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Spinophilin-Targeted Protein Phosphatase-1 Alleviated
Inflammatory Pain by Negative Control of MEK/ERK
Signaling in Spinal Cord Dorsal Horn of Rats
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Protein phosphatase-1 (PP1), anchored by regulatory or targeting proteins at excitatory glutamatergic synapses, controls the phosphor-
ylation of postsynaptic substrates and regulates the neurotransmission and plasticity. Here, we found that spinophilin, an actin-binding
protein that targets PP1 at postsynaptic density, served as a scaffold for extracellular signal-regulated kinase (ERK) signaling compo-
nents. Through the C-terminal PDZ domain, spinophilin directly interacted with ERK and its upstream mitogen-activated protein kinase
kinase (MEK). PP1, recruited by spinophilin, gained access to and dephosphorylated these kinases, exerting a tonic inhibition of
ERK signaling. The removal of PP1 inhibition by disturbing spinophilin/PP1 interaction allowed a restricted activation of MEK/ERK at
synapses, which in turn augmented the synaptic transmission specifically mediated by GluN2B subunit-containing N-methyl-D-aspartate
subtype of glutamate receptors. We provided evidence that in pain-related spinal cord dorsal horn, the scaffolding function of spinophilin
played an important role in the negative control of ERK-dependent and GluN2B-dependent pain sensitization. Expression of wild-type
spinophilin produced an effective analgesic action against chronic inflammatory pain induced by complete Freund’s adjuvant in rats.
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Introduction
Extracellular signal-regulated kinase (ERK) is a point of conver-
gence of many intracellular signaling cascades (Ji et al., 2009).
The typical pathway for ERK activation involves Raf-1 kinase-
mediated phosphorylation of mitogen-activated protein kinase
kinase (MEK) at Ser218/Ser222, which subsequently catalyzes
ERK phosphorylation at Thr183/Tyr185 in the activation loop.

These components of ERK-signaling cascades are organized and
compartmentalized by scaffolding proteins to regulate diverse
biological responses (Kolch, 2005). In CNS, the proper targeting
and activation of ERK signaling in dendritic and postsynaptic
sites regulate the synaptic trafficking of ionotropic glutamate re-
ceptors and mediate several forms of long-term potentiation of
glutamatergic neurotransmission (Thomas and Huganir, 2004).
The termination of ERK signaling is attributed to dephosphory-
lation events catalyzed by protein phosphatases. At the level of
ERK, several dual-specificity phosphatases, serine/threonine
phosphatases, and tyrosine phosphatases can remove the phos-
phates from either one or both of threonine and tyrosine residues
within the ERK activation loop, resulting in the complete enzy-
matic inactivation (Zhou et al., 2002; Paul et al., 2003; Patterson
et al., 2009). The upstream MEK and Raf-1 kinases contain sev-

Received June 15, 2015; revised Aug. 30, 2015; accepted Sept. 3, 2015.
Author contributions: X.-D.H. designed research; X.-D.H., Y.-N.L., Z.-Y.Z., Z.-A.M., Z.-W.S., and X.Y. performed

research; X.-D.H. analyzed data; X.-D.H. wrote the paper.
This work was supported by the National Natural Science Foundation of China (30870837, 31271186).
The authors declare no competing financial interests.
Correspondence should be addressed to Dr. Xiao-Dong Hu, Department of Molecular Pharmacology, School of

Pharmacy, Lanzhou University, Lanzhou, Gansu, China 730000. E-mail: huxxiaodong@lzu.edu.cn.
DOI:10.1523/JNEUROSCI.2293-15.2015

Copyright © 2015 the authors 0270-6474/15/3513989-13$15.00/0

Significance Statement

Extracellular signal-regulated kinase (ERK) relays the signals from multiple transmembrane receptors to a wide range of down-
stream effectors critical for the regulation of neuronal excitability and plasticity. The strength and duration of ERK signaling is
spatiotemporally controlled by protein phosphatases. Sustained activation of ERK has been implicated in a variety of pathological
processes. The current study revealed that spinophilin, a well characterized protein phosphatase 1 (PP1) synaptic targeting
protein, was able to scaffold mitogen-activated protein kinase kinase (MEK) and ERK for dephosphorylation and inactivation
by PP1. The loss of PP1 inhibition, as a result of spinophilin/PP1 dissociation, led to aberrant activation of MEK/ERK signaling,
which had important implications for the exaggeration of NMDA receptor-dependent nociceptive synaptic transmission in spinal
cord dorsal horn.
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eral regulatory phosphorylation sites on serine and threonine
residues (Matallanas et al., 2011; Roskoski, 2012a), dephosphor-
ylation of which produces different changes of their enzymatic
activities. Some scaffolding proteins for ERK signaling compo-
nents can also recruit protein phosphatases to achieve a spatio-
temporal control over the strength and duration of ERK signaling
(Morrison and Davis, 2003; Ory et al., 2003; Kolch, 2005; Dard
and Peter, 2006).

The protein phosphatase-1 (PP1) is a ubiquitous serine/thre-
onine phosphatase that regulates a number of cellular processes
through the interaction of its catalytic subunit with regulatory
subunits (Cohen, 2002). The majority of these regulatory sub-
units are scaffolding or targeting proteins, which direct PP1 to
different subcellular compartments and govern PP1 substrate
specificity and functional diversity (Cohen, 2002). Spinophilin
(SPN) is one of the well characterized PP1 synaptic targeting
proteins, with an N-terminal actin-binding domain, a PP1-
binding motif, a PSD-95/discs large/zona occludens-1 (PDZ) do-
main, and a C-terminal coiled-coil region (Sarrouilhe et al.,
2006). Through its actin-binding domain, SPN anchors a pool of
PP1 at postsynaptic density, where it modulates the glutamater-
gic neurotransmission and plasticity (Allen et al., 1997; Satoh et
al., 1998; Yan et al., 1999; Feng et al., 2000). Here we identified
MEK and ERK as the novel binding partners for SPN, and re-

vealed a tonic inhibition of ERK signaling by PP1 in spinal cord
dorsal horn of rats.

