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Abstract

Plasticity in the spinal dorsal horn may contribute to the development of pain following peripheral
nerve injury. Shank proteins are a constituent family of the post-synaptic density (PSD), and they
may play a role in synaptic plasticity through activity-dependent synaptic remodeling and growth.
In this study we examined the early consequences of the loose ligation of the sciatic nerve on Shank1
protein and message levels in the PSD of spinal dorsal horn neurons.

Four hours after sciatic ligation, the protein levels of Shankl increased in the ipsilateral PSD of
ligated animals. In contrast, no changes were detected in the contralateral PSD of these ligated
animals, or either the ipsilateral or contralateral PSD of sham-operated animals. Shank1 was linked
to the PSD marker protein PSD-95 and the NR2B subunit of NMDA receptors. The ligated animals
also exhibited two early signs of pain behavior, a shift in weight bearing and thermal hyperalgesia.
There was no overall change in Shank1 message in either ligated or sham-operated animals. The
accumulation of Shank1 in the PSD was abolished by intrathecal pre-treatment with anisomycin or
Shank1 siRNA but not non-target sSiRNA. The same pre-treatment prevented both of the early signs
of pain behavior. Intrathecal pre-treatment with either MK-801 or U0126 similarly prevented the
Shank1 accumulation and alleviated both of the behavioral signs of pain.

The early accumulation of Shank1 in the PSD of dorsal horn neurons may be a necessary step in the
injury-associated plasticity that in time leads to the development of persistent pain.
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1. Introduction

Shank proteins are a constituent family of the post-synaptic density (PSD). They were initially
characterized by different groups and this has lead to a diverse terminology. Shank (SH3
domain and ankyrin repeat containing protein) is used most often, but ProSAP (proline-rich
synapse associated protein) is a common alternative although ProSAP1 and 2 correspond to
Shank2 and 3 [2,9,10,17,22].

Shanks contain a number of protein interaction domains including N-terminal ankyrin (ANK)
repeats, an SH3 (Src homology 3) domain, a PDZ (PSD-95/DLG/Z01) domain, proline-rich
clusters (Pro), a cortactin binding domain (ppl) and a SAM (sterile alpha motif) domain. These
domains enable Shank to interact with multiple constituents of the PSD. For example, the PDZ
domain of Shank directly interacts with the C-terminal QTRL motif of GKAP/ SAPAP/DAP-1,
a protein that binds to the GK domain of the PSD-95 family of proteins (PSD-95/SAP90,
SAP97, chapsyn-110/PSD-93, and SAP102). Similarly, the proline-rich region of Shank
directly interacts with the EVH1 domain of Homer, and this allows for a potential link between
NMDA and metabotropic glutamate receptor complexes. All Shank transcripts are subject to
alternative splicing, and several alternative splice forms of Shankl1 have been reported.

Shank proteins appear to play a central role in synaptogenesis and synaptic plasticity. The
multiple protein interacting domains contained within their structure enable Shanks to link to
other scaffolding proteins, ionotropic and metabotropic glutamate receptors and their
associated signaling pathways, and cytoskeletal components. Also, given that Shanks are
located further away from the PSD membrane than PSD-95 [23] they are well-positioned to
promote activity-dependent synaptic remodeling by linking postsynaptic glutamate receptors
with actin-regulatory molecules such as cortactin [2,9,10,17,22].

Plasticity in the spinal dorsal horn is thought to underlie at least in part pain behavior following
peripheral nerve injury [15,21]. Previously we reported that increased protein levels of Shank1
in the PSD of spinal dorsal horn neurons are associated with neuropathic pain 7 days after loose
ligation of the sciatic nerve [13]. In the present study we focused on the early consequences of
the injury.

We hypothesized that sciatic ligation was associated with early increases in Shankl protein
and message, and we surmised that this increase may be an important first-step in the injury-
associated plasticity that leads to pain behavior. We also sought to examine whether the protein
synthesis inhibitor anisomycin or small interfering RNAs (siRNA) which specifically target
Shank1 message would prevent changes in Shankl protein expression and thus alleviate signs
of early pain behavior. We further investigated whether changes in Shank1 protein expression
were dependent on the activation of NMDA receptors and extracellular signal-regulated kinase
1 & 2 (ERK1/2). There is a well-established association between injury-associated plasticity
in the spinal dorsal horn and the activation of NMDA receptors and ERK1/2 [15,21].

