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LIMK-Dependent Actin Polymerization in Primary
Sensory Neurons Promotes the Development of
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Changes in the actin cytoskeleton in neurons are associated with synaptic plasticity and may also be
involved in mechanisms of nociception. We found that the LIM motif–containing protein kinases
(LIMKs), which regulate actin dynamics, promoted the development of inflammatory hyperalgesia (ex-
cessive sensitivity to painful stimuli). Pain is sensed by the primary sensory neurons of dorsal root
ganglion (DRG). In rats injected with complete Freund’s adjuvant (CFA), which induces inflammatory
heat hyperalgesia, DRG neurons showed an increase in LIMK activity and in the phosphorylation and
thus inhibition of the LIMK substrate cofilin, an actin-severing protein. Manipulations that reduced
LIMK activity or abundance, prevented the phosphorylation of cofilin, or disrupted actin filaments in
DRG neurons attenuated CFA-induced heat hyperalgesia. Inflammatory stimuli stimulated actin polym-
erization and enhanced the response of the cation channel TRPV1 (transient receptor potential V1) to
capsaicin in DRG neurons, effects that were reversed by the knockdown of LIMK or preventing cofilin
phosphorylation. Furthermore, inflammatory stimuli caused the serine phosphorylation of TRPV1, which
was abolished by preventing cofilin phosphorylation in DRG neurons. We conclude that LIMK-
dependent actin rearrangement in primary sensory neurons, leading to altered TRPV1 sensitivity, is
involved in the development of inflammatory hyperalgesia.
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INTRODUCTION

The cytoskeleton is an intricate, fibrous subcellular network that contains
microtubules, microfilaments and intermediate filaments, and their asso-
ciated proteins (1). Dynamic and differential changes that cause cyto-
skeletal rearrangement occur during different cellular processes according
to the cell type and the specific function of the cell. For example, reorga-
nization of the cytoskeleton occurs during axogenesis and neurite forma-
tion in neurons (2–4). In rats, the disruption of microfilaments substantially
attenuates hyperalgesia caused by the injection of epinephrine or its down-
stream mediators into paws (5). Therefore, the cytoskeleton is a critical
regulator in inflammatory pain plasticity (6).

The modulation of neuronal actin may be involved in the cytoskeletal
changes that are associated with synaptic plasticity at pre- and post-
synaptic terminals (7) and may contribute to the mechanisms of nocicep-
tion. LIM motif–containing protein kinase (LIMK), a key regulator of actin
dynamics, is a protein kinase family that consists of only two members:
LIMK1 and LIMK2 (8–10). LIMKs play an important role in translating
signals from the guanosine triphosphatase (GTPase) Rho into biological
effects. Phosphorylation of the conserved threonine residues, Thr508 and
Thr505, in the activation loop results in the activation of LIMK1 and
LIMK2. LIMK can be activated by several kinases that act downstream
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of Rho GTPase: Pak1, Pak2, Pak4 (p21-activated kinases 1, 2, and 4),
ROCK I and II (Rho-associated kinases I and II), and MRCKa (myotonic
dystrophy kinase-related Cdc42-binding kinase a) (11–19).

In contrast to other kinases that have multiple substrates, the only known
substrate of LIMK is the actin-depolymerizing factor (ADF) cofilin (20, 21).
LIMK regulates actin polymerization by phosphorylating and thus in-
activating cofilin, thereby contributing to diverse cellular functions such
as cell motility, morphogenesis, division, differentiation, apoptosis, neurite
extension, and oncogenesis (22–26).

