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Abstract

Background: Self-injurious behaviors (SIBs) are devastating traits in autism spectrum disorder (ASD). Although deficits in
pain sensation might be one of the contributing factors underlying the development of SIBs, the mechanisms have yet to be
addressed. Recently, the Shank2 synaptic protein has been considered to be a key component in ASD, and mutations of
SHANK2 gene induce the dysfunction of N-methyl-D-aspartate (NMDA) receptors, suggesting a link between Shank2 and
NMDA receptors in ASD. Given that spinal NMDA receptors play a pivotal role in pain hypersensitivity, we investigated the
possible role of Shank2 in nociceptive hypersensitivity by examining changes in spontaneous pain following intrathecal NMDA
injection in Shank2—/— (Shank2 knock-out, KO) mice.

Results: Intrathecal NMDA injection evoked spontaneous nociceptive behaviors. These NMDA-induced nociceptive
responses were significantly reduced in Shank2 KO mice. We also observed a significant decrease of NMDA currents in
the spinal dorsal horn of Shank2 KO mice. Subsequently, we examined whether mitogen-activated protein kinase or AKT
signaling is involved in this reduced pain behavior in Shank2 KO mice because the NMDA receptor is closely related to these
signaling molecules. Western blotting and immunohistochemistry revealed that spinally administered NMDA increased the
expression of a phosphorylated form of extracellular signal-regulated kinase (p-ERK) which was significantly reduced in
Shank2 KO mice. However, p38, JNK, or AKT were not changed by NMDA administration. The ERK inhibitor, PD98059,
decreased NMDA-induced spontaneous pain behaviors in a dose-dependent manner in wild-type mice. Moreover, it was
found that the NMDA-induced increase in p-ERK was primarily colocalized with Shank2 proteins in the spinal cord dorsal
horn.

Conclusion: Shank2 protein is involved in spinal NMDA receptor-mediated pain, and mutations of Shank2 may suppress
NMDA-ERK signaling in spinal pain transmission. This study provides new clues into the mechanisms underlying pain deficits
associated with SIB and deserves further study in patients with ASD.
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Background

Autism Spectrum Disorder (ASD) has drawn much
attention from researchers, clinicians, and the general
population during the past several decades. ASD is a
group of conditions that shares common characteristics
including a deficit in social interaction and communi-
cation, and repetitive behavior."  Self-injurious
behaviors (SIBs) are a key area of concern in patients
with ASD.> These SIBs include head banging, self-
biting, or excessive self-rubbing that may cause phys-
ical harm, thus requiring immediate intervention in
order to avoid injury. Sensory abnormality is an
important feature of ASD, and in particular, ASD
individuals experience pain in unusual ways, which
appears to contribute to SIBs.> Thus, it is important
to investigate the mechanisms of decreased pain sensi-
tivity in ASD patients.

Several lines of evidence suggest that the etiology of
ASD may be linked to a genetic cause.*> Among the
many genetic factors, the SHANK?2 gene has been iden-
tified as an important causative candidate of ASD.°
Shank proteins, encoded by the three genes SHANKI,
SHANK?2, and SHANK3, are master scaffolding proteins
highly enriched in the post-synaptic density (PSD) of the
excitatory synapse.” They form a mesh-like polymer
matrix structure that is required for the structural integ-
rity of dendritic spines, are essential for synaptic devel-
opment, and function as central organizers.® It has been
reported that mutations in the SHANK genes cause
autism-like phenotypes in human and mice providing
strong support for the hypothesis that Shank proteins
are associated with ASD.*%!° Recently, Shank2-mutant
(Shank2—/—) transgenic mice carrying a mutation iden-
tical to the microdeletion (exons 6 and 7 deletions and a
frame shift) in the SHANK?2 gene of ASD patients have
been shown to display autistic-like behaviors.'
Moreover, these transgenic Shank2—/— mice have
decreased nociceptive sensitivity under normal as well
as chronic pain conditions,'? leading us to hypothesize
that the SHANK?2 gene is associated with the deficits in
pain sensation in ASD individuals that may underlie
SIBs. However, the exact molecular mechanisms
involved remain to be elucidated.