Materials and Methods
Animals and drugs. All experimental procedures were in accordance with
the guidelines of the Animal Care and Use Committee of Lanzhou Uni-
versity. Male adult Sprague Dawley rats (180 –220 g) were purchased
from the Experimental Animal Center of Lanzhou University and
housed three to four per cage with ad libitum access to food and water.
For intrathecal drug delivery, the rats were held firmly by a pelvic girdle
and a 30 gauge needle attached to a 25 �l microsyringe was inserted
between vertebrae L5 and L6. A sudden advancement of the needle ac-
companied by a slight flick of the tail was used as the indicator for proper
insertion into the subarachnoid space. The chemical drugs and virus
were intrathecally injected slowly in 10 �l volume. The replication-
defective recombinant adenovirus type 5 (10 10 pfu/ml) expressing green
fluorescent protein (GFP)-tagged wild-type (WT) SPN [SPN(WT)] or
SPN(F451A) mutant (phenylalanine to alanine mutation at residue 451)
was commercially obtained from Yingrun Biotechnologies. D-APV,
CNQX, and tetrodotoxin (Sigma-Aldrich) were dissolved in artificial
CSF (ACSF; in mM: 119.0 NaCl, 2.5 KCl, 2.5 CaCl2, 1.3 MgCl2, 1.0
NaH2PO4, 26.0 NaHCO3, 11.0 D-glucose, pH 7.4). GluN2B-selective an-
tagonist ifenprodil, myosin light chain kinase (MLCK) inhibitor ML-7,
MEK inhibitor PD98059, and U-0126 (Sigma-Aldrich) were dissolved in
dimethyl sulfoxide, which was diluted with ACSF or internal solution just
before use. The final concentration of dimethyl sulfoxide was �0.1%. All
the experiments were conducted blindly to the experimenters without
knowledge of the manipulations that the animals received. The inflam-
matory pain was induced by subcutaneous injection of complete
Freund’s adjuvant (CFA; 50 �l; Sigma-Aldrich) into the plantar surfaces
of hindpaws.

Subcellular fractionation. The rats were anesthetized with sodium
pentobarbital (60 –90 mg/kg, i.p.) and the lumbar enlargements of spinal
cords were quickly removed into ice-cold ACSF (bubbled with 95% O2

and 5% CO2). The dorsal quadrants of spinal cords were dissected out
and homogenized in the lysis buffer [in mM: 10.0 Tris-HCl, pH 7.6, 320.0
sucrose, 5.0 EDTA, and proteases/phosphatases inhibitors (10.0 mM

NaF; 1.0 mM orthovanadate; 1.0 mM phenylmethylsulfonyl fluoride; 1.0
mg/ml each of aprotinin, chymostatin, leupeptin, antipain, and pepsta-
tin)]. The homogenates were centrifuged at 1000 � g for 10 min at 4°C to
remove the nuclei and large debris (P1). The supernatant (S1) was col-
lected and centrifuged at 10,000 � g for 15 min to obtain P2 pellet that
contained crude synaptosomal fraction. P2 was incubated for 30 min
with the lysis buffer containing 0.5% Triton X-100, and then centrifuged
at 32,000 � g for 20 min to harvest synaptosomal membrane fraction
(P3; Smith et al., 2006; Jaworski et al., 2009; Sanz-Clemente et al., 2010; Li
et al., 2015). To assay the protein expression and phosphorylation (Li et
al., 2015), the spinal dorsal horn was homogenized in radio-
immunoprecipitation assay (RIPA) buffer (50.0 mM Tris-HCl, pH 8.0,
150.0 mM NaCl, 1.0 mM EDTA, 1.0% Nonidet P-40, 0.1% SDS, 0.5%
sodium deoxycholate, and proteases/phosphatases inhibitors). After
centrifugation at 14,000 � g for 10 min, the supernatant was collected
and protein concentration was measured by using bicinchoninic acid
assay kit (Pierce).

Coimmunoprecipitation and Western blot. For coimmunoprecipitation
(Li et al., 2015), the P2 fraction was extracted in 50.0 mM Tris-HCl, pH
9.0, 10.0 mM EDTA, 1.0% sodium deoxycholate, and proteases/phospha-
tases inhibitors at 37°C for 30 min. Equal volume of the dilution buffer
(50.0 mM Tris-HCl, pH 7.4, 150.0 mM NaCl, 0.1% SDS, 1.0% Triton
X-100, and proteases/phosphatases inhibitors) was added into the extract
above. After centrifugation at 14,000 � g, the supernatant was collected
and incubated at 4°C with primary antibodies overnight. The protein
A/G-agarose beads were incubated with the immune complexes for 4 h.
After three washes, the immunoprecipitates were resuspended in SDS
sample buffer and boiled for 5 min before Western blot analysis.

The protein samples were subjected to SDS-PAGE and transferred to
polyvinylidene difluoride membranes. After blocking with 5% nonfat
milk, the membranes were incubated with primary antibody overnight at
4°C, followed by incubation with horseradish peroxidase-conjugated

Figure 1. SPN interacted with MEK and ERK. a– d, Coimmunoprecipitation (Co-IP) was per-
formed from synaptosomal fraction of spinal dorsal horn of rats with specific antibody against
SPN (a), MEK1 (b), ERK1/2 (c), or Raf-1 (d). The precipitates were immunoblotted with anti-
bodies indicated on the left of panels. Molecular weight markers were shown in kilodalton on
the right of panels.
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secondary antibody (Jackson ImmunoResearch Laboratories). The blots
were visualized by enhanced chemiluminescence (Beyotime Institute of
Biotechnology).

Antibodies. The primary antibodies used in the present study included
the mouse anti-GluN1 antibody from BD PharMingen; rabbit anti-
GluN2B, rabbit anti-GluN2A, rabbit anti-SPN, rabbit anti-PP1�1, and
mouse anti-Raf-1-pSer338 antibody from Millipore; mouse anti-�-actin
antibody from Sigma-Aldrich; mouse anti-His, mouse anti-GST, rabbit
anti-Raf-1, and rabbit anti-Raf-1-pSer259 antibody from Anbo Biotech-
nology; mouse anti-SPN antibody from BD Transduction Laboratories;
rabbit anti-MEK1 antibody from Santa Cruz Biotechology; rabbit anti-
ERK1/2, mouse anti-ERK1/2-pThr183/Tyr185, rabbit anti-MEK1/2-
pSer218/Ser222, and rabbit anti-MLC-pThr18/Ser19 antibody from Cell
Signaling Technology.

Immunohistochemistry. Rats were perfused through the ascending
aorta with PBS (0.01 M) followed by 4% paraformaldehyde in 0.1 M

phosphate buffer. The L4 –L5 spinal cord segments were dissected and
fixed in the same fixative for 4 h. The tissues were cryoprotected in 30%
sucrose overnight. Transverse sections (16 �m) were cut and incubated
with rabbit anti-GFP antibody (Clontech) and mouse anti-NeuN anti-
body (Millipore) or mouse anti-ERK1/2-pThr183/Tyr185 antibody and
rabbit anti-NeuN antibody (Millipore) at 4°C for 72 h. After several
washes, the sections were incubated with Alexa Fluor 488-conjugated
and Cy3-conjugated secondary antibodies for 2 h before image capture
(Li et al., 2015).