2. Materials and Methods

2.1. Animals

Male Harlan-Sprague-Dawley rats (~200-250g) were used. All experiments were conducted
in accordance with guidelines accepted by the International Association for the Study of Pain
[24]. The animal protocol was approved by the Animal Care and Use Committee of the School
of Medicine and Public Health at the University of Wisconsin-Madison.
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2.2. Behavioral Tests

A dual channel scale (Incapacitance Meter™, Stoelting, Chicago, IL), which separately
measures the weight borne by each hind limb, was used for the weight-bearing test. While
normal rats distribute weight about equally, animals with a unilateral injury will shift their
weight from an injured to a non-injured limb. This shift is taken as a measure of discomfort in
the injured limb. A 1s weighing period was used to average 20 measurements, and the average
ratio of the injured over uninjured weight distribution was then calculated for each animal.

Thermal hyperalgesia was assessed with the well-established hind paw withdrawal latency test
[7] using a plantar analgesia instrument (Stoelting, Chicago, IL). Animals were acclimated for
15-20 min. The ipsilateral, injured, paw was tested four times to obtain an average latency.
Each of the four trials were separated by 5 min. Baseline withdrawal latencies were obtained
for all animals before they were randomly assigned to control, sham-operated or ligated groups.
Four hours after sciatic exposure or ligation the withdrawal latencies of all animals were
obtained again (second latency test). The weight-bearing test preceded the second paw
withdrawal latency test.

2.3. Intrathecal drug application

Shank1 (1uM) or non-target (control) siRNA (1uM) (both from Santa Cruz Biotechnology,
Santa Cruz, CA) were injected intrathecally 2h before sciatic exposure or ligation in a volume
of 10ul using the procedure of Mestre and colleagues [12] as described in detail previously
[14]. Shank1 siRNA targets Shank1l mRNA specifically while non-target (control) SiRNA does
not have any known gene target in human, rat or mouse. The siRNAs were mixed with diluted
transfection reagent (Santa Cruz Biotechnology, Santa Cruz, CA) and incubated for 20-30 min
at room temperature before application.

Anisomycin (125ug), MK-801 (20ug), U-01026 (5ug) or vehicle were injected 15 min before
sciatic exposure or ligation in a volume of 10ul each. All drugs were from Sigma-Aldrich, St.
Louis, MO. MK-801 was dissolved in saline, anisomycin and U-0126 in 10% DMSO. For all
intrathecal injections animals were briefly anesthetized as described below.

2.4. Anesthesia, sciatic ligation and tissue collection

Animals were anesthetized with isoflurane. Body temperature was kept at 37°C with a
homeothermic blanket system. Anesthesia was sufficiently deep to prevent arousal but light
enough to permit spontaneous respiration. Adequate anesthesia was assessed by monitoring
blink or ear reflexes, withdrawal to toe pinches, respiratory rate, and absence of spontaneous
movements.

Loose ligation of the sciatic nerve (chronic constriction injury) was performed using the
Bennett and Xie [1] procedure as described previously [13,14]. Briefly, the sciatic nerve was
exposed and loosely ligated with 4 simple interrupted 4-0 chromic gut sutures placed about
1mm apart. In sham-operated animals the sciatic nerve was exposed but not ligated. Control
animals were anesthetized but were not subject to surgery.

