suggested that spinal SNX27 notably contrib-
uted to SNL-associated pain hypersensitivity.

SNL enhances VPS26A–SNX27 coupling in the dorsal horn
Crystal structure analysis has demonstrated that VPS26A, a ret-
romer subunit, binds to the PDZ domain of SNX27 (Gallon et al.,
2014), revealing that VPS26A and SNX27 work cooperatively.
We thereby hypothesized that spinal SNX27 participates in neu-
ropathic pain through the formation of the VPS26A–SNX27
complex. To further test this hypothesis, we first examined the
VPS26A–SNX27 interaction after SNL using immunoprecipita-
tion analysis. As anticipated, SNL enhanced the abundance of
SNX27-bound SNX27, SNX27-bound VPS26A, VPS26A-bound
VPS26A, and VPS26A-bound SNX27 coprecipitates in the ipsi-
lateral dorsal horn on day 7 after operation compared with the
sham operation, indicating that SNX27 did coprecipitate with
VPS26A in the SNL dorsal horn on day 7 (Fig. 3A). We next
assessed the expression profiles of VPS26A in the dorsal horn in
response to SNL using Western blot analysis. Interestingly, SNL
also significantly increased the abundance of VPS26A specifically
in the ipsilateral dorsal horn on days 3, 7, 14, and 21 after the
operation (Fig. 3B). We then examined the location of the
VPS26A–SNX27 interactions using immunohistochemistry and
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Figure 1. Nerve ligation upregulates SNX27 expression in dorsal horn neurons accompanied with allodynia. A, Representative Western blot and statistical analyses (normalized to GAPDH)
revealing that SNL, but not the sham operation (sham), increased SNX27 expression at days 3, 7, 14, and 21 after operation specifically in the ipsilateral (I and IPSI), but not the contralateral (C and
CONTRA), dorsal horn. Two-way ANOVA with repeated measures over time, group (F(3,20) � 35.7; p � 0.001), and time (F(4,80) � 2.465; p � 0.051) and in the interaction of group by time (F(12,80)

� 2.650; p � 0.004), post hoc Tukey’s tests. **p � 0.01 vs sham IPSI. ##p � 0.01 vs SNL day �1. n � 6. IB, Immunoblotting. B, At day 7 after the operation, SNL increased the SNX27
immunofluorescence (red) in the ipsilateral dorsal horn (SNL 7D) that was colocalized with the immunoreactivity of neuronal (NeuN, green, VII), but rather than microglial (OX-42, green, VIII) or
astrocyte (GFAP, green, IX) markers. Paired two-tailed Student’s t test, **p �0.01 vs sham IPSI. ##p �0.01 vs SNL CONTRA. n �7. Scale bar, 50 �m. Thickness, 50 �m. C, The withdrawal threshold
of the ipsilateral, but not the contralateral, hindpaw was decreased at days 1, 3, 7, 14, and 21 after SNL (von Frey test). Two-way ANOVA with repeated measures over time, group (F(3,24) � 54,09;
p � 0.001), and time (F(5,120) � 3.185; p � 0.009) and in the interaction of group by time (F(15,120) � 3.324; p � 0.001), post hoc Tukey’s tests. **p � 0.01 vs sham IPSI; ##p � 0.01 vs SNL day
�1. n � 7.
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Figure 2. Focal knock-down of spinal SNX27 expression relieves SNL-induced allodynia. A, Representative Western blot and statistical analyses (normalized to GAPDH) demonstrating intrathecal
administration with SNX27 mRNA-targeting siRNA (SNX27 RNAi; 1, 2, and 3 �g; 10 �l), but not missense siRNA (MS RNAi, 3 �g, 10 �l), polyethylenimine (PEI, 10 �l), or intrathecal catheter
implantation alone (it), dose-dependently decreased spinal SNX27 expression. One-way ANOVA, F(6,35) � 8.8886, p � 0.001, post hoc Tukey’s tests. (Figure legend continues.)
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observed that SNL, but not the sham operation, notably en-
hanced VPS26A, SNX27, and VPS26A/SNX27 double-labeled
immunoreactivity in the ipsilateral dorsal horn at 7 d after the
operation (Fig. 3C). Based on these results, we further investi-
gated the involvement of VPS26 –SNX27 interactions in the
induction and maintenance of neuropathic pain using coprecipi-
tation analysis. The dorsal horn samples were obtained on days 3
and 7 after surgery, reflecting the induction (Wang et al., 2011)
and maintenance (Lee et al., 2011) phases of neuropathic pain,
respectively. Coprecipitation analysis demonstrated that SNL no-
tably increased the amounts of VPS26A-bound VPS26A and
VPS26A-bound SNX27 at days 3 and 7 after SNL and, recipro-
cally, SNL also increased the abundance of SNX27-bound SNX27
and SNX27-bound VPS26A at the identical time points (Fig. 3D).
These results suggested that, in association with SNX27, SNL
upregulated spinal VPS26A expression and enhanced VPS26A–
SNX27 coupling in the dorsal horn.