Expression constructs. The rat full-length SPN cDNA in pEGFP-N1
vector was purchased from Genechem and used as a template to gene-
rate SPN(F451A) mutant by PCR. The cDNA encoding SPN(WT),
SPN(F451A), SPN(1– 648), SPN(1– 494), SPN(1– 446), SPN(1–154), or
SPN(494 – 648) was PCR subcloned and ligated into pGEX-4T-1 or
pcDNA3.1/myc-HisA vector. The human full-length MEK1 cDNA, rat

ERK2 cDNA, and human PP1� catalytic subunit cDNA in pcDNA3.1/
myc-HisA or pGEX-6p-1 vector were obtained from Genewiz. The
pBabe-puro vector encoding MEK1(S218D/S222D) was a gift from Wil-
liam Hahn (Addgene plasmid #15268). The pBabe-puro-Raf-1 was a gift
from Matthew Meyerson (Addgene plasmid #51124), which was used to
generate Raf-1(Y340D/Y341D) mutant by Genewiz. All the constructs
were confirmed by DNA sequencing.

Transfection. HEK293T cells were grown in DMEM containing 10%
fetal bovine serum in an incubator with humidified air (5% CO2) at 37°C.
Cells were transiently transfected with plasmid DNA (10 �g) using a
standard calcium phosphate method. Cells were harvested 48 h after
transfection.

GST pull-down assay. The GST fusion proteins were expressed in Esch-
erichia coli BL21 cells and affinity purified by glutathione agarose beads
(Sigma-Aldrich) according to the manufacturer’s instructions. The His-
tagged proteins were expressed in HEK293T cells, purified by nickel-
nitrilotriacetic acid (Ni-NTA) column (Roche), and eluted with 0.25 M

imidazole in 300 mM NaCl and 50 mM NaH2PO4, pH 8.0. The eluted
proteins were concentrated and desalted through Amicon Ultra Centrif-
ugal Filters (Millipore). The protein purity was assessed by Western blot
and Coomassie blue staining. For pull-down assays, the purified His
proteins (0.5 �M) or lysates from spinal dorsal horn (500 �g) were incu-
bated with GST proteins bound to glutathione agarose beads in RIPA
buffer and rotated for 4 h at 4°C. The beads were washed six times with
RIPA buffer before immunoblotting analysis.

Dephosphorylation assays. The HEK293T cells were cotransfected with
pBabe-puro-Raf-1(Y340D/Y341D) and pcDNA3.1/myc-HisA-MEK1.
The phosphorylated His-tagged MEK1 was purified from cell lysates by
using Ni-NTA column. The His-tagged ERK2 was obtained from
HEK293T cells coexpressing pBabe-puro-MEK1(S218D/S222D) and
pcDNA3.1/myc-HisA-ERK2. These phosphorylated His proteins (0.5

Figure 2. The PDZ domain of SPN was responsible for MEK/ERK binding. a, GST fusion proteins containing different domains of SPN were constructed. ABD, Actin-binding domain; RBD,
receptor-binding domain. b, c, MEK1 (b) and ERK1/2 (c) pulled down by GST proteins from lysates of spinal dorsal horn of rats were analyzed by immunoblotting (top). The total amounts of
MEK1/ERK1/2 (middle) and GST proteins (bottom) used for pull-down assays were also shown. d–f, The purified recombinant His-MEK1 (d), His-SPN (e), or His-ERK2 (f ) pulled down by GST proteins
in vitro was analyzed by anti-His antibody (top). The total amounts of His (middle) and GST proteins (bottom) used for pull-down assays were also shown.
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�M) were used as the substrates for dephosphorylation by His-PP1 (0.05
�M; Zhou et al., 2002; Wu et al., 2009). The phosphatase buffer contained
50 mM Tris-HCl, pH 7.5, 0.1 mM EDTA, 2 mM MnCl2, and 10 mM DTT
with or without GST-SPN(WT) and GST-SPN(F451A) bound to gluta-
thione agarose beads. After incubation for 30 min at 30°C, the reaction
was stopped by adding SDS sample buffer, followed by Western blot
analysis of protein phosphorylation. For pull-down assays, the phos-
phorylated His proteins were incubated with GST-SPN(WT) and His-
PP1. The dephosphorylation reaction was conducted at 30°C for 0, 10,
and 30 min. At each time point, the beads were collected and washed six
times with RIPA buffer before immunoblotting analysis.

Behavioral test. The pain thresholds were measured blindly. The rats
were habituated in a cage with wire mesh floor for �30 min before pain
sensitivity was measured. A set of von Frey filaments (Stoelting) was
applied perpendicularly to the plantar surfaces of hindpaws and 50% paw
withdrawal thresholds (PWTs) were calculated by using the up-down

method as described previously (Li et al., 2015). To measure the paw
withdrawal latency (PWL), the animals were placed on a clear glass plate
and a beam of light was focused on the midplantar surfaces of hindpaws
to deliver heat stimuli, with the cutoff of 20 s. The time between the onset
of heat application and paw withdrawal was recorded automatically as
PWL values.

Preparation of spinal cord slices. The rats (4 –5 weeks) were deeply
anesthetized with sodium pentobarbital. The lumbar spinal cords
were quickly removed into ice-cold sucrose solution (in mM: 50.0
sucrose, 95.0 NaCl, 1.8 KCl, 0.5 CaCl2, 7.0 MgSO4, 1.2 KH2PO4, 26.0
NaHCO3, 15.0 D-glucose, bubbled with 95% O2 and 5% CO2, pH 7.4;
Ikeda et al., 2006; Fan et al., 2014). A transverse slice (600 �m thick-
ness) with an intact L4 or L5 dorsal root was cut on a vibratome stage,
transferred to the recording chamber, and perfused with oxygenated
ACSF at 30 –32°C for �1 h before electrophysiological recordings or
drug treatment.