LIMK1 mRNA is predominantly expressed in neural tissues, particu-
larly in the dorsal root ganglion (DRG), which is the primary nociceptor,
and the spinal cord, which can receive the pain signaling from DRG and
conduct it to brain; LIMK2 mRNA is also expressed in neural tissue
(27, 28). Neural plasticity is involved in the generation of pain hypersen-
sitivity. LIMK1−/− mice have abnormal dendritic spine morphology and
synaptic function. LIMK1/2−/− mice exhibit much more severe abnormal-
ities in synaptic function (29–31). Inhibiting the phosphorylation of cofilin
in the granule cells of the dentate gyrus partially impairs the late phase of
long-term potentiation (32). Additionally, the neurotrophin nerve growth
factor (NGF) plays a major role in the production of inflammatory hyper-
algesia (33, 34). Because NGF stimulates the activity of both LIMK1
and LIMK2 in PC12 cells (25), these data suggest that the LIMK-cofilin-
microfilament pathway may contribute to inflammation- or nerve injury–
induced pain hypersensitivity. Here, we found that LIMK1 and LIMK2
participate in the development of complete Freund’s adjuvant (CFA)–induced
inflammatory pain. Many protein kinases that are involved in pain sensitivity,
such as PKA [adenosine 3′,5′-monophosphate (cAMP)–dependent protein
kinase], PKCe (protein kinase Ce), and ERK1/2 (extracellular signal–
regulated kinase 1/2), can bind to cytoskeletal elements (35–40). Inflam-
matory mediators often activate these protein kinases through their cognate
receptors, leading to the phosphorylation of the cation channel TRPV1
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(transient receptor potential V1) and rapid and dynamic changes in pain
sensitivity (41–45). Here, we also found that phosphorylation by kinases
linked to CFA-induced signaling enhances the function of the TRPV1
channel and that F-actin (filamentous actin) regulated by LIMK may func-
tion as a scaffold.
D

RESULTS

LIMK1 and LIMK2 are rapidly activated in primary
sensory neurons after CFA-induced inflammatory
pain hypersensitivity
Western blotting revealed high abundance of LIMK1 and LIMK2 in the
DRG and spinal dorsal horn (Fig. 1A). However, in vitro kinase assays
showed that the kinase activity was higher in the DRG than in the spinal
dorsal horn (Fig. 1B). Thus, we focused on the functions of LIMK1 and
LIMK2 in primary sensory neurons.
w

To determine whether peripheral noxious stimuli induce a change in the
protein abundance and activity patterns of LIMK1 and LIMK2 in the DRG,
we used a model of inflammatory pain induced by CFA injection (46). CFA
was injected into the plantar surface of the rats’ left hindpaws. The injection
caused localized inflammation associated with swelling and erythema.
Heat hyperalgesia was evoked 0.5 hour after the injection and was main-
tained for more than 1 week in the ipsilateral paw.

We evaluated the kinase activity of LIMK1 in the ipsilateral lumbar
vertebrae 4 to 6 (L4-L6) DRG with an in vitro kinase assay. LIMK1 activ-
ity was relatively low in nontreated rats, but increased after CFA injection,
peaking at 1 hour, and remained high for up to 1 day after CFA injection.
His6-cofilin protein, the abundance of which was determined by Coomassie
blue staining, was used as a loading control (Fig. 1C). LIMK1 activity was
increased about threefold 1 hour after CFA injection (Fig. 1C). Western
blotting revealed that LIMK1 protein abundance did not change in the
ipsilateral DRG after CFA treatment (Fig. 1D). LIMK2 activity increased
after the CFA injection, peaking at 0.5 hour, and then declined to basal
 on Septem
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Fig. 1. LIMK1 and LIMK2 abundance and activity under normal physiolog-
ical or inflammatory conditions. (A and B) Representative Western blots of
LIMK (A) and in vitro kinase assays of LIMK activity (B) in the DRG and
spinal dorsal horn (SDH) in naïve rats. (C and D) Time course of LIMK ki-
nase activity (C) and LIMK protein abundance (D) from 0.5 hour to 1 day
after CFA injection (n = 3 independent experiments). (E and F) Repre-
sentative Western blots of phosphorylated and total cofilin (E) and
SSH1L (F) in rat DRG from 0.5 hour to 1 day after CFA injection. Quan-
tification of the phosphorylated signal used the density ratio of phosphoryl-
ated protein to total protein (n = 3 independent experiments). In vitro kinase
assays used purified His6-cofilin as a substrate, and inputs were analyzed
by Coomassie blue staining. Graphs show means ± SEM. The data were
analyzed by analysis of variance (ANOVA) followed by Dunnett’s multiple
comparison test (*P < 0.05, **P < 0.01, compared with the naïve control).
ww.SCIENCESIGNALING.org 24 June 2014 Vol 7 Issue 331 ra61 2
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amounts between 1 hour and 1 day (Fig. 1C). LIMK2 protein abundance
did not change during this process (Fig. 1D). The sequential increases in
LIMK2 and LIMK1 activation might be due to distinct Rho family GTPases.
LIMK1 is activated by Rac1 and Cdc42, but not RhoA, whereas LIMK2
is activated by RhoA and Cdc42, but not Rac1 (11, 16, 21, 47).