Knock-down of spinal VPS26A expression attenuates SNL-
induced allodynia and SNX27 expression
To further confirm the role of VPS26A in neuropathic pain de-
velopment, we examined whether the lack of spinal VPS26A
affects SNL-induced allodynia. Western blot analyses demon-
strated that the spinal application of VPS26A mRNA-targeting
siRNA (1, 3, and 5 �g, 10 �l, once daily for 4 d), but not missense
siRNA (5 �g, 10 �l), polyethylenimine (10 �l), or an intrathecal
catheter implantation alone dose-dependently decreased the
abundance of VPS26A in the dorsal horn (Fig. 4A), indicating
that antisense siRNA sufficiently knocked down spinal VPS26A
expression. Moreover, neither the procedure itself nor the knock-
down of spinal VPS26A resulted in motor deficits in animals (Fig.
4B). The results of the von Frey test demonstrated that, although
no effect on the withdrawal threshold of sham-operated animals
was observed (Fig. 4C), administration with VPS26A mRNA-
targeting siRNA (5 �g, 10 �l), as anticipated, partially amelio-
rated SNL-induced behavioral allodynia by significantly
increasing the withdrawal threshold at days 5 and 7 after the
operation (Fig. 4D). Notably, although the knock-down of spinal
VPS26A expression (5 �g, 10 �l) significantly decreased both
SNL-enhanced VPS26A and SNX27 expression at day 7 after the
operation, the administration of SNX27 mRNA-targeted anti-
sense siRNA (3 �g, 10 �l) did not reduce the SNL-enhanced
abundance of VPS26A despite the fact that the abundance of
SNX27 was significantly decreased in the ipsilateral dorsal horn
(Fig. 4E). These results suggest that VPS26A crucially contributes

to the development of neuropathic pain through its association
with and regulation of downstream spinal SNX27.

SNL-induced VPS26A–SNX27 coupling is accompanied by
enhanced spinal mGluR5 expression
The direct PDZ interaction between VPS26 and SNX27 was dem-
onstrated as necessary and sufficient to prevent the lysosomal
entry of SNX27 cargo (Steinberg et al., 2013). The SNX27–retro-
mer complex was implicated in the regulation of glutamatergic
receptors (Wang et al., 2013) and GPCR (Bauch et al., 2014)
through binding to the PDZ motif (Loo et al., 2014; Wang et al.,
2013; Gallon et al., 2014). Considering that glutamatergic
mGluR5, which is crucial for pain-associated spinal plasticity
(Pitcher et al., 2007), is a GPCR containing PDZ motif (Kitano et
al., 2002), we hypothesized that the VPS26A–SNX27 complex
contributes to neuropathic pain through the modification of the
endosomal recycling of spinal mGluR5, which prevents mGluR5
from degradation. To examine this hypothesis, we first assessed
whether SNL affects spinal mGluR5 expression. Western blot
analysis demonstrated that SNL increased mGluR5 abundance
specifically in the ipsilateral dorsal horn samples on days 3 and 7
after operation (Fig. 5A). Conversely, on day 7 after SNL, bolus
injections of MPEP (an mGluR5 antagonist; 10, 100, and 300 nM,
10 �l, i.t.) dose-dependently ameliorated SNL-induced allo-
dynia, as evidenced by a significant increase of the withdrawal
threshold of the ipsilateral hindpaw at hours 2, 3, 4, 5, and 6 after
injection (Fig. 5B). There was no affect in the contralateral hind-
paw at 3 h after injection, the time point at which MPEP exhibited
maximal anti-allodynic effects on the ipsilateral side. These re-
sults suggested that spinal mGluR5 crucially contributes to SNL-
induced allodynia.