Figure 3. SPN facilitated PP1 dephosphorylation of MEK and ERK. a, b, Effects of SPN(WT) on MEK/ERK phosphorylation induced by constitutively active Raf-1(Y340D/Y341D) [Raf-1(DD)] (a) or
MEK1(S218D/S222D) [MEK1(DD)] (b) in HEK293T cells. *p � 0.05 relative to control cells. #p � 0.05 relative to Raf-1(DD)-expressing or MEK1(DD)-expressing cells. n � 6 experiments. c, d, The
purified, phosphorylated His-MEK1 (His-pMEK1; c) or His-ERK2 (His-pERK2; d) was incubated with His-PP1 and GST-SPN(WT) or GST-SPN(F451A) in vitro at 30°C for 30 min before immunoblotting
analysis of MEK1 and ERK2 phosphorylation (top). The total amount of His-pMEK1 (c) or His-pERK2 (d) used for analysis was also shown (bottom). *p � 0.05 relative to the phosphorylation levels
without His-PP1. n � 6 experiments. e, f, The dephosphorylated MEK and ERK reduced their bindings to SPN. The dephosphorylation reaction was conducted by incubating His-pMEK1 or His-pERK2
with GSP-SPN(WT) and His-PP1 at 30°C for 0, 10, and 30 min. At each time point, MEK1 (e, top) or ERK2 (f, top) was pulled down by GST-SPN(WT). The graph showed the percentage changes of
GSP-SPN(WT)-precipitated MEK1 (e) and ERK2 (f ). *p � 0.05 relative to the values at 0 min. n � 6 experiments.
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Electrophysiological recordings. Whole-cell
patch-clamp recordings were performed with
an Axon700B amplifier (Molecular Devices) at
day 3 after intrathecal viral injection or intra-
plantar CFA injection. The GFP-expressing
lamina II neurons were visually identified by
using an Olympus BX51WIF microscope fitted
with a 40� water-immersion objective under
fluorescence and transmitted light illumina-
tion. The glass pipettes (4 – 8 M�) were filled
with the internal solution containing (in mM)
the following: 115 Cesium methanesulfonate,
20 CsCl, 10 HEPES, 2.5 MgCl2, 4 Na2ATP, 0.4
Na-GTP, 0.6 EGTA, and 10 sodium phospho-
creatine, pH 7.25 (295–300 mOsm). The at-
tached dorsal roots were stimulated (0.1 Hz,
0.1 ms duration, 2–5 mA) through a suction
electrode (Ikeda et al., 2006; Fan et al., 2014).
To calculate the AMPAR/NMDAR ratios, the
evoked EPSCs were recorded at the holding po-
tential of �70 and �40 mV with the perfusate
containing GABAA receptor antagonist picro-
toxin (50.0 �M) and glycine receptor antago-
nist strychnine (2.0 �M). The averaged
AMPAR peak currents (15–30 consecutive
events) recorded at �70 mV were divided by
averaged NMDAR currents that were mea-
sured 49 –51 ms after the stimulus at �40 mV
(Jurado et al., 2013). To pharmacologically iso-
late the NMDAR component of synaptic re-
sponses, AMPAR antagonist CNQX (10.0 �M)
was also added into the perfusate (Zhou et al.,
2010; Fan et al., 2014). The monosynaptic
EPSCs were identified on the basis of the con-
stant latency and the absence of conduction
failure in response to high-frequency electrical
stimulation (20 Hz; Zhou et al., 2010; Fan et al.,
2014). To plot the input– output curves, the
synaptic responses were elicited at six different
stimulation intensities (0.1, 0.2, 0.5, 1.0, 2.0,
and 5.0 mA; Luo et al., 2012). For miniature
EPSCs (mEPSCs), the neurons were held at
�70 mV, and the recordings were performed
in the external solution containing tetrodo-
toxin (0.5 �M), picrotoxin (50.0 �M), and
strychnine (2.0 �M). The paired-pulse ratios
were measured by delivering two stimuli at dif-
ferent interstimulus intervals (ISIs; Jurado et
al., 2013). The series and input resistances were
monitored on-line throughout each experi-

Figure 4. SPN-bound PP1 negatively controlled MEK and ERK phosphorylation at synaptosomal fraction of spinal dorsal horn of
rats. a, GFP signals (green) in spinal dorsal horn coincided with neuronal marker NeuN (red) after intrathecal injection of

4

recombinant adenovirus encoding GFP-tagged SPN(WT) or
SPN(F451A). The arrows indicated the neurons positive for
GFP. b, c, The phosphorylation levels of MEK/ERK (b) and Raf-1
(c) were probed at day 3 after viral expression of GFP,
SPN(WT), and SPN(F451A). *p � 0.05 relative to GFP control.
n � 6 experiments in each group. d, Immunostaining illus-
trated the colocalization of phosphorylated ERK ( pERK; red)
with NeuN (green) at day 3 after intrathecal administration of
adenovirus encoding SPN(F451A). The arrows indicated the
neurons positive for phosphorylated ERK. e, The spinal cord
slices were prepared at day 3 after GFP or SPN(F451A) expres-
sion and incubated with tetrodotoxin (TTX; 1 �M), D-APV (100
�M), or CNQX (10 �M) for 2 h before immunoblotting analysis
of phosphorylated MEK or ERK at synaptosomal and cytosolic
fraction. *p � 0.05 relative to GFP, #p � 0.05 relative to
SPN(F451A). n � 4 experiments in each group.
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ment (Hu et al., 2007). The recordings were abandoned if any resistance
changed �15%. The current signals were filtered at 2 kHz and sampled at
10 kHz.

Statistics. All data were represented as mean 	 SEM. The mEPSC
signals were analyzed by minianalysis software, while the peak ampli-
tudes of evoked EPSCs were analyzed by Clampfit 8.0 software. For West-
ern blot, the scanned digital images were quantified by National
Institutes of Health ImageJ software. The relative immunoreactive inten-
sity of one protein was calculated by the ratio of its signal to �-actin signal
or its nonphosphorylation signal. For display purposes, these ratios ware
normalized to control values. Differences were compared by using Stu-
dent’s t test or one-way ANOVA followed by post hoc Tukey’s honestly
significant difference test. The criterion for statistical significance was
p � 0.05.

Results
SPN directly interacted with MEK and ERK through its PSD-
95/discs large/zona occludens-1 domain
SPN is one of the PP1 synaptic targeting proteins (Sarrouilhe et
al., 2006). The specific antibody against SPN coimmunoprecipi-
tated PP1 from synaptosomal fraction of spinal cord dorsal horn
(Fig. 1a). In addition to PP1, anti-SPN antibody also pulled down
MEK1 and ERK1/2 (Fig. 1a), the key signaling components in-

volved in synaptic plasticity (Thomas and Huganir, 2004; Ji et al.,
2009). The Raf-1 kinase that acted upstream of MEK/ERK was
not detectable in SPN precipitates (Fig. 1a). Reciprocal experi-
ments verified that anti-MEK1 (Fig. 1b) or anti-ERK1/2 (Fig. 1c)
antibody stably precipitated SPN and PP1. Anti-Raf-1 antibody
failed to precipitate SPN, although PP1 was detected in Raf-1
precipitates (Fig. 1d).