For tissue collection the animals were re-anesthetized and euthanized with an intracardiac
injection of saturated potassium chloride. A laminectomy rapidly (<2 min) exposed the lumbar
spinal cord at L5, and about 1cm of the cord was excised and cut into dorsal and ventral halves
and the dorsal half further divided into ipsilateral and contralateral quadrants. All tissues were
stored at -80°C until use.
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2.5. Fractionation

Tissues were homogenized in 4 mM HEPES buffer containing 320mM sucrose, 10mM EDTA
and 0.06% of a mixture of protease inhibitors [4-(2-aminoethyl)benzenesulfonyl fluoride,
pepstatin A, trans-epoxysuccinyl-L-leucylamido(4-guanidino)butane, bestatin, leupeptin, and
aprotinin], and centrifuged at 10009 at 4°C for 10 min to yield a pellet (P1) and supernatant
(S1) fraction. The P1 fraction was re-suspended in sucrose buffer and centrifuged again at
1000g at 4°C for 10 min to yield the nuclear (P1") and S1' fraction. The S1 and S1’ fractions
were combined and spun at 12,000g at 4°C for 15 min to yield the P2 and S2 fractions. The
P2 fraction was washed in sucrose buffer and centrifuged at 13,000g at 4°C for 15 min to yield
the crude synaptosomal P2’ pellet. This pellet was re-suspended in sucrose buffer and then
hypotonically lysed with 9 volumes of cold water. The P2’ suspension was restored to 4mM
HEPES and centrifuged at 30,300g at 4°C for 30 min to yield the synaptosomal vesicles and
cytosolic fraction (LS1) and the heavy membrane pellet (LP1). The LP1 pellet was re-
suspended in 20mM Tris HCI-buffer (pH 7.4) containing 100mM NaCl, 50mM NaF, 2 mM
EDTA, 0.5% Triton X-100 and 0.04% of the protease inhibitor mixture. The LP1 fraction
contains the PSD proteins.

2.6. Western immunoblots and immunoprecipitation

After assaying for total protein content the LP1 and S2 fractions were processed using the
Western immunoblot procedure as described previously [13,14]. Shank1 was purchased from
Sigma-Aldrich, St. Louis, MO or Santa Cruz Biotechnology, Santa Cruz, CA and used at a
dilution of 1:600. Beta Il tubulin served as the loading control (1:1000; Promega, Madison,
WI1). Protein levels were estimated from optical density measurements using the BioSpectrum
500 Image Analysis System (UVP, Upland, CA). Shank1 levels within a gel were expressed
over the beta 111 tubulin levels, and then the levels in sham-operated or ligated animals were
normalized to those in control, uninjured animals.

For immunoprecipitation, the Shank1 antibody was added to LP1 fractions and incubated
overnight at 4°C. Pre-washed protein A agarose beads (Invitrogen, Carlsbad, CA) were then
added and the mixture incubated for 2h at 4°C. The beads were separated by centrifugation
(10,0009 for 30s at 4°C) and washed five times in ice-cold phosphate-buffered saline before
sample buffer was added and the mixture heated for 4 min. The beads were then removed by
centrifugation (10,000g for 30s at 4°C) and the supernatants used in the immunoblot procedure.
Antibodies directed against PSD-95 (1:1000) or the NR2B subunit of the NMDA receptor
(1:200) were purchased from Millipore, Billerica, MA or Thermo-Scientific, Rockford, IL.
Membranes were also processed for Shankl as detailed above to ascertain
immunoprecipitation.

2.7. RT-PCR

Shank1 mRNA levels were determined by the real-time polymerase chain reaction (RT-PCR)
as described previously [16]. Briefly, total RNA was isolated from homogenized tissues with
Trizol (Invitrogen, Carlsbad, CA) and cDNA was synthesized from 1ug of the total RNA.
Quantitative RT-PCR was then performed with the ABI Prism 7300 Sequence Detection
System (Applied Biosystems, Foster City, CA) by monitoring in real time the increase in
fluorescence of SYBR-GREEN dye. Relative expression levels of Shank1 in each sample were
determined using a standard curve of 3-fold serial dilutions. Average fold induction relative to
control animals was determined after normalizing to the amount of 18S rRNA in each sample.
A 2-fold or greater change was considered significant. Primer sequences are available upon
request.
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2.8. Statistical Analysis

3. Results

ANOVA was used for the statistical data analysis. The main emphasis was on detecting
differences in Shank1 protein or message levels between control, sham-operated and ligated
animals, or vehicle and drug-treated animals. In the behavioral experiments the emphasis was
on detecting differences in weight distribution or latencies between control, sham-operated and
ligated or between the vehicle and drug-treated groups. Significant effects were further
analyzed with Scheffe's post-hoc test, and statistical difference was inferred at p < 0.05. Each
group consisted of 6 animals. All data are expressed as mean+SEM.