Further analyses showed that daily spinal administration (for
4 d from day 3– 6 after SNL) with VPS26A mRNA-targeting
siRNA (5 �g, 10 �l), SNX27 mRNA-targeting siRNA (3 �g, 10
�l), and MPEP (100 nM, 10 �l) ameliorated the SNL-enhanced
abundance of spinal mGluR5 on day 7 after operation (Fig. 5C).
In contrast, the daily injection of MPEP (100 nM, 10 �l) did not
affect SNL-enhanced spinal VPS26A or SNX27 expression (Fig.
5D). In addition, immunohistochemical analyses revealed that
SNL, but not the sham operation, enhanced SNX27, VPS26A,
mGluR5, and SNX27/VPS26A/mGluR5 triple-labeled immuno-
reactivity in the ipsilateral dorsal horn on day 7 after the opera-
tion (Fig. 5E). Daily spinal administration with MPEP (100 nM,
10 �l) ameliorated the SNL-enhanced mGluR5-labeled immu-
noreactivity in the ipsilateral dorsal horn on day 7 after the oper-
ation, but it did not affect SNL-enhanced spinal VPS26A or
SNX27 expression. Furthermore, the immunoprecipitation of
VPS26A and mGluR5 from the ipsilateral dorsal horn samples
dissected on day 7 after the operation showed that SNL in-
creased the abundance of VPS26A-bound VPS26A, SNX27, and
mGluR5; SNL also increased the abundance of mGluR5-bound
mGluR5, VPS26A, and SNX27 and these effects were all attenu-
ated by daily administration of VPS26A mRNA-targeting siRNA
(5 �g, 10 �l; Fig. 5F). Although the application of SNX27 mRNA-
targeting siRNA (3 �g, 10 �l) elicited similar effects as VPS26A
mRNA-specific antisense siRNA (5 �g, 10 �l), SNL-enhanced
VPS26A-bound VPS26 expression in the precipitates was not
reduced. Moreover, daily spinal administration of MPEP (100
nM, 10 �l) ameliorated the SNL-enhanced VPS26A-bound
mGluR5, mGluR5-bound mGluR5, mGluR5-bound VPS26A,
and mGluR5-bound SNX27 in the ipsilateral dorsal horn at
day 7 after the operation, but did not affect the SNL-enhanced
spinal VPS26A-bound VPS26A and VPS26A-bound SNX27
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(Figure legend continued.) *p � 0.05, **p � 0.01 vs Naive. n � 6. IB, Immunoblotting. B,
The application of SNX27 mRNA-targeting siRNA (3 �g, 10 �l) resulted in no motor deficits in
animal (Rotarod test). Two-way ANOVA with repeated measures over time, group (F(3,24) �
0.298; p�0.826) and time (F(4,96) �0.495; p�0.738), and in the interaction of group by time
(F(12,96) � 0.504; p � 0.907), post hoc Tukey’s tests. n � 7. C, D, Although no effect on the
withdrawal threshold of sham-operated animals was observed, focal knock-down of spinal
SNX27 expression (SNL	it	SNX27 RNAi, 3 �g, 10 �l) ameliorated the SNL-decreased with-
drawal threshold at days 5 and 7 after the operation (von Frey test). sham group: Two-way
ANOVA with repeated measures over time, group (F(3,24) � 0.112; p � 0.952) and time (F(4,96)

� 0.479; p � 0.750) and in the interaction of group by time (F(12,96) � 0.161; p � 0.999), post
hoc Tukey’s tests. n � 7. SNL group: Two-way ANOVA with repeated measures over time, group
(F(3,24) � 15.83; p � 0.001) and time (F(4,96) � 701.1; p � 0.001) and in the interaction of
group by time (F(12,96) � 10.46; p � 0.001), post hoc Tukey’s tests. **p � 0.01 vs SNL. n � 7.
E, The SNL-enhanced spinal SNX27 expression at day 7 after the operation was attenuated
through the administration of SNX27 mRNA-targeting siRNA (SNL	it	SNX27 RNAi, 3 �g, 10
�l). One-way ANOVA, F(3,20) � 14.91, p � 0.001, post hoc Tukey’s tests. **p � 0.01 vs sham
7D. #p � 0.05 vs SNL7D. n � 6.
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interaction. These data suggested that the
SNL-enhanced spinal VPS26A–SNX27
complex binds to mGluR5 and subse-
quently increases the amount of mGluR5
underlying neuropathic pain.

VPS26A–SNX27-complex drives
mGluR5 membrane trafficking to
mediate neuropathic pain
Previous studies have demonstrated that
the VPS26A–SNX27 complex recycles
PDZ motif-containing cargo (Steinberg et
al., 2013; Gallon et al., 2014) from the en-
dosome toward the plasma membrane
(Temkin et al., 2011; Gallon and Cullen,
2015) through direct binding to their PDZ
motifs (Loo et al., 2014; Wang et al.,
2013). Therefore, we next analyzed whether
the spinal VPS26A–SNX27 complex also
regulates spinal mGluR5 recycling through
the modification of subcellular mGluR5
redistribution to underlie the observed
SNL-induced allodynia. Western blot
analysis demonstrated that SNL signifi-
cantly increased the abundance of syn-
aptosomal membrane-bound mGluR5
[mGluR5(m)] (Fig. 6A), specifically in the
ipsilateral dorsal horn at days 3 and 7 after
operation. At day 7 after the operation,
the focal knock-down of spinal VPS26A
expression (5 �g, 10 �l), focal knock-
down of spinal SNX27 expression (3 �g,
10 �l), and daily application of MPEPs
(300 nM, 10 �l) all ameliorated the SNL-
enhanced abundance of synaptosomal
membrane-bound mGluR5 in the dorsal
horn (Fig. 6B). Together with these data,
these findings suggest that the VPS26A–
SNX27 complex interacts with mGluR5
and thereby facilitates mGluR5 mem-
brane trafficking in dorsal horn neurons,
underlying the behavioral allodynia in-
duced through neuropathic injury.