To test the possible direct interaction of SPN with MEK and
ERK, we constructed a family of GST fusion proteins of SPN (Fig.
2a), and performed GST pull-down assays. GST fusion of WT
SPN [SPN(WT)] precipitated MEK1 (Fig. 2b) and ERK1/2 (Fig.
2c) from lysates of spinal dorsal horn of rats. GST-SPN(1– 648),
which lacked the C-terminal coiled-coil domain, also pulled
down MEK1 and ERK1/2 (Fig. 2b,c). Further truncation of PSD-
95/discs large/zona occludens-1 (PDZ) domain [GST-SPN(1–
494)], however, abrogated SPN interaction with MEK1 and
ERK1/2 (Fig. 2b,c), suggesting that the PDZ domain was likely
responsible for MEK/ERK binding. To confirm these results, we
purified the recombinant His-tagged MEK1 or ERK2 as the prey
proteins for in vitro pull-down assays. GST-SPN(WT), but not
GST, interacted with His-MEK1 (Fig. 2d). GST-SPN(494 – 648),

Figure 5. SPN-bound PP1 regulated NMDAR-mediated EPSCs in spinal cord slices from rats. a, The ratios of AMPAR-EPSC amplitudes to NMDAR-EPSC amplitudes (AMPAR/NMDAR ratios) were
recorded in control neurons and GFP-, SPN(WT)-expressing or SPN(F451A)-expressing neurons. n � 12 neurons in each group. *p � 0.05 relative to GFP neurons. b, Comparison of the amplitudes
and frequencies of AMPAR-mediated mEPSCs. n � 6 neurons in each group. c, NMDAR EPSCs were elicited at six different stimulation intensities (left) and the input (stimulation intensity)– output
(synaptic response) curves were plotted (right). n � 10 neurons in each group. *p � 0.05 relative to GFP. d, NMDAR EPSCs were evoked by a pair of electrical stimuli at different ISIs in
GFP-expressing, SPN(WT)-expressing, or SPN(F451A)-expressing neurons (top), and the paired-pulse ratios (PPR) were plotted against ISI (bottom). n � 6 neurons in each group.
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which contained only the PDZ domain, was sufficient to precip-
itate His-MEK1 (Fig. 2d). GST-SPN(1– 494), which was devoid
of PDZ domain, did not precipitate His-MEK1 (Fig. 2d). Recip-
rocally, GST-tagged MEK1 pulled down the purified His-
SPN(WT) (Fig. 2e). GST-SPN(WT), GST-SPN(1– 648), and
GST-SPN(494 – 648) also pulled down purified His-ERK2, while
PDZ domain-defective GST proteins failed to interact with His-
ERK2 (Fig. 2f).

The scaffolding function of SPN enabled the direct
dephosphorylation of MEK/ERK by PP1
The full activation of MEK1 and ERK1/2 requires Ser218/Ser222 and
Thr183/Tyr185 phosphorylation, respectively. Since SPN recruited
MEK/ERK to the close vicinity of PP1, we hypothesized that SPN-
bound PP1 might regulate MEK/ERK activities by dephosphorylat-
ing their serine/threonine residues in the activation loops. To test
this, we expressed the constitutively active Raf-1(Y340D/Y341D)
mutant in HEK293T cells, which simultaneously increased the
phosphorylation of MEK and ERK (Fig. 3a). When SPN(WT) was
cotransfected into HEK293T cells, the phosphorylation levels of
MEK and ERK were significantly suppressed (Fig. 3a). SPN might
take effect by targeting MEK alone or both MEK and ERK. To inves-
tigate whether SPN acted at the level of ERK, the constitutively active
MEK1(S218D/S222D) mutant was transfected in HEK293T cells to
enhance ERK phosphorylation (Fig. 3b). We found that coexpres-
sion of SPN(WT) also decreased the phosphorylation of ERK in-
duced by MEK1(S218D/S222D; Fig. 3b), suggesting that SPN was
likely to act at the levels of both MEK and ERK.

To examine whether SPN facilitated the direct dephosphory-
lation by PP1 of MEK1, we performed in vitro dephosphorylation
assays. The purified, phosphorylated His-MEK1 displayed no sig-

nificant dephosphorylation when incubated with recombinant
PP1 alone (Fig. 3c). The presence of GST-SPN(F451A), a SPN
mutant devoid of PP1 binding (Hsieh-Wilson et al., 1999; Yan et
al., 1999), also failed to influence His-MEK1 phosphorylation
levels (Fig. 3c). When GST-SPN(WT) was added into the reaction
buffer, however, a significant dephosphorylation of His-MEK1
was observed (Fig. 3c). Similarly, the purified, phosphorylated
His-ERK2 exhibited no detectable dephosphorylation in the
presence of PP1 and GST-SPN(F451A (Fig. 3d). A significant
reduction of His-ERK2 phosphorylation was observed only when
coincubated with GST-SPN(WT) and PP1 (Fig. 3d). With the
dephosphorylation by PP1, MEK1 and ERK2 reduced their bind-
ings to SPN. As shown in Figure 3e,f, GSP-SPN(WT) pulled down
less MEK1 (Fig. 3e) or ERK2 (Fig. 3f) at 10 and 30 min after in
vitro incubation with PP1 and phosphorylated His-MEK1 or His-
ERK2 at 30°C. These data suggested that SPN enabled PP1 to
dephosphorylate and release MEK/ERK.

Tonic inhibition of synaptic MEK/ERK activities by SPN
To interfere with SPN/PP1 interaction, the recombinant ade-
novirus encoding GFP-tagged SPN(F451A) or SPN(WT) was
intrathecally injected (Mannes et al., 1998; Li et al., 2015). The
adenovirus successfully infected dorsal horn neurons, as evi-
denced by GFP signals that coincided with neuronal marker
NeuN (Fig. 4a; infection rate: 70.0 	 10.5%, n � 6 slices from
6 rats). Compared with GFP control, SPN(F451A) signifi-
cantly enhanced the basal phosphorylation of MEK and ERK
in intact rats, while SPN(WT) had no effect (Fig. 4b). Raf-1
phosphorylation at Ser338 and Ser259, two key phosphoryla-
tion sites that regulate Raf-1 catalytic activity, was insensitive
to SPN(F451A) or SPN(WT) (Fig. 4c). Consistent with previ-