N-methyl-D-aspartate  (NMDA) receptors in the
spinal cord play a key role in the generation and main-
tenance of central sensitization during pain states.'
Therefore, dysfunction of spinal NMDA receptors can
cause deficits in pain responses.' It has been reported
that NMDA receptors directly or indirectly bind to
Shank proteins located at synapses in the central nervous
system.'> Moreover, a study using Shank2 knock-out
(KO) mice showed that NMDA receptor-mediated exci-
tatory currents were significantly altered at hippocampal
synapses.'"'® Based on these studies, we hypothesized

that Shank2 mutations would affect pain sensation via
dysfunction of spinal NMDA receptor-mediated synap-
tic transmission.

This study was designed to test this hypothesis using
the followings experimental paradigm. First, behavioral
tests were performed to determine the effects of a Shank?2
mutation on NMDA-induced spontaneous nociceptive
behaviors. Then, the downstream mechanisms underly-
ing these Shank2/NMDA receptor interaction in the
spinal cord were determined by investigating the possible
involvement of the mitogen-activated protein kinase
(MAPK) family and the serine/threonine-specific protein
kinase (AKT) signaling pathway.

Materials and methods
Animals

Mice had a C57BL/6J genetic background. Female adult
(10 weeks old) or juvenile (3.5 to 4 weeks old,
Supplementary Figure 1) Shank? KO (—/—) and
Shank2 wild-type (+/+, WT) littermate mice were
obtained by mating the parental strains female
Shank2+/— and male Shank2+/—. Control C57BL/6J
mice (female, 10 weeks old) for Figure 1(a) were obtained
from Daehan Biolink (Eumseong, Korea). They were
housed in colony cages with free access to food and
water and maintained in temperature- and light-con-
trolled rooms (22+£2°C, 12/12-h light/dark cycle with
lights on at 08:00). All procedures for animal use were
reviewed and approved by the Institutional Animal Care
and Use Committee of the School of Dentistry, Seoul
National University prior to the experiments and con-
form to NIH guidelines (NIH publication No. 86-23,
revised 1985). All algesiometric assays were conducted
in accordance with the ethical guidelines established by
the International Association for the Study of Pain.

Intrathecal drug administration

Drugs were dissolved in 5pl of the vehicle. Intrathecal
injections were made into the L5-L6 intervertebral space
of unanaesthetized mice using a 50 -ul Hamilton syringe
connected to a 30-gauge needle as previously described
by Hylden and Wilcox."” The flick of the tail was con-
sidered as an indicator of a successful i.t. administration.

NMDA-induced nociceptive behavior

Each mouse was acclimated to an acrylic observation
chamber for at least 30 min before this experiment.
NMDA (0.4nmol in 5pl sterile saline) was injected
intrathecally in order to produce spinally mediated
NMDA-induced pain-like  nociceptive  behaviors
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Figure 1. Graph illustrating the effect of genetic depletion of Shank2 on i.t. NMDA-induced spontaneous pain responses. (a) NMDA-
treated mice showed significant spontaneous nociceptive behaviors compared to saline-treated mice. **p < 0.001: significantly different
from the value of the saline-treated group (b) Representative Western blot image showing that Shank2 proteins are not detected in Shank2
KO (Shank2—/—) mice compared with WT (Shank2+/+). A bar graph demonstrating that NMDA-induced nociceptive behaviors are
significantly reduced in Shank2 KO compared than WT mice. *p < 0.01: significantly different from the value of the saline-treated group.
#p < 0.05: for the groups connected by a straight line. n =7-8 mice per group. (c) Traces of NMDA (50 tM)-induced currents in the spinal
cord lamina Il neurons from WT (Shank2 +/4) and Shank2 KO (Shank2 —/—) mice. Right, amplitude of NMDA currents in the spinal cord
lamina Il neurons. *p < 0.05, unpaired Student’s t-test, n =7—8 neurons per group.