Discussion
In the present study, we demonstrated
that an experimental neuropathic injury
upregulates the abundance of spinal
VPS26A and SNX27 and that VPS26A re-
cruits and interacts with SNX27. The
SNL-induced VPS26A–SNX27 complex
subsequently interacts with mGluR5 to
promote mGluR5 recycling, thereby
enhancing the amount of total and
membrane-bound mGluR5 in dorsal

Figure 3. SNL enhances VPS26A–SNX27 coupling and VPS26A expression in the dorsal horn. A, At day 7 after SNL, SNX27
coprecipitates with VPS26A in ipsilateral dorsal horn samples (SNL 7D). Paired two-tailed Student’s t test, **p � 0.01 vs sham 7D.
n � 6. No detectable immunoreactivity was observed in the control IgG precipitation. IB, immunoblotting; In, input control; IP,
immunoprecipitation. B, Representative Western blot and statistical analyses (normalized to GAPDH) revealing that SNL, but not
the sham operation (sham), increased VPS26A expression at days 3, 7, 14, and 21 after operation selectively in the ipsilateral (I and
IPSI), but not the contralateral (C and CONTRA), dorsal horn. Two-way ANOVA with repeated measures over time, group (F(3,20) �
37.91; p � 0.001) and time (F(4,80) � 1.702; p � 0.157) and in the interaction of group by time (F(12,80) � 2.367; p � 0.011), post
hoc Tukey’s tests. **p � 0.01 vs sham IPSI. ##p � 0.01 vs SNL day �1. n � 6. C, Images demonstrating SNL increased VPS26A
(green), SNX27 (red), and SNX27/VPS26A double-labeled (yellow) immunofluorescence in the ipsilateral dorsal horn at day 7 after
the operation (SNL 7D). Paired two-tailed Student’s t test, **p � 0.01 vs sham 7D. n � 7. Scale bar, 50 �m. Thickness, 50 �m. D,
Reciprocal immunoprecipitation analysis showing that SNL enhanced the abundance of VPS26A-bound VPS26A and SNX27 (IP:
VPS26A) and SNX27-bound SNX27 and VPS26A (IP:SNX27) in the ipsilateral dorsal horn samples at days 3 and 7 after the operation.
The abundance of GAPDH in the preprecipitated homogenates obtained at these time points remained at a relative constant level.
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VPS26A-bound VPS26A, one-way ANOVA, F(2,15) � 24.08,
p � 0.001; VPS26A-bound SNX27, one-way ANOVA, F(2,15) �
32.87, p � 0.001; SNX27-bound SNX27, one-way ANOVA,
F(2,15) � 54.75, p � 0.001; SNX27-bound VPS26A, one-way
ANOVA, F(2,15) � 42.24, p � 0.001. All post hoc Tukey’s tests,
**p � 0.01 vs SNL �1D. n � 6.
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Figure 4. Focal knock-down of spinal VPS26A expression relieves SNL-associated allodynia and SNX27 expression. A, Representative Western blot and statistical analyses (normalized to GAPDH)
demonstrating intrathecal administration with VPS26A mRNA-targeting siRNA (VPS26A RNAi; 1, 3, and 5 �g; 10 �l), but not missense siRNA (MS RNAi, 5 �g, 10 �l), polyethylenimine (PEI, 10 �l),
or intrathecal catheter implantation alone (it), dose-dependently decreased spinal VPS26A expression. One-way ANOVA, F(6,35) � 8.251, p � 0.001, post hoc Tukey’s tests. *p � 0.05, **p � 0.01
vs naive. n � 6. IB, Immunoblotting. B, The application of VPS26A mRNA-targeting siRNA (VPS26A, 5 �g, 10 �l) resulted in no motor deficits in animals (Rotarod test). Two-way ANOVA with
repeated measures over time, group (F(3,24) � 0.021; p � 0.995), and time (F(4,96) � 0.992; p � 0.454) and in the interaction of group by time (F(12,96) � 0.552; p � 0.907874), post hoc Tukey’s
tests. n � 7. C, D, Although no effect on the withdrawal threshold of the sham-operated animal was observed, the focal knock-down of spinal VPS26A expression (SNL	it	VPS26A RNAi, 5 �g,
10 �l) ameliorated the SNL-decreased withdrawal threshold at days 5 and 7 after the operation (von Frey test). sham group, two-way ANOVA with repeated measures over time, group (F(3,24) �
0.125; p � 0.944), and time (F(4,96) � 0.975; p � 0.424) and in the interaction of group by time (F(12,96) � 0.174; p � 0.999), post hoc Tukey’s tests. n � 7. SNL group, two-way ANOVA with
repeated measures over time, group (F(3,24) � 18.94; p � 0.001) and time (F(4,96) � 503.0; p � 0.001) and in the interaction of group by time (F(12,96) � 1.070; p � 0.001), post hoc Tukey’s tests.
**p � 0.01 vs SNL. n � 7. E, The SNL-increased abundance of VPS26A and SNX27 in dorsal horn samples (normalized to GAPDH) at day 7 after the operation was reduced through the focal
knock-down of spinal VPS26A expression (SNL	it	VPS26A RNAi, 5 �g, 10 �l). Nevertheless, the administration with SNX27 mRNA-targeting siRNA (SNL 7D	SNX27 RNAi, 3 �g, 10 �l)
attenuated SNL-enhanced spinal SNX27, but not VPS26A, expression. VPS26A, one-way ANOVA, F(4,25) � 10.84, p � 0.001, post hoc Tukey’s tests. SNX27, one-way ANOVA, F(4,25) � 13.72, p �
0.001, post hoc Tukey’s tests. **p � 0.01 vs sham 7D. #p � 0.05, ##p � 0.01 vs SNL7D. n � 6.
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Figure 5. SNL induces mGluR5 expression and SNX27-VPS26A–mGluR5 interaction in the dorsal horn. A, Representative Western blot and statistical analyses (normalized to GAPDH) revealing
that SNL, but not the sham operation (sham), increased mGluR5 expression selectively in the ipsilateral (I and IPSI), but not the contralateral (C and CONTRA), dorsal horn at days 3 and 7 after the
operation. Two-way ANOVA with repeated measures over time, group (F(3,20) � 12.53; p � 0.001) and time (F(2,40) � 2.352; p � 0.108) and in the interaction of group by time (F(6,40) � 2.378;
p � 0.046), post hoc Tukey’s tests. **p � 0.01 vs sham IPSI. #p � 0.05, ##p � 0.01 vs SNL day �1; n � 6. IB, Immunoblotting. B, On day 7 after the operation, the bolus injection of MPEP (SNL
7D	MPEP; 10, 100, and 300 nM; 10 �l, i.t.), but not the vehicle solution (SNL 7D	Veh, 10 �l, i.t.; von Frey test), increased the withdrawal threshold (Figure legend continues.)
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horn neurons that underlie the development of behavioral
allodynia.