Figure 6. SPN specifically regulated the synaptic accumulation of GluN2B receptors. a, b, The protein contents of NMDA receptor GluN1, GluN2B, and GluN2A subunits at synaptosomal membrane
fraction (P3; a) or homogenates (b) were examined at day 3 after intrathecal injection of recombinant adenovirus encoding GFP, SPN(F451A), and SPN(WT) in rats. Equal protein loadings were
indicated by �-actin signals. The graph summarized the percentage changes of NMDAR subunits. n �6 experiments for each subunit. *p �0.05 relative to GFP control. c, Effects of GluN2B-selective
antagonist ifenprodil on NMDAR-EPSC amplitudes. The horizontal bar indicated the period of extracellular ifenprodil perfusion. n � 6 neurons in each group.
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ous reports that the active ERK following noxious stimulation
or peripheral inflammation is expressed in dorsal horn neu-
rons (Ji et al., 1999, 2002; Karim et al., 2001; Xu et al., 2008),
the phosphorylated ERK caused by SPN(F451A) was also co-
localized with NeuN (Fig. 4d). Biochemical analysis demon-
strated that MEK/ERK activation in SPN(F451A)-expressing
rats was attributed to spontaneous NMDAR activity and re-
stricted to synaptosomal fraction. Treatment of spinal cord
slices with tetrodotoxin (1 �M), which blocked spontane-
ous neuronal activity, or D-APV (100 �M), which blocked
NMDAR, abolished the increase of MEK and ERK phosphor-
ylation induced by SPN(F451A) in synaptosomal fraction,
while AMPAR antagonist CNQX (10 �M) had no effect (Fig.
4e). No significant changes of cytosolic MEK/ERK phosphor-
ylation were observed after SPN(F451A) expression (Fig. 4e),
suggesting that SPN-targeted PP1 was active in the sustained
restriction of synaptic MEK/ERK signaling from activation.

Specific regulation of GluN2B receptor-mediated synaptic
transmission by SPN through MEK/ERK signaling
The effects of SPN on synaptic transmission was investigated by
recording primary afferent-evoked EPSCs in spinal cord slices at
day 3 after viral expression of GFP, GFP-tagged SPN(WT), or
SPN(F451A). SPN(WT) or GFP alone had no effect on the ratios of
the amplitudes of AMPAR-mediated EPSCs to NMDAR-mediated
EPSCs (AMPAR/NMDAR ratios; Fig. 5a). In neurons expressing
SPN(F451A), however, the AMPAR/NMDAR ratios were substan-
tially decreased relative to those in GFP-expressing neurons (Fig.
5a). There was no significant difference in the amplitude and
frequency of AMPAR-mediated mEPSCs among intact neurons
and GFP-expressing, SPN(F451A)-expressing, and SPN(WT)-
expressing neurons (Fig. 5b), implicating a selective potentiation of
NMDAR synaptic responses after disturbing SPN-mediated PP1
targeting. The input–output curves confirmed this by showing a
substantial increase of NMDAR-EPSC amplitudes in neurons ex-

Figure 7. MEK/ERK signaling mediated the synaptic modification by SPN-associated PP1. a, Effects of MEK inhibitor U-0126 on NMDAR-EPSC amplitudes in neurons expressing
SPN(WT) or SPN(F451A). The horizontal bar indicated the period of extracellular U-0126 perfusion. n � 6 neurons in each group. b, MLC phosphorylation (pMLC) significantly increased
at day 3 after SPN(F451A) expression, which, however, could be repressed by spinal treatment with U-0126 (5 �g) or MLCK inhibitor ML-7 (50 �g) for 30 min. *p � 0.05 relative to GFP
rats, #p � 0.05 relative to SPN(F451A) rats. n � 6 experiments. c, Postsynaptic loading of ML-7 through the recording pipettes inhibited NMDAR EPSCs in neurons expressing
SPN(F451A). n � 6 neurons in each group.
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pressing SPN(F451A), but not SPN(WT), when compared with GFP
control (Fig. 5c). The paired-pulse ratios of EPSCs, which correlate
with the neurotransmitter release probability, were comparable
at each ISI among GFP-expressing, SPN(F451A)-expressing, and
SPN(WT)-expressing neurons (Fig. 5d), suggesting that the presyn-
aptic function was unchanged.

Most NMDARs are composed of GluN1 and GluN2B or
GluN2A subunits in the spinal cord. Immunoblotting analysis
demonstrated that, compared with GFP control, SPN(F451A) sig-
nificantly increased the immunoreactive intensities of NMDAR
GluN2B and GluN1 subunits, but not GluN2A subunits, at the
synaptosomal membrane fraction (Fig. 6a). The total protein level
of each NMDAR subunit exhibited no difference among GFP-
expressing, SPN(F451A)-expressing, and SPN(WT)-expressing rats
(Fig. 6b). To test whether the GluN2B receptor was the specific target
for SPN/PP1 regulation, we recorded NMDAR EPSCs and extra-
cellularly perfused ifenprodil, a GluN2B-selective antagonist. In

SPN(F451A)-expressing neurons, a dramatic decrease in the
amplitudes of NMDAR EPSCs was observed after ifenprodil
(3.0 �M) application (Fig. 6c). The synaptic responses were
insensitive to ifenprodil in GFP-expressing or SPN(WT)-
expressing neurons (Fig. 6c).

Our data showed that MEK/ERK signaling was likely responsible
for GluN2B synaptic accumulation. Bath application of MEK inhib-
itor U-0126 (0.5 �M) suppressed NMDAR-EPSC amplitudes in
neurons expressing SPN(F451A) (Fig. 7a). No reduction of
NMDAR EPSCs was produced by U-0126 in SPN(WT)-expressing
neurons (Fig. 7a). Previous studies have indicated that ERK can
phosphorylate and activate MLCK (Klemke et al., 1997), an impor-
tant postsynaptic component that phosphorylates myosin light
chains (MLCs) to boost the synaptic currents specifically mediated
by NMDAR (Lei et al., 2001). We found that SPN(F451A)-
expressing rats displayed a significant increase of MLC phosphory-
lation when compared with GFP rats (Fig. 7b). Spinal treatment