including biting, scratching, and licking behavior at the
hind limb, gluteal region, and base of the tail.'®
Following injection, animals were immediately placed
in an observation chamber, and nociceptive behaviors
were recorded for a 10-min period. The cumulative
response time (s) of these behaviors was measured. To
evaluate a possible role of extracellular signal-regulated
kinase (ERK) or p38 signaling in NMDA-induced noci-
ception, PD98059 (0, 10, or 30nmol; Tocris, Bristol,
UK) or SB203580 (0, 3, 10nmol; Sigma, St. Louis,
MO, USA) was intrathecally injected 10min prior to
NMDA injection, respectively. During the tests, the
behavioral investigators were blind to both mouse geno-
type and drug treatment. The doses of drugs were
selected based on previously published work.'”>? At
the termination of the NMDA test, the mice were
deeply anaesthetized with 3% isoflurane and euthanized
by decapitation (for Western blot analysis) or transcar-
dial perfusion (for immunohistochemistry studies).

Western blot study

Spinal cord samples were collected from saline or
NMDA-treated mice. The spinal dorsal horns from
spinal cord segments L3 to 6 were dissected and quickly
frozen in liquid nitrogen and stored at —80°C until pro-
cessed. Spinal cord tissues were homogenized by sonic-
ation in RIPA lysis buffer (50 mM Tris-HCI pH 7.4, 1%
NP-40, 0.25% Na™~ deoxycholate, 150 mM NaCl, 1 mM
EDTA) containing protease and phosphatase inhibitor
cocktails (Sigma, St. Louis, MO, USA). The sonicated
dorsal horn tissue was incubated at 4°C for 1h on a
rotator and centrifuged for 15min at 15,000 rotations
per minute at 4°C. The protein concentration of the
resulting supernatant was determined using a Lowry pro-
tein assay (Bio-Rad, Hercules, CA, USA). Protein sam-
ples (30 pg) were heated to 95°C for 5Smin, separated by
sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis, and transferred to a polyvinylidene fluoride
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membrane using a Transblot SD apparatus (Bio-Rad).
After the blots had been washed with tris-buffered saline
containing Tween-20 (TBST, 10 mM Tris-HCI (pH 7.6),
150 mM NaCl, 0.05% Tween-20), the membranes were
blocked with 5% skim milk/TBST at room temperature
(RT) for 30 min and incubated at 4°C overnight with
primary antibodies, followed by horseradish peroxi-
dase-conjugated secondary antibodies at RT for Ih.
Primary antibodies included rabbit anti-Shank?2 (#1136,
kindly provided by Dr. Eunjoon Kim, Department of
Biological Sciences, KAIST, Dacjeon, Korea), rabbit
anti-phospho-p44/42 MAPK (p-ERK1/2, 1:1000, Cell
Signaling Technology, Beverly, MA), rabbit anti-ERK
1/2 (1:1000, Cell Signaling), rabbit anti-phospho-p38
MAPK (p-p38, 1:1000, Cell Signaling), rabbit anti-
p38 (1:1000, Cell Signaling), rabbit anti-phospho-JNK
(p-JNK, 1:1000, Cell Signaling), rabbit anti-JNK
(1:1000, Cell Signaling), rabbit anti-phospho-Akt
(p-AKT, 1:1000, Cell Signaling), or rabbit anti-AKT
(1:1000, Cell Signaling) antibody. B-actin was used as
a loading control (1:10000, Sigma). The proper bands
were detected and visualized wusing an enhanced
chemiluminescence system (Amersham Pharmacia
Biotech, Little Chalfont, UK). Western blot analysis
was performed by measuring band intensity with
ImageJ 1.501 software (National Institutes of Health,
Bethesda, MD, USA).