These conclusions are based on the findings that neuropathic
injury accompanied with behavioral allodynia time-dependently
enhanced spinal SNX27 expression, which was immunohistolog-
ically coincident with the expression of a neuronal marker. Con-
versely, the focal knock-down of spinal SNX27 expression
sufficiently attenuated SNL-induced behavioral allodynia, re-
vealing a role for spinal SNX27 in neuropathic pain develop-
ment. Moreover, SNL-induced allodynia was associated with
enhanced VPS26A expression, VPS26A–SNX27 coprecipita-
tion, and VPS26A-positive and VPS26A–SNX27 double-labeled
immunoreactivity in the dorsal horn. Moreover, these effects
were all sufficiently ameliorated through the focal knock-down of
spinal VPS26A expression. Although the knock-down of SNX27
exhibited similar effects, it failed to affect SNL-enhanced VPS26A
expression. Although the detailed mechanism of interactions be-
tween VPS26A and SNX27 remains unclear, these results suggest
that spinal SNX27 acts as a downstream molecule of the retromer
component VPS26A. Nevertheless, considering that the endo-
somal retromer complex rescues targeted proteins from the lys-
osomal degradation pathway and facilitates the recycling of these
proteins to other cellular compartments (Gallon and Cullen,
2015), the possibility that the loss of VPS26A could enhance
SNX27 degradation and thereby attenuate SNL-increased SNX27