Figure 8. Intraplantar injection [intradermal (i.d.)] of CFA reduced the inhibitory effects of SPN on MEK/ERK signaling in spinal dorsal horn of rats. a, CFA had no effects on total protein levels of
SPN and PP1. n � 6 experiments. b, Coimmunoprecipitation (Co-IP) was performed with anti-SPN antibody from synaptosomal fraction of spinal dorsal horn. The precipitates were immunoblotted
with antibodies indicated on the left of panels. n � 6 experiments, *p � 0.05 relative to saline control. c, Effects of SPN(WT) on CFA-induced MEK/ERK phosphorylation. Intrathecal viral injection
(i.t.) was performed at 2 h post-CFA and immunoblotting was conducted at day 3 post-CFA. n � 6 experiments. d, NMDAR EPSCs were elicited at six different stimulation intensities (left) and the
input– output curves were plotted (right). n � 10 neurons in each group. *p � 0.05 relative to saline-injected GFP-expressing control rats. #p � 0.05 relative to CFA-injected GFP-expressing rats.
e, Effects of U-0126 on NMDAR EPSCs recorded in slices from saline-injected or CFA-injected rats. The horizontal bar indicated the period of U-0126 perfusion. n � 6 neurons in each group.
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with U-0126 (5 �g) repressed MLC phos-
phorylation (Fig. 7b), implicating an ERK-
dependent MLCK activation. A similar
suppression of MLC phosphorylation was
also observed with MLCK inhibitor ML-7
(50 �g; Fig. 7b). Postsynaptic loading of
ML-7 (10.0 �M) through the glass pipettes
mimicked MEK inhibition by de-
creasing NMDAR-EPSC amplitudes in
SPN(F451A)-expressing neurons, but not
in those expressing GFP or SPN(WT)
(Fig. 7c), suggesting that SPN-targeted PP1
might regulate NMDAR synaptic currents
through the ERK/MLCK pathway.

Functional significance of SPN/PP1
complex in pain-related spinal cord
dorsal horn
Intraplantar injection of CFA evokes
long-lasting pain sensitization, which
requires ERK activation in spinal dorsal
horn (Xu et al., 2008; Alter et al., 2010).
CFA did not affect the total protein
levels of SPN and PP1 at spinal ho-
mogenates (Fig. 8a). Nevertheless, the
PP1 contents coimmunoprecipitated by
anti-SPN antibody from synaptosomal
fraction of inflamed rats were much less
than those from saline-injected cont-
rol littermates (Fig. 8b). The MEK and
ERK contents in SPN precipitates were
comparable between saline-injected and
CFA-injected rats (Fig. 8b). SPN/PP1
dissociation might exert a permissive
role for peripheral inflammation to ini-
tiate MEK/ERK signaling, because over-
expression of SPN(WT) significantly
suppressed MEK and ERK phosphor-
ylation induced by CFA (Fig. 8c).
The hyperactivity of MEK/ERK as a
result of the deficiency of PP1 inhibition
contributed to the potentiation of
NMDAR-mediated synaptic transmis-
sion during inflammatory pain. Viral
expression of SPN(WT) (Fig. 8d) or di-
rect application of U-0126 (Fig. 8e)
repressed the magnitudes of NMDAR
EPSCs in CFA rats.

Behavioral tests showed that in intact
rats, neither SPN(WT) nor GFP affected
the PWTs in response to innocuous me-
chanical stimuli (Fig. 9a). The PWLs to
noxious thermal stimuli were also un-
changed after SPN(WT) and GFP ex-
pression (Fig. 9a). Interference with
SPN/PP1 association by SPN(F451A),
however, caused a persistent pain hy-
persensitivity, which lasted for �7 d (Fig. 9a). The pronocice-
ptive action of SPN(F451A) was attributed to the activation of
MEK/ERK signaling, because spinal treatment with MEK
inhibitor U-0126 (5 �g) or PD98059 (7 �g) attenuated the
reduction of pain thresholds (Fig. 9b). Intrathecal application
of ifenprodil (5 �g) and nonspecific NMDAR antagonist

D-APV (5 �g) also elevated the pain thresholds in
SPN(F451A)-expressing rat (Fig. 9c). SPN/PP1 dissociation
played an important role in chronic inflammatory pain. Rein-
stating PP1 inhibition by SPN(WT) expression generated an
effective analgesic action against the mechanical allodynia and
thermal hyperalgesia induced by CFA (Fig. 9d).

Figure 9. SPN-targeted PP1 was involved in spinal nociceptive processing. a, Time-dependent changes of PWTs (left) and PWLs
(right) after intrathecal injection (i.t.) of adenovirus encoding GFP, SPN(WT), or SPN(F451A) in intact rats. n � 6 rats in each group.
*p � 0.05 versus baseline values. b, c, Effects of MEK inhibitor U-0126/PD98059 (b) or NMDAR antagonist ifenprodil/D-APV (c) on
the pain thresholds of SPN(F451A)-expressing rats. The upward and downward arrows indicated the time points when adenovirus
encoding SPN(F451A) or chemical drugs were intrathecally injected, respectively. n � 6 rats in each group. *p � 0.05 relative to
predrug values. d, Intrathecal injection of adenovirus encoding SPN(WT) alleviated tactile allodynia (left) and thermal hyperalgesia
(right) induced by intradermal injection (i.d.) of CFA. n � 6 rats in each group. *p � 0.05 relative to the values previral injection.
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Discussion
A growing number of signaling molecules has been identified as the
binding partners for SPN (Sarrouilhe et al., 2006; Baucum et al.,
2010). These molecules include transmembrane receptors, actin
cytoskeleton-associated proteins, protein kinases, and phosphatases
(Sarrouilhe et al., 2006; Baucum et al., 2010). The complex forma-
tion with distinct signaling components confers to SPN diverse bio-
logical properties (Sarrouilhe et al., 2006). The major finding in the
present study was the identification of MEK and ERK as the novel
partner proteins of SPN. The PDZ domain, located immediately
adjacent to the PP1-binding motif (Hsieh-Wilson et al., 1999), me-
diated the direct interaction of SPN with MEK1. The same PDZ
domain was also responsible for SPN binding to ERK2. Given that
SPN can form the homomeric complex through its coiled-coil re-
gion (MacMillan et al., 1999; Oliver et al., 2002), the dimerization of
SPN might provide �1 binding site for MEK and ERK, organize
them into a macromolecular complex, and constitute a platform
for the cross talk between distinct signaling pathways. Consistent
with this notion, anti-SPN antibody simultaneously precipitated
MEK and ERK from spinal dorsal horn of rats, and SPN(WT) ex-
pression caused a synchronous dephosphorylation of MEK and ERK
in HEK293T cells.