Immunohistochemistry

Mice were perfused transcardially with fixative contain-
ing 4% paraformaldehyde in 0.1 M phosphate buffer (pH
6.9), and the spinal cord was removed and sectioned
based on the methods detailed in previous reports.'**
Transverse spinal cord sections were incubated in block-
ing solution for 1 h at RT and then incubated for 48 h at
4°C with one of the following primary antibodies: rabbit
anti-phospho-p44/42 MAPK (p-ERK1/2, 1:500; Cell
Signaling) and rabbit anti-Shank 2 (1:500; Synaptic
Systems). Since anti-p-ERK and anti-Shank2 were
derived from the same host species, donkey anti-rabbit
IgG (H+L) Fab fragment (1:200; Jackson
Immunoresearch) was used for blocking the visualization
of the first primary antibody.?**> The first primary anti-
body (anti-p-ERK1/2) was applied overnight at RT, then
Alexa555-conjugated donkey anti-rabbit IgG (1:400;
Invitrogen) was used as the secondary antibody. Next,
according to the manufacturer’s instructions, we incu-
bated the tissue with 5% normal rabbit serum and Fab
anti-rabbit IgG (1:200) at RT for 20 min before incuba-
tion with the second primary antibody (anti-Shank, over-
night at RT). Alexa488-conjugated donkey anti-rabbit
IgG (1:400, Invitrogen Life Technologies, Carlsbad,
CA, USA) was used as the secondary antibody for
detecting the Shank2 protein.

Slice preparation of mouse spinal cord

We used adult (5 to 6 weeks old) male mice. Mice were
deeply anesthetized with excess isoflurane, and the spinal
cord including lumbosacral enlargement was exposed by
a dorsal laminectomy. Dissected tissue blocks were
placed into ice-cold cutting solution containing (in
mM): 245 sucrose; 3 KCI; 6.0 MgCl,; 0.5 CaCl,; 26
NaHCO;; 1.25 NaH,POy; 11 glucose; 5 HEPES; 1.0
Kynurenic acid (pH 7.4, when bubbled with 95% O,/
5% CO,). Transverse slices (300 um) were prepared
using  vibroslicer (Leica VTI1000 Plus, Leica
Microsystems GmbH, Germany). The slices were col-
lected in a slice chamber containing recording artificial
cerebrospinal fluid (aCSF) composed of (in mM): 126
NaCl; 3 KCI; 1.3 MgCly; 2.5 CaCl,; 26 NaHCO3; 1.25
NaH,POy; 11 glucose; 5 HEPES (pH 7.4, when bubbled
with 95% O, and 5% CO, and had osmolarity of
305—310 mOsmol). The slices were initially maintained
for 1h to recover and transferred to the slice chamber
kept at RT (25+ 1°C) until used.

Visualized whole-cell patch clamp recordings

The slices were transferred to a recording chamber
mounted on the stage of a BXS50WI microscope
(Olympus, Tokyo, Japan) fitted with fluorescence optics
and a 40x water immersion objective. Slices were continu-
ously superfused (~5ml/min) with recording aCSF. The
data were recorded and acquired using an Axopatch
200B  Amplifier (Molecular Devices, USA) and
pClamp10.0 software (Molecular Devices, USA).
Identified substantia gelatinosa (SG) neurons in translu-
cent area of lamina IT were recorded using microelectrodes
of 4-5MQ pulled from borosilicate capillaries (World
Precision Instruments). Whole-cell patch clamp recordings
were performed at RT (25 £ 1°C). NMDA-induced cur-
rents were recorded using an internal solution containing
(mM); 136 K-gluconate; 10 NaCl; 1 MgCl,; 10 EGTA; 10
HEPES; 2 Mg-ATP; 0.1 Na-GTP (pH 7.33 with KOH, 291
mOsmol); and recording aCSF. To prevent nonselective
synaptic activity, a cocktail of neurotransmission inhibitors
were added (in pM): 10 CNQX; 10 picrotoxin; 2 strychnine.
Total NMDA currents were recorded in Ilo neurons by
perfusing spinal cord slices with 50 uM NMDA for 30s.