abundance cannot be excluded. Moreover, although the admin-
istration of MPEP adequately ameliorated SNL-associated allo-
dynia and mGluR5 expression and membrane insertion, it
exhibited no effect on SNL-enhanced VPS26A or SNX27 expres-
sion and VPS26A–SNX27 coprecipitation or double labeling. In
contrast, the knock-down of both VPS26A and SNX27 suffi-
ciently ameliorated SNL-enhanced total and membrane-bound
mGluR5 expression, mGluR5 coprecipitation, and colabeling
with VPS26A and SNX27. Theses finding are consistent with a
previous study indicating that a direct interaction between
SNX27 and the retromer subunit VPS26 is necessary and suffi-
cient to prevent the lysosomal entry of SNX27 cargo (Steinberg et
al., 2013). These data not only provide supporting evidence for
the contribution of the VPS26A–SNX27 complex in the endo-
cytic recycling of membrane proteins, but to our knowledge,
these results are the first to show an association between
VPS26A–SNX27 complex-associated sorting machinery and the
spinal plasticity underlying neuropathic pain, suggesting the po-
tential physiological/pathological relevance of endocytic recy-
cling in pain pathophysiology through modifications of mGluR5
recycling. Nevertheless, our data do not exclude the possibility
that retromer signaling might modulate the function of spinal
glutamatergic receptors other than mGluR5 to alter pain sensi-
tivity because the SNX27–retromer complex was shown to facil-
itate GluA1 insertion into the plasma membrane of hippocampal
neurons to modify memory-associated plasticity (Loo et al.,
2014).

After pinching off from the plasma membrane, early endo-
somes initiate cargo sorting, principally into two distinct path-
ways: an endolysosomal degradation route that downregulates
signaling receptors and a collection of distinct retrieval pathways
that recycle cargo away from degradation (Cullen and Korswa-
gen, 2012). Through cooperative coupling and functioning with
associated proteins, including the SNX family, the retromer reg-
ulates endosomal sorting (Rojas et al., 2008; Burd and Cullen,
2014) and acts as a major hub required for endosomal recycling
(Gallon and Cullen, 2015). In the present study, SNL induced
VPS26A–SNX27 interactions accompanied by increases in the
amounts of membrane-bound and total mGluR5 in dorsal horn
neurons. The SNX27–retromer complex was found to be re-
quired for the homeostasis of the surface protein levels, as evi-
denced by the fact that, after LTP stimulation, SNX27 couples
with and facilitates GluA1 insertion into the plasma membrane of
hippocampal neurons. Conversely, SNX27 depletion reduces the
abundance of surface-bound GluA1 (Loo et al., 2014). We there-
fore suggest that the increase in membrane-bound mGluR5
could be attributable to VPS26A–SNX27 complex-dependent
endosome trafficking toward the plasma membrane. However,
considering that a previous study showed that the abundance of
glucose and metal transporters were reduced in the whole lysates
of retromer- and SNX27-depleted HeLa cells, reflecting the en-
hanced lysosomal degradation of these proteins (Steinberg et al.,
2013), we suggested that the enhanced mGluR5 abundance could
result from reduced protein degradation. This proposal is based
on the finding that SNL enhanced the abundance of both total
and membrane-bound mGluR5 in the dorsal horn. Moreover,
the focal knock-down of spinal VPS26A not only affected
membrane-bound mGluR5, but also efficiently reduced the SNL-
increased amount of total mGluR5, indicating that a loss of
VPS26A results in mGluR5 degradation. This finding is consis-
tent with a study that investigated rhodopsin recycling and deg-
radation in Drosophila and demonstrated that the increased
abundance of retromer-suppressed degradation and facilitated
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(Figure legend continued.) of the ipsilateral hindpaw at hours 2– 6 after the injection. Two-
way ANOVA with repeated measures over time, group (F(4,30) � 69.00; p � 0.001) and time
(F(6,180) � 15.37; p � 0.001) and in the interaction of group by time (F(24,180) � 4.150; p �
0.001), post hoc Tukey’s tests. **p � 0.01 vs SNL 7D; n � 7. Nevertheless, neither treatment
affected the contralateral hindpaw at 3 h after injection (SNL7D	MPEP 300 nM; 10 �l, i.t.; von
Frey test). One-way ANOVA, F(2,18) � 0.057, p � 0.944, post hoc Tukey’s tests; n � 7. C, The
daily administration (day 3– 6 after SNL) of VPS26A mRNA-targeting siRNA (SNL 7D	VPS26A
RNAi, 5 �g, 10 �l, i.t.), SNX27 mRNA-targeting siRNA (SNL 7D	SNX27 RNAi, 3 �g, 10 �l, i.t.),
and MPEP (SNL 7D	MPEPs; 300 nM; 10 �l, i.t.) ameliorated SNL-upregulated mGluR5 (nor-
malized to GAPDH) expression at day 7 after the operation. One-way ANOVA, F(6,35) � 12.56,
p � 0.001, post hoc Tukey’s tests. **p � 0.01 vs sham 7D. ##p � 0.01 vs SNL 7D. n � 6. D, The
daily administration of MPEPs (SNL 7D	MPEPs, 300 nM, 10 �l) did not affect the SNL-
upregulated spinal VPS26A or SNX27 expression. VPS26A, one-way ANOVA, F(3,20) � 7.564,
p � 0.001, post hoc Tukey’s tests. SNX27, one-way ANOVA, F(4,25) � 12.3, p � 0.001, post hoc
Tukey’s tests. *p � 0.05, **p � 0.01 vs sham 7D; n � 6. E, Image analyses demonstrate that
SNL increased the VPS26A (green), SNX27 (red), mGluR5 (blue), and mGluR5/SNX27/VPS26A
triple-labeled (white) immunofluorescence in the ipsilateral dorsal horn. The daily administra-
tion of MPEPs (SNL 7D	MPEPs, 300 nM, 10 �l) affects the SNL-upregulated spinal mGluR5
(blue) expression, but did not affect VPS26A (green) or SNX27 (red) expression. Paired two-
tailed Student’s t test, **p � 0.01 vs sham 7D. ##p � 0.01 vs SNL 7D; n � 7. Scale bar, 50 �m.
Thickness, 50 �m. F, At day 7 after the operation, the SNL-increased abundance of VPS26A-
bound VPS26A, SNX27 and mGluR5, mGluR5-bound mGluR5, SNX27 and VPS26A were all at-
tenuated through the daily administration of VPS26A mRNA-targeted antisense siRNA (SNL
7D	VPS26A RNAi; 5 �g, 10 �l). Application of SNX27 mRNA-specific antisense siRNA (SNL
7D	SNX27 RNAi; 3 �g, 10 �l) elicited similar effects, but did not reduce the amount of
enhanced VPS26A-bound VPS26 in the precipitates. Application of MPEPs (SNL 7D	MPEPs,
300 nM, 10 �l) attenuated the SNL-increased abundance of VPS26A-bound mGluR5 and
mGluR5-bound mGluR5, SNX27, and VPS26A, but did not affect the SNL-increased abundance
of VPS26A-bound VPS26A and SNX27. The GAPDH abundance in the preprecipitated homoge-
nates remained at a relatively constant level at these time points. No detectable immunoreac-
tivity was observed in the control IgG-recognized precipitation. In, input control; IP,
immunoprecipitation. VPS26A-bound VPS26A, one-way ANOVA, F(6,35) � 11.54, p � 0.001;
VPS26A-bound SNX27, one-way ANOVA, F(6,35) � 11.42, p � 0.001; VPS26A-bound mGluR5,
one-way ANOVA, F(6,35) � 8.778, p � 0.001; mGluR5- bound mGluR5, one-way ANOVA, F(6,35)