We focused on the 4h post-ligation period based on our previous studies on the early
consequences of the sciatic ligation on selected gene or protein expression [14,16]. In addition,
this is the earliest time after surgery that the presence of pain behavior in ligated animals can
be differentiated from the lack of pain behavior in sham-operated animals.

3.1. Increases in Shank1 protein in the PSD of dorsal horn neurons were associated with the
sciatic ligation

The protein levels of Shank1 in the ipsilateral PSD-containing LP1 fraction of ligated animals
were significantly higher than those in control animals, 156+12%, F(4,25)=13.7, p<0.001 (Fig.
1). In contrast, Shank1 levels in the contralateral fraction of these ligated animals (106+5%),
or either the ipsilateral (108+6%) or contralateral (105+8%) LP1 fractions in sham-operated
animals were not significantly different from controls.

To investigate whether Shank1 levels specifically accumulated in the PSD-containing LP1
fraction we also assayed for Shank1 protein content in the S2 fraction which excluded the PSD.
Our data indicated that the content of Shank1 protein in the ipsilateral S2 fraction of the spinal
dorsal horn of ligated animals was significantly lower when compared to controls, 81+7%, F
(4,25)=3.7, p<0.05 (Fig. 1). In contrast, there were no changes in Shankl protein levels in the
S2 fraction of the contralateral dorsal horn in ligated animals (91+£3%), or either side of the
dorsal horn in sham-operated animals (91+2% and 95+3%). These data suggested a preferential
accumulation of Shank1 in the ipsilateral PSD of ligated animals.

3.2. Signs of pain behavior accompanied the sciatic ligation and the accumulation of Shank1

in the PSD

Before the animals were euthanized and their tissues collected for the immunoblotting
experiments, they were behaviorally tested to examine whether they exhibited signs of pain
behavior.

Ligated animals placed less weight on their injured, ipsilateral limb 4h post-ligation as their
ipsilateral to contralateral ratio was reduced to 0.58+0.02 (Fig. 2). In contrast, neither uninjured
control, nor sham-operated animals showed this shift in weight distribution suggestive of pain
behavior (0.98+0.02 and 0.91+0.02, respectively). ANOVA indicated a significant difference
among groups, F(2,15)=87.0, p<0.001. Scheffe's post-hoc test confirmed that the difference
was due to the weight-bearing ratio in ligated animals.

In the same ligated animals there was also a significant reduction in the 4h post-ligation
withdrawal latency (second test latency) of the injured, ipsilateral limb (5.8+0.5s) when
compared to the pre-surgery baseline (7.8+0.3s, Fig. 2). In contrast, there was no significant
reduction in the second test withdrawal latency in either control or sham-operated animals (7.5
+0.4s vs. 7.7+0.1s, and 7.8+0.4s vs. 7.1+0.2s, respectively). ANOVA confirmed no difference
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among groups at baseline, F (2,15)=0.2, p<1, but a significant difference at 4h post-ligation,
F(2,15)=13.6, p<0.01 which was due to the second test latency in ligated animals.

3.3. The sciatic ligation was not associated with an early change in Shankl message

In these experiments we sought to establish whether the ligation-associated increase in Shank1
protein in the PSD was a reflection of an injury-elicited activation of the Shank1 gene.

Shankl mRNA levels in the ipsilateral spinal dorsal horn of ligated animals were comparable
to those of control animals, 1.2+0.1-fold (Fig. 3). Similarly, the Shankl mMRNA levels in the
contralateral dorsal horn of ligated animals, or either side of the spinal dorsal horn in sham-
operated animals were not different from controls. Statistical analysis confirmed that there
were no significant differences among the groups, F(4,35)=2.2, p<0.1.

3.4. Intrathecal pre-treatment with either anisomycin or Shank1 siRNA prevented the ligation-
associated increases in Shank1 protein in the PSD

Given that the sciatic ligation was not associated with activation of the Shank1 gene we
hypothesized that at least some of the increases in Shank1 protein may have been a result of
synthesis from existing Shankl mRNA. We thus injected intrathecally the protein synthesis
inhibitor anisomycin to assess its effects on the ligation-associated accumulation of Shank1 in
the PSD.