Statistical analysis

All values are expressed as the mean £ SEM. Statistical
analysis was performed using Prism 6.0 (Graph Pad
Software, San Diego, USA). Results are expressed as
means + SEM. Comparison between two groups was
made using the Student’s t-test. For multiple compari-
sons, ANOVA followed by post hoc Tukey’s test was
performed. Differences with a p <0.05 were considered
significant.
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Results

The effect of genetic depletion of Shank2 on i.t.
NMDA-induced spontaneous pain responses

First, we investigated the effect of spinally injected
NMDA in C57BL/6 control mice. Intrathecal adminis-
tration of NMDA (0.4 nmol, 5 ul) produced spontaneous
pain-like nociceptive behaviors (licking, scratching, and
biting directed toward the hind limb, gluteal region, and
base of the tail) compared with saline injection
(Figure 1(a), ***p < 0.001 as compared to vehicle-treated
mice), which is consistent with previous studies from our
laboratories.’**” Next, the potential role of the Shank2
protein in NMDA-induced spontaneous pain was exam-
ined in Shank2 KO mice. We verified that there was no
Shank?2 protein expression in the spinal dorsal horn of
Shank2 KO with Western blot analysis (Figure 1(b), left
panel). In saline-treated groups, there were no significant
differences between WT and Shank2 KO mice (data not
shown). However, following it. NMDA injection,
Shank2 KO mice showed significantly reduced pain
behaviors compared with  Shank2 WT  mice
(Figure 1(b), right panel, #p <0.05 as compared to
NMDA injected WT mice), suggesting that the spinal
Shank2 protein is involved in NMDA-induced pain
transmission. Given symptoms of ASD are known to
emerge carly in childhood, we also observed this sup-
pressed pain in response to i.t. NMDA injection in
juvenile Shank2 KO mice (Supplementary Figure 1).

To further determine the regulation of GIuN2A and 2B
function by Shank?2 in spinal cord interneurons, we rec-
orded NMDA-induced currents in lamina II neurons in
spinal cord slices. NMDA (50 mM)-induced currents
were significantly decreased from 410.2+92.3pA in
WT mice to 131.7+£35.8pA in Shank2 KO mice
(Figure 1(c)).

The effect of i.t. injection of NMDA on
phosphorylation of ERK in the spinal cord
dorsal horn of the WT or Shank2 KO mice

MAPKs and AKT play crucial roles in regulating
NMDARs including their physiologic and biochemical/
biophysical properties as well as their potential role in
pathophysiology.?®2° Therefore, we examined whether
MAPK or AKT signaling is activated in response to
i.t. NMDA injection in WT and in Shank2 KO mice.
In Western blot assays, we found that the ratio of p-
ERK to MAPK/ERK expression was significantly
increased in the spinal dorsal horn of NMDA-treated
WT mice (Figure 2(a), *p <0.05 as compared to saline-
treated group). This NMDA-induced increase in spinal
p-ERK expression was significantly reduced in Shank2
KO mice (Figure 2(a), ##p<0.01 as compared to
NMDA-treated WT mice). Moreover, in immunohisto-
chemistry experiments, the number of p-ERK positive
cells was significantly increased after NMDA injection
and this increase occurred mainly in the superficial
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Figure 2. Graph illustrating the effect of intrathecal NMDA injection on the activity of spinal ERK, p38, JNK, and AKT, in Shank2 KO
(Shank2 —/—) or WT (Shank2 +/+) mice. (a) A Western blot assay indicates that the ratio of p-ERK to ERK MAPK expression is
significantly increased in the spinal cord dorsal horn of NMDA-treated WT mice. This NMDA-induced increase in spinal p-ERK expression
is significantly reduced in Shank2 KO mice. *p < 0.05: significantly different from the value of the saline-treated group. ##p < 0.01: for the
groups connected by a straight line. On the other hand, the ratio of (b) p-p38 to p38, (c) p-JNK to JNK, and (d) p-AKT to AKT expression
did not change following NMDA administration in either Shank2 KO or WT mice. n =7-8 mice per group.
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WT-NMDA

KO-NMDA

Figure 3. Photomicrographs showing representative immunohistochemistry images of phosphorylation of ERK (p-ERK) protein in the
dorsal horn from spinal cord sections from Shank2 KO (Shank2 —/—) or WT (Shank2 +/+) mice that were intrathecally treated with saline
or NMDA. In WT mice, (b) NMDA treatment increased p-ERK expression in the superficial dorsal horn (SDH) as compared to (a) saline
treatment. (c) This NMDA-induced increase in p-ERK expression is suppressed in Shank2 KO mice. The lower boxes (outlined in white)
are magnified images of the superficial dorsal horn from each image. Scale bar =200 pm.