Many studies have investigated the role of PP1 in the regula-
tion of ERK signaling (Westermarck et al., 2001; Zhou et al., 2002;
Mitsuhashi et al., 2003; Hédou et al., 2008), which, however,
obtain quite different results. Compared with protein phospha-
tase 2A, which is able to dephosphorylate either MEK or ERK
(Zhou et al., 2002), PP1 seems to be less effective in the direct
dephosphorylation of MEK and ERK (Zhou et al., 2002). Consis-
tent with these reports, our data showed that PP1 alone produced
minimal effects on the phosphorylation of MEK1 and ERK2 in
vitro. However, the catalytic efficacy of PP1 could be substantially
enhanced once SPN(WT) was supplemented in the reaction buf-
fer. This phenomenon was not observed with SPN(F451A), sug-
gesting that the scaffolding function of SPN was prerequisite for
PP1 to access MEK/ERK and conduct the efficient dephosphor-
ylation. In spinal cord dorsal horn in vivo, endogenous SPN
might serve as a scavenger for the active MEK and ERK caused by
spontaneous neuronal activity. By recruiting the phosphorylated
MEK/ERK to its bound PP1 for dephosphorylation, SPN re-
stricted ERK signaling from aberrant activation at physiological
conditions. Specific disturbance of SPN/PP1 interaction yielded a
significant increase of MEK/ERK phosphorylation in intact rats.

There have been some studies showing that PP1 is a positive
regulator of Raf-1, because PP1 inhibition by chemical reagents
suppresses Raf-1 activity (Mitsuhashi et al., 2003). We found
that, although PP1 physically interacted with Raf-1, specific dis-
ruption of SPN/PP1 complex generated no effect on Raf-1 phos-
phorylation. The fact that Raf-1 did not interact with SPN
suggested that the scaffolding function of SPN might determine
the substrate specificity of PP1.

Electrophysiological recordings have illustrated that nonspe-
cific inhibition of PP1 activity or its interaction with regulatory/
scaffolding proteins generates no influence on the basal synaptic
transmission (Morishita et al., 2001). However, the synaptic
strength is definitely altered when PP1 interaction with some of
these scaffolding proteins is selectively disrupted (Yan et al., 1999;
Hu et al., 2007), suggesting that PP1, targeted by different scaf-
folding proteins, might play distinct or even opposite roles in
synaptic responses. In acutely dissociated striatal or neostriatal
neurons, disturbing SPN/PP1 interaction blocks the rundown of
AMPAR-mediated inward currents generated by application of

exogenous kainate (Yan et al., 1999; Feng et al., 2000). However,
comparison of mEPSCs mediated by synaptic AMPARs displays
no difference between SPN knock-out mice and their WT coun-
terparts (Allen et al., 2006). Our data also showed that the ampli-
tudes and frequencies of mEPSCs in neurons expressing
SPN(F451A) were comparable to those in GFP neurons. Distinct
from AMPAR responses, the synaptic currents mediated by
GluN2B receptors were substantially enhanced by SPN(F451A),
implicating a specific regulation of GluN2B receptors by SPN-
targeted PP1 in spinal sensory neurons (Feng et al., 2000).

The N-terminal region of SPN interacts with F-actin, which
directs SPN along with its associated PP1 into postsynaptic den-
sity (Allen et al., 1997; Satoh et al., 1998). This synaptic targeting
process is critical for PP1 to accomplish a variety of synaptic
modifications (Yan et al., 1999; Feng et al., 2000; Morishita et al.,
2001). As is the case for PP1 synaptic targeting, SPN interacted
with MEK and ERK at synaptosomal fraction and engaged them
in the regulation of postsynaptic substrates. The removal of PP1
from SPN led to a restricted activation of MEK/ERK signaling at
synaptosomal fraction. ERK phosphorylation of MLCK has been
shown to promote myosin ATPase activity by phosphorylating
MLC, the only known substrate for MLCK (Klemke et al., 1997).
The enhanced MLCK activity plays an important role in spinal
synaptic plasticity (Luo et al., 2012). Consistent with previous
reports that MLCK specifically regulates the synaptic responses
mediated by NMDAR (Lei et al., 2001; Amparan et al., 2005),
postsynaptic perfusion of MLCK inhibitor ML-7 significantly de-
pressed GluN2B synaptic currents in SPN(F451A)-expressing
neurons.

ERK activation by peripheral tissue or nerve injuries is pivotal
for spinal sensitization of nociceptive behaviors (Ji et al., 2009).
ERK1 and ERK2 have been shown to share high structural ho-
mology (Roskoski, 2012b). However, ERK2 appears to play a
more dominant role than ERK1 in synaptic plasticity and noci-
ceptive sensitization (Satoh et al., 2007; Xu et al., 2008; Alter et al.,
2010). ERK1 deletion generates no effect on spinal sensitization
(Alter et al., 2010), no matter whether peripheral lesions regulate
ERK1 phosphorylation or not (Ji et al., 2002; Xu et al., 2008; Alter
et al., 2010; Weyerbacher et al., 2010). Distinct from ERK1, ma-
nipulation of ERK2 activity greatly attenuates chronic patholog-
ical pain (Xu et al., 2008; Weyerbacher et al., 2010). The reversal
of MEK1 hyperactivity yields a similar antinociceptive action as
ERK2 inhibition (Karim et al., 2006). The activation of ERK sig-
naling might exacerbate the inflammatory pain through multiple
pathways. In addition to boosting NMDAR-mediated nocicep-
tive conveyance, the transcriptional upregulation of prodynor-
phin and neurokinin-1 expression by ERK signaling has been
shown to maintain the persistent inflammatory pain (Ji et al.,
2002). The reduction of transient outward (A-type) potassium
currents by ERK contributes to dorsal horn neuron hyperexcit-
ability (Hu et al., 2006). The active ERK is also involved in the
long-lasting modification of nociceptive synaptic strength (Xin et
al., 2006). Our data demonstrated that PP1 hypofunction, as a
result of SPN/PP1 dissociation, might represent one of the im-
portant mechanisms underlying ERK activation. PP1 affinity for
the conserved PP1-docking sequence (R/K-R/K-V/I-X-F) on
scaffolding proteins can be dynamically regulated (Hsieh-Wilson
et al., 1999; McAvoy et al., 1999; Oliver et al., 2002). For example,
neurabin, another PP1-binding and actin-binding protein that is
structurally related to SPN, reduces its binding to PP1 in response
to the cAMP signaling pathway (McAvoy et al., 1999; Oliver et al.,
2002). Intraplantar CFA injection disrupted PP1 interaction with
SPN, implicating the loss of PP1 inhibition during inflammatory
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pain. Overexpression of SPN(WT) to enhance SPN-mediated
PP1 targeting repressed MEK/ERK phosphorylation in CFA-
injected rats and alleviated the inflammatory pain. Together,
these data delineated an intimate interaction of ERK signaling
components with SPN, and revealed a critical role of proper PP1
scaffolding for the tight and precise regulation of MEK/ERK
activity.
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