In vehicle-treated ligated animals there was a substantial increase in Shank1 protein in the LP1
fraction of the ipsilateral spinal dorsal horn, 150+5% (Fig. 4). The increase was comparable
to that seen previously (Fig. 1). Pre-treatment with anisomycin prevented this increase, 111
+3%, F(2,15)=79.4, p<0.001, suggesting that at least some of the Shank1 accumulation resulted
from existing message translation.

To further explore this possibility we injected intrathecally Shankl siRNA in an attempt to
silence the existing Shank1 message. In ligated animals pre-treated with non-target sSiRNA we
detected the typical injury-associated accumulation of Shank1 protein in the ipsilateral LP1
fraction 4h post-ligation, 157+8% (Fig. 4). Pre-treatment with Shank1 siRNA abolished this
increase, 115+3%, F(2,15)=39.9, p<0.001. Taken together these data suggested that at least
some of the ligation-associated accumulation of Shank1 protein in the PSD was due to protein
synthesis from existing Shank1 message.

3.5. A pre-emptive single intrathecal injection of either anisomycin or Shank1 siRNA
alleviated early signs of pain behavior

Before euthanasia and tissue collection all animals were behaviorally tested to examine whether
they exhibited early signs of pain behavior.

Anisomycin pre-treatment prevented a shift in weight-bearing behavior 4h post-ligation in
ligated animals (0.84+0.03). This was significantly different from the behavior of vehicle-
treated ligated animals (0.58+0.02, p<0.001) and was suggestive of pain relief (Fig. 5). The
same anisomycin-treated ligated animals also did not exhibit thermal hyperalgesia 4h post-
ligation (8.5+0.3s vs. 8.620.2s at baseline, Fig. 5). This was again significantly different from
the behavior of the vehicle-treated ligated animals which exhibited thermal hyperalgesia (7.9
+0.5s vs. 5.5+0.3s, p<0.05).

Pre-treatment with Shank1 siRNA similarly prevented both the ligation-associated shift in

weight-bearing behavior (0.91+0.04) and the reduction in second test latency (8.9£0.6s vs. 9.3
+0.6s at baseline, Fig. 5). In contrast, pre-treatment with non-target siRNA failed to modify
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either the decreases in weight distribution ratio (0.67+0.3, p<0.001) or the second test latency
(6.5+0.3 vs. 8.8+0.1s at baseline, p<0.005).

Neither the weight-bearing behavior nor the paw withdrawal latencies of control or sham-
operated animals were modified by pre-treatment with vehicle, anisomycin, non-target SIRNA
or Shank1 siRNA (Fig. 5).

These results suggested that application of either anisomycin or Shank1 siRNA at a dose
sufficient to prevent the ligation-elicited accumulation of Shank1 protein in the PSD of spinal
dorsal horn neurons effectively relieved both of the early, injury-associated signs of pain
behavior.

3.6. MK-801 and U0126 pre-treatment prevented the ligation-associated accumulation of
Shank1 protein and the early pain behavior

In these experiments we sought to determine whether blockade of NMDA receptors with
MK-801 or ERK1/2 activity with the MEK inhibitor U0126 would modify the changes in
Shank1 protein levels. There is a well-established association between injury-elicited plasticity
in the spinal dorsal horn and the activation of NMDA receptors and ERK1/2.

The injury-elicited accumulation of Shank1 protein in the ipsilateral LP1 fraction was
significantly attenuated by pre-treatment with either MK-801 (114+5%) or U0126 (124+6%),
F(3,21)=23.1, p<0.001 (Fig. 6).

The same pre-treatment with either MK-801 or U0126 effectively prevented the typical
ligation-associated weight-bearing pain behavior in vehicle-treated animals, F(8,45)=20.2,
p<0.001. Similarly, the ligation-associated thermal hyperalgesia was abolished by both
MK-801 and U0126, F (8,45)=9.7, p<0.005. Neither MK-801 nor U0126 modified the weight-
bearing behavior or the second test latency of control or sham-operated animals (Fig. 7).