� 13.39, p � 0.001; mGluR5-bound VPS26A, one-way ANOVA, F(6,35) � 40.42, p � 0.001;
mGluR5- bound SNX27, one-way ANOVA, F(6,35) � 29.83, p � 0.001. All post hoc Tukey’s tests,
**p � 0.01 vs sham 7D. #p � 0.05, ##p � 0.01 vs SNL 7D. n � 6. No detectable immunore-
activity was observed in the control IgG precipitation. In, input control; IP,
immunoprecipitation.
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photoreceptor protein recycling; conversely, the lack of retromer
resulted in the improper recycling and the degeneration of pho-
toreceptor protein (Wang et al., 2014). Together, these data re-
veal that the SNL-enhanced VPS26A–SNX27 interaction is
necessary and sufficient to regulate the endosomal recycling of
mGluR5, which possibly impedes lysosomal degradation and
promotes the membrane insertion of mGluR5 underlying the
development of neuropathic pain. Nevertheless, Lunn et al.
(2007) investigated the surface expression of the Kir3 potassium
channel and demonstrated that SNX27 promotes endosomal

movement, leading to the reduced surface
expression of the Kir3 potassium channel
in HEK293 cells. Although the mecha-
nism underlying this discrepancy is not
clear, these investigators did not identify
the partner retromer of SNX27. Consider-
ing that the direct interaction of the
SNX27 PDZ domain with the retromer
subunit VPS26 is necessary and sufficient
to prevent the lysosomal entry of SNX27
cargo (Steinberg et al., 2013), it is likely
that, without coupling with the retromer,
SNX27 could prompt cargo degradation.
However, SNX27 exhibits a dissimilar ef-
fect that impedes degradation when asso-
ciated with VPS26 because our data
showed that SNL induces the spinal
VPS26A–SNX27 interaction accompa-
nied by the enhanced abundance of total
mGluR5. The focal knock-down of spinal
VPS26A, in which spinal SNX27 func-
tions alone without the VPS26A partner,
reduced the SNL-increased amount of
total mGluR5; that is, it promoted
mGluR5 degradation. However, the
precise mechanism involved needs fur-
ther investigation.