Figure 4. Representative immunohistochemistry photomicrographs illustrating images of double-labeled cells that were double-positive
for phosphorylated ERK (p-ERK) and Shank2 proteins in the spinal dorsal horn from intrathecal NMDA-treated WT (Shank2 +/+4) mice.
Each column represents an image from (a) p-ERK, (b) Shank2, or (c) double labeling of p-ERK with Shank2, respectively. NMDA treatment-
induced p-ERK immunoreactive neurons co-contain Shank2 immunoreactivity. The lower boxes (outlined in white) are magnified images of

the superficial dorsal horn from each image. Scale bar =200um.

dorsal horn (Figure 3(a) and (b), the arrowheads indicate
representative  immunopositive p-ERK  cells). A
reduction in the NMDA-induced increase in p-ERK
expression was also observed in Shank2 KO mice with
immunohistochemistry (see Figure 3). Moreover, double
immunohistochemistry indicated that many p-ERK
positive cells were colocalized with Shank2 protein
expressing cells in the dorsal horn (Figure 4(a)—(c)). On
the other hand, the ratio of p-p38 to p38, p-JNK to JNK,
or p-AKT to AKT expression was not changed by
NMDA administration. These results suggest that the
reduction in NMDA-induced spontaneous pain behav-
iors in Shank2 KO mice may be due to modulation of
spinal ERK signaling.

Analgesic effect of the ERK inhibitor, PD98059,
on NMDA-induced spontaneous pain behaviors

In an attempt to determine a potential direct action of
spinal ERK signaling on NMDA-induced spontaneous
pain behaviors, we performed pharmacological blockade
of ERK activation by pre-treatment with PD98059 prior
to NMDA injection. Intrathecal injection of PD98059
dose-dependently reduced NMDA-induced pain
behaviors. In this regard, a high dose of PD98059 (PD,
30 nmol) significantly blocked NMDA-induced spontan-
eous pain behaviors (Figure 5(a), *** p<0.001 as
compared to vehicle-treated mice, ##p <0.01 as com-
pared to PD 10nmol treated mice). We further
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Figure 5. Graphs illustrating the effects of pretreatment with an ERK (PD98059, PD) or p38 (SB203580, SB) inhibitor on intrathecal (i.t.)
NMDA-induced spontaneous nociceptive behavioral responses. (a) |.t. injection of the ERK inhibitor dose-dependently suppressed NMDA-
induced nociceptive responses compared with the vehicle-treated group (PD, 0 nmol). ¥*p < 0.001: significantly different from the value of
the vehicle (PD, 0 nmol) treated group. ##p < 0.01: for the groups connected by a straight line. (b) Pretreatment with a p38 inhibitor did
not affect nociceptive responses even at the high dose (SB, 10 nmol). n =7-8 mice per group.

investigated the possible involvement of p38 MAPK sig-
naling on NMDA-induced spontancous pain behaviors.
Intrathecal pre-injection of the selective p38 MAPK
inhibitor, SB203580, did not affect NMDA-induced
spontaneous pain behaviors (Figure 5(b)). Neither the
3nmol nor the 10 mol doses of SB203580 produced an
analgesic effect in NMDA-treated mice. Collectively,
these results suggest that the ERK pathway, but not
p38 MAPK, is involved in spinal NMDA-mediated
pain sensation.

Discussion

In the present study, we have demonstrated that i.t.
NMDA induces spontaneous pain behaviors that are sig-
nificantly suppressed in Shank2 KO mice. These data
suggest that the Shank2 protein is associated with
NMDA-induced pain transmission in the spinal cord
dorsal horn. Postsynaptic NMDA receptors are con-
sidered to be crucial molecules in central sensitization
in the spinal cord.’® Activation of NMDA receptors
leads to calcium influx, which causes spinal dorsal horn
neurons to become more responsive to sensory inputs,
resulting in central sensitization.'?> Therefore, NMDA
receptor dysfunction or modulation in the spinal cord
can cause deficits in the synaptic transmission of noci-
ceptive information.'* NMDA receptors at the synapse
are physically associated with Shank2 proteins via its
PDZ domain binding the PSD95-NMDA receptor com-
plex.'>*!32 Moreover, dysfunction of NMDA receptors
has been shown in mice lacking Shank?2 proteins related
to the ASD,'"!® and furthermore, the use of drugs to
enhance NMDA receptor function leads to a significant
recovery of ASD-like social deficits in Shank2-mutant