3.7 Shank1 protein was linked to PSD-95 and NR2B in the ipsilateral PSD of spinal dorsal
horn neurons in ligated animals

In an effort to further localize the ligation-associated changes in Shank1 protein to the PSD we
sought to detect protein-protein interaction between Shank1 and the well-established PSD
marker protein PSD-95 as well as the NR2B subunit of the NMDA receptor. We
immunoprecipitated Shankl in the ipsilateral PSD of the dorsal horn of ligated animals and
then probed these samples with antibodies directed against PSD-95 or NR2B. Our results
confirmed a protein-protein link between Shank1 and PSD-95 or NR2B in the ipsilateral LP1
fraction of ligated animals (Fig. 8). These data provided further support for the notion that the
ligation-associated accumulation of Shank1 protein is localized to the PSD.

We previously reported that there was a significant increase in Shank1 protein in the ipsilateral
LP1 fraction of spinal dorsal horn neurons 7 days after loose ligation of the sciatic nerve
[13]. This is the time of the full expression of ligation-associated neuropathic pain behavior in
our hands [13]. In order to assess whether the link between Shankl and NMDA receptors is
present at this time we similarly immunoprecipitated Shank1 in ipsilateral LP1 fractions from
the spinal dorsal horn of animals 7 days post-ligation. Our results confirmed the link between
Shank1 and PSD-95 and NR2B in the PSD at the time when neuropathic pain is fully developed

(Fig. 8).

4. Discussion

In this study we examined the early consequences of the loose ligation of the sciatic nerve on
the levels of Shank1 protein in the PSD of spinal dorsal horn neurons. Our data established
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that there was an accumulation of Shank1 in the ipsilateral PSD of ligated animals exhibiting
two signs of pain behavior, a shift in weight distribution and thermal hyperalgesia. There was
no change in the overall level of Shank1 message in either ligated or sham-operated animals.
The Shank1 accumulation was abolished by intrathecal pre-treatment with anisomycin or with
Shank1 siRNA. The same pre-treatment eliminated both of the signs of pain behavior.
Intrathecal pre-treatment with either MK-801 or U0126 similarly prevented the Shank1
accumulation and alleviated both early signs of pain behavior. The early accumulation of
Shank1 in the PSD of dorsal horn neurons may be an important step in the injury-associated
plasticity that leads to pain behavior. To our knowledge, this is the first demonstration of a
nerve injury-associated increase in Shank1 protein levels in the PSD of spinal dorsal horn
neurons which can be prevented to eliminate early signs of pain behavior.

We appreciate that while we have used a model of neuropathic pain in this study we only
focused on the early consequences of the sciatic ligation. The pain behavior cannot thus be
characterized as chronic, and ‘sub-chronic’ [15] is probably a more appropriate description.
Nevertheless, even only a few hours after the sciatic ligation there seem to be important changes
in nociceptive processing occurring in the spinal dorsal horn. This early spinal plasticity may
then underlie at least to some extent the observable early pain behavior. It is of interest in this
respect that in our hands at 4h post-surgery (but not before) the presence of pain behavior in
ligated animals can be differentiated from the lack of pain behavior in sham-operated animals.

Several studies have confirmed the involvement of Shank in synapse development and
plasticity in the brain. For example, increased levels of Shank elicited earlier synapse
maturation and an increased size of dendritic spines in the hippocampus [20]. Shank3 over-
expression was essential for the maintenance of spines and synapses in hippocampal cultures
and was sufficient to induce the generation of spines in aspiny neurons in the cerebellum
[19]. Patients with Shank3 gene mutations suffered severe mental retardation, delayed speech
and autism [5]. Shank1 deficient mice exhibited smaller dendritic spines and impaired long
term memory [8].

Little is known about Shank function in the spinal dorsal horn. We are aware of only one other
study in which the role of Shank1 was examined [6]. These authors reported that Shank1 co-
immunoprecipitated with PSD-95, NR2B and Src and concluded that a coupling between
NMDA and metabotropic receptor cascades was necessary for the initiation of another type of
persistent pain, Freund's adjuvant-elicited inflammatory hyperalgesia.