In the present study, administration of
MPEP, an mGluR5 antagonist, decreased
the amount of receptor expressed at the
membrane. Although the mechanism un-
derlying this MPEP-induced decrease in
mGluR5 trafficking is not clear, mGluR5
receptors are demonstrated to be subject
to an endogenous active cycle of phos-
phorylation and dephosphorylation (Or-
lando et al., 2002). In rat hippocampal
neurons, phosphorylation of mGluR5 en-
hances mGluR5-Siah 1A binding, which is
essential for Siah-1A’s effects on mGluR5
trafficking (Ko et al., 2012). Therefore, we
suggest that MPEP could antagonize
mGluR5 phosphorylation and thereby re-
duce membrane-bound mGluR5 traffick-
ing in dorsal horn neurons. Our proposal
is supported by a study showing that
drug-induced mGluR5 phosphorylation
can be inhibited by MPEP (Ireland et al.,
2004). Nevertheless, the elucidation of de-
tailed mechanisms for these effects needs
further investigation.

In conjunction with the retromer, the
SNX family has been implicated in endo-

some recycling. For example, SNX-BAR-dependent (Wassmer et
al., 2009) and SNX3-dependent (Harterink et al., 2011) export
pathways contribute to cargo trafficking from endosomes to the
trans-Golgi network. A recent study demonstrated that SNX27, a
unique PDZ domain-containing SNX, transports cargo bearing the
PDZ-binding motif from the endosome to the plasma membrane
(Cullen and Korswagen, 2012). In the present study, the SNL-
induced VPS26A–SNX27 complex interacts with and thereby re-
cycles mGluR5 in dorsal horn neurons. Crystal structure analysis
has revealed that the coupling of VPS26A to SNX27 increases the

Figure 6. The VPS26A–SNX27 complex drives mGluR5 membrane trafficking to mediate neuropathic pain in the dorsal horn. A,
A representative Western blot and statistical analyses (normalized to N-Cad) showed that SNL, but not the sham operation (sham),
increased the abundance of mGluR5(m) selectively in the ipsilateral (I and IPSI), but not contralateral (C and CONTRA), dorsal horn
at days 3 and 7 after the operation. Statistical analyses included two-way ANOVA with repeated measures over time, group (F(3,20)

� 28.47; p � 0.001) and time (F(2,40) � 2.595; p � 0.087) and in the interaction of group by time (F(6,40) � 3.281; p � 0.010),
post hoc Tukey’s tests. **p � 0.01 vs sham IPSI. ##p � 0.01 vs SNL day �1, n � 6. IB, Immunoblotting. B, Focal knock-down of
spinal VPS26A and SNX27 expression using specific antisense siRNA (5 �g of SNL 7D	VPS26A RNAi and 3 �g of SNL 7D	SNX27
RNAi, 10 �l) and application of MPEPs (SNL 7D	MPEPs, 300 nM, 10 �l) all reversed the SNL-enhanced expression of membrane-
bound mGluR5 on day 7 after the operation. One-way ANOVA, F(6,77) � 30.14, p � 0.001, post hoc Tukey’s tests. **p � 0.01 vs
sham 7D. ##p � 0.01 vs SNL 7D. n � 6.
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affinity of the PDZ domain of SNX27 (Gallon et al., 2014) and,
conversely, the uncoupling of VPS26A from SNX27 leads to the
loss of cargo recycling from endosomes to the plasma membrane
(Gallon and Cullen, 2015). Further, considering that mGluR5 is
characterized by a PDZ motif-containing GPCR (Kitano et al.,
2002) and SNX27 contributes to the subcellular recycling of the
GPCR through PDZ-mediated protein–protein interactions
(Bauch et al., 2014), we suggest that the SNL-induced SNX27-
VPS26A complex interacts with mGluR5 via a PDZ-mediated
interaction between SNX27 and mGluR5. This proposal is fur-
ther supported by studies demonstrating retromer function in
conjunction with associated proteins, including SNX (Gallon et
al., 2015), and the VPS26A–SNX27 complex promotes recycling
through PDZ-dependent cargo recognition (Temkin et al., 2011;
Gallon et al., 2014). However, the detailed coupling mechanism
between the VPS26A–SNX27 complex and mGluR5 warrants
further investigation.

Notes
Supplemental material for this article is available at https://drive.google.
com/file/d/0B1jrcoWKk82hU3ZiSUlfNXZ5ZVk/view. Shown are whole-
blot images of VPS26A, SNX27, and mGluR5 probed by specific antibod-
ies used in immunohistochemistry study. This material has not been peer
reviewed.
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