mice.!' In addition to the behavioral data, we have
also observed that NMDA-induced currents were dra-
matically reduced in shank2 KO mice compared with
WT mice (Figure 1(c)). These results are in line with a
previous study performed in the hippocampal synapses;
NMDA receptor-dependent excitatory current and syn-
aptic plasticity was impaired in Shank2 KO mice'.
Collectively, the above results together with our data
suggest that Shank2 mutations can lead to dysfunction
of the NMDA receptor ultimately causing suppression of
NMDA receptor-mediated pain transmission in the
spinal cord.

Activation of MAPK and/or AKT are key biochem-
ical events in the initiation and maintenance of periph-
eral and central neuronal sensitization.** > There is the
strong evidence that phosphorylation of either MAPK or
AKT can alter pain transmission via transcriptional and
non-transcriptional signaling events.>**” Thus, in the
present study, we examined whether MAPK or AKT
signaling is involved in NMDA-induced pain responses
associated with Shank2 proteins. We demonstrated that
p-ERK is increased in spinal superficial dorsal horn
within 10min following i.t. NMDA injection, while
p38, INK, and AKT signaling proteins are not changed
by NMDA administration. The ERK1/2 pathway of
mammals is probably the best-characterized MAPK
system and our data in conjunction with information
from other studies®™® suggest that ERK is a specific
signaling pathway associated with NMDA-induced
pain transmission. In this regard, we show that i.t. injec-
tion of the ERK inhibitor, PD98059, suppresses the noci-
ceptive behavioral responses induced by direct activation
of NMDA receptors, indicating a significant link
between NMDA receptor activation and the ERK
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pathway in the spinal cord dorsal horn. Because ERK
was rapidly activated in a short timeframe (~10 min), its
regulation of neuronal excitability appears to be asso-
ciated with non-transcriptional events, which may
include phosphorylation of kinases, receptors, and ion
channels, thus altering synaptic function.*®

We next examined whether a Shank2 mutation would
affect the NMDA-induced increase in ERK activity. Our
data indicate that p-ERK-immunoreactivity is
colocalized with Shank2 in many dorsal horn neurons
following i.t. NMDA injection in WT mice. Moreover,
NMDA-induced ERK activation is significantly sup-
pressed in Shank2 KO mice. These results support our
hypothesis that Shank2 mutation-induced dysfunction of
NMDA receptors suppresses the normal NMDA-ERK
pathway in the spinal dorsal horn, leading to a reduction
in nociception. However, we cannot rule out the possi-
bility that the Shank2 mutation also affects the synaptic
function and plasticity at glutamatergic synapses in
higher brain areas including the anterior cingulate
cortex that is involved in pain perception. It has been
reported that ERK signaling is disrupted in ASD,
which results from a number of single gene mutations.>’
However, it is unknown whether the SIBs observed in
ASD are in fact related to dysfunction of NMDA-ERK
signaling. Further study is required to better understand
the detailed mechanisms associated with the Shank2
mutation-NMDA-ERK signaling that underlies SIBs.

Conclusions

We found in the present study that i.t. NMDA-induced
spontaneous pain behaviors were significantly reduced in
Shank?2 mutation (KO) mice. These results suggest that
Shank?2 is involved in NMDA-mediated pain transmis-
sion in the spinal cord. Moreover, this decreased pain
response in Shank KO mice appears to be mediated at
least in part by suppression of p-ERK activity. This
study provides insight into future investigations into
the possibility that alterations in pain transmission may
underlie the development of SIBs in ASD individuals
and more importantly for the potential therapeutic use
of NMDA or ERK specific drugs to treat SIBs or pain
deficits in ASD patients.
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