Shank1 may similarly contribute to pain behavior following peripheral nerve injury. The sciatic
ligation may engender or enhance the pairing of NMDA and metabotropic glutamate receptor
families through a link between Shank1 and Homer1b/c [4]. As we stated previously [13], this
link would allow for increased coordinated activation of all the PSD molecules associated with
the two glutamatergic receptor complexes even if only one of these complexes were activated.
In other words, a low intensity peripheral stimulus that perhaps only activated metabotropic
glutamate receptors could now influence NMDA-linked molecules even if the NMDA receptor
remained inactive due to an insufficient degree of membrane depolarization because of the low
intensity stimulus. Behaviorally, this may then be reflected in an exaggerated response to a
peripheral stimulus, in other words allodynia and hyperalgesia.

More generally, however, Shank proteins may serve as “master scaffold” proteins [22] as they
create a large and dense platform in the PSD by self-association via the SAM-domain. This
platform forms a backbone to which multiple other protein complexes in the PSD are linked
through the many protein interacting domains contained within the Shank structure. These
complexes include other scaffolding proteins such as Homer and PSD-95, ionotropic and
metabotropic glutamate receptors and associated signaling pathways, and cytoskeletal
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components such as F-actin. Strong synaptic activity is accompanied by major changes in the
PSD matrix, and it is clear now that dynamic regulation of the various constituents of the PSD
plays an important role in the establishment of greater synaptic efficacy through activity-
dependent changes in post-synaptic structure and function. Shank proteins may play a central
role in this process [9,22].

This central role of Shanks is perhaps underscored by the presence of Shankl mRNA in
dendrites. This makes Shank one of a limited number of other PSD proteins with dendritically
localized message. The dendritic transport of the Shankl mRNA depends on a targeting
element in its 3’ untranslated region, and the translation is probably initiated by a local stimulus

3].

Shank1 may play a similar central role in the spinal dorsal horn following peripheral nerve
injury. We did not detect an overall change in Shankl mRNA (Fig. 3) but we effectively
prevented Shank1 accumulation in the PSD with an intrathecally delivered dose of anisomycin
(125pg, Fig. 4) reported to block more than 90% of protein synthesis [18]. This suggests that
perhaps some of the increase in Shank1 protein in the PSD was due to existing message
translation. This notion is further supported by our data showing that Shank1 siRNA, but not
non-target sSiRNA (Fig. 4), similarly prevented protein accumulation in the PSD (Fig. 4) again
suggesting a block of the injury-associated translation due to silencing of the existing Shank1
MRNA.

Shank1 seems well-positioned to respond quickly to changes in afferent input to affect synapse
re-organization within the locally affected dendritic region [3]. In our study, the increase in
primary afferent activity due to the nerve injury may have elicited an activity-dependent
accumulation of the Shank1 protein in affected synapses to set the stage for short and long-
term enhancement of synaptic function. Like activity-dependent synaptic plasticity [11]
persistent pain exhibits early and late phases of development [15,21]. Together with our
previous results [13] the present data suggest that accumulation of Shank1 protein in the PSD
may be an important component of both the early and the late phases. As such, Shankl in
particular, and the PSD of spinal dorsal horn neurons in general, may be suitable novel targets
for successful therapeutic intervention in both prevention and treatment of injury-associated
pain.
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Figure 1. Accumulation of Shank1 protein in the ipsilateral PSD of spinal dorsal horn neurons was

associated with loose ligation of the sciatic nerve

A: Immunoblots of Shank1 and beta I11-tubulin (loading control) in representative LP1 and S2
fractions of the dorsal horn. B: Summary plot of the estimated content of Shank1. Note the

increased levels of Shankl in the ipsilateral PSD of

ligated animals. In contrast, Shank1 levels

in the contralateral PSD of ligated animals or either side in sham-operated animals were not
different from controls. Also note the small but significant decrease in Shank1 protein in the
ipsilateral S2 fraction of ligated animals. *p<0.05, *p<0.001.
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Figure 2. Early signs of pain behavior accompanied loose ligation of the sciatic nerve

Ligated animals exhibited both a shift in weight-bearing behavior and thermal hyperalgesia 4h
post-ligation. Neither control, uninjured, nor sham-operated animals exhibited a reduction in
the weight distribution ratio or in the second test latency suggesting an absence of pain
behavior. #p<0.01, *p<0.001.
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Figure 3. There were no early changes in Shank1l mRNA following loose ligation of the sciatic nerve
Note that there were no significant changes in Shankl mRNA in either the ipsilateral or
contralateral spinal dorsal horn of ligated or sham-operated animals.
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Figure 4. The ligation-associated accumulation of Shank1 protein was abolished by intrathecal pre-
treatment with anisomycin and Shank1 siRNA but not non-target siRNA

The typical ligation-associated accumulation of Shankl in vehicle-treated animals was
prevented by pre-treatment with anisomycin (125ug). Similarly, Shank1 siRNA (1uM) but not
non-target siRNA (1uM) prevented the Shank1 accumulation in the ipsilateral PSD of dorsal
horn neurons. Representative immunoblots accompany each summary plot. *p<0.001.

Pain. Author manuscript; available in PMC 2011 April 1.



1dudsnuely Joyiny vd-HIN 1dudsnuely Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Miletic et al.

Ratio
(ipsilateral/contralatera)

Ratio
(ipsilateral/contralateral)

Page 16
Weight-bearing Behavior Paw Withdrawal Latency
Control Sham Ligated 10 Control
1 0——@ ....... - P 0 )
L o 0.5 .
- £ _@ Sham Ligated
0.9+ =7 004 g 25 R wesnane T
B8 g5 T T i
08- £ ™ o
g 2 -1.04 - i
c © R
0.7- g g 151 -
£ c 20 S
06 EE Vehicle a § Vehicle %
Anisomycin S Ani .
05 * 8 30 nisomycin "
Weight-bearing Behavior Paw Withdrawal Latency
Control Sham Ligated Control Sham Ligated
1.0_ T 5 BO00000 —_—
= O
S Q -+
0.9 e s
L o3
£=
0-8_ [} e
Q5
55
o7d B 87
Non-target siRNA o 25| B Non-target SIRNA
Shank1 siRNA 3 251 on-target si
0.6- * 8 30- Shank1 siRNA

Figure 5. A pre-emptive single intrathecal injection of anisomycin or Shankl siRNA, but not non-
target siRNA, eliminated the early behavioral signs of pain

Pre-treatment with anisomycin or Shank1 siRNA prevented the injury-elicited shift in weight-
bearing behavior and the reduction in the second test withdrawal latency 4h after loose ligation
of the sciatic nerve. This suggested effective pain relief. Pre-treatment with non-target siRNA
failed to prevent either the shift in weight-bearing distribution or the reduction in second test
latency. None of the intrathecal injections modified significantly the weight distribution or the
second test latency in control (uninjured) or sham-operated animals. *p<0.05, #p<0.005,
*p<0.001.
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Figure 6. The ligation-associated accumulation of Shank1 was prevented by a block of NMDA

receptors or by inhibition of ERK1/2 activation

The ligation-associated accumulation of Shank1 was prevented by pre-treatment with either
MK-801 or U0126. Representative immunoblots accompany the summary plot. *p<0.001.
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Figure 7. Early signs of pain behavior were alleviated by intrathecal pre-treatment with either
MK-801 or U0126

Intrathecal pre-treatment with either MK-801 or U0126 prevented both the ligation-associated
significant reduction in weight-bearing ratio and the second test latency. Neither MK-801 nor
U0126 significantly modified the weight distribution or paw withdrawal latency in either
control or sham-operated animals. #p<0.005,*p<0.001.
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Figure 8. Shank1 protein was linked to PSD-95 and NR2B in the ipsilateral PSD of spinal dorsal
horn neurons in ligated animals

A: Representative immunoblots of Shankl1 (~218kDa), PSD-95 (~95kDa) and NR2B
(~180kDa) in Shank1-immunoprecipitated LP1 fractions. Note the protein-protein link
between Shank1 and PSD-95 or NR2B.
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