As previously reported, the major function of LIMK1 and LIMK2 is to
phosphorylate cofilin at Ser3, which results in its inactivation (25). CFA in-
jection induced the activation of LIMK1 and LIMK2 (Fig. 1C). As expected,
Western blotting and quantitative analyses showed that phosphorylation of
Ser3 in cofilin significantly increased 1 hour after CFA injection and did
not decrease to baseline until 2 hours after the CFA injection (Fig. 1E).
Cofilin is inactivated by LIMK-mediated phosphorylation and is reacti-
vated by the phosphatase Slingshot (SSH), mainly by the SSH1L isoform
(23, 48–50). We found that the phosphorylation of Ser978 in SSH1L, which
inactivates the phosphatase so that it cannot dephosphorylate phospho-
rylated cofilin (48), was increased after CFA injection (Fig. 1F). Together,
these results suggest that the activation of LIMK1 and LIMK2 and the in-
activation of SSH1L after CFA injection inactivate cofilin.

Overexpression of dominant-negative mutants of LIMK
attenuated heat hyperalgesia induced by CFA injection
The activation of LIMK and increased phosphorylation of cofilin after CFA
injection suggest that LIMKmight play a role in pain transmission. Thus, we
further investigated whether LIMK activation in the early stages of CFA-
induced inflammation contributed to the induction of pain hypersensitivity.
Because phosphorylation of the conserved threonine residues, Thr508 and
Thr505, in the activation loop results in the activation of LIMK1 and
LIMK2 and changing Thr508 or Thr505 to valine in the kinase domain of
LIMK1 and LIMK2 abrogates their activity (11, 16, 17), we constructed
w

wild-type LIMK1 and LIMK2 constructs (pEGFP-LIMK1 and pEGFP-
LIMK2) and dominant-negative LIMK1 and LIMK2 constructs (pEGFP-
T508V-LIMK1 and pEGFP-T505V-LIMK2, in which threonine residues
were mutated to valines).

We measured paw withdrawal latency in rats that had been injected
intrathecally with wild-type or dominant-negative LIMK or EGFP (en-
hanced green fluorescent protein) constructs. Basal nociceptive responses
were not affected (Fig. 2A). In response to CFA injection, rats overex-
pressing T508V-LIMK1 showed substantially increased withdrawal
latency of the ipsilateral paw compared with rats overexpressing EGFP
or wild-type LIMK (Fig. 2A). The area under the curve of the time
course showed that compared with rats overexpressing EGFP, those over-
expressing the dominant-negative T508V-LIMK1 showed significantly
reduced CFA-induced heat hyperalgesia (Fig. 2B). Rats overexpressing
wild-type LIMK1 or EGFP showed similar paw withdrawal latencies
(Fig. 2, A and B). In vitro kinase assays indicated that LIMK1 activity
in the DRG was inhibited by the overexpression of T508V-LIMK1, but
not by that of EGFP (Fig. 2C). The phosphorylation of cofilin decreased
in the ipsilateral DRG as a result of the overexpression of T508V-
LIMK1 (Fig. 2D). The kinase activity of LIMK1 and the phosphorylation
of cofilin were not affected by the overexpression of wild-type LIMK1,
which might be due to the high abundance of endogenous LIMK in
the DRG.

Similar to the overexpression of T508V-LIMK1, intrathecal delivery
of the other dominant-negative LIMK construct, T505V-LIMK2, in-
creased the paw withdrawal latency of the ipsilateral paw, inhibited the
kinase activity of LIMK2, and decreased the phosphorylation of cofilin
in the ipsilateral DRG compared to the pEGFP control group (Fig. 2,
E to H).
 on Septem
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Fig. 2. The delivery of dominant-negative LIMK constructs attenuates pain
hypersensitivity induced by CFA injection. (A and E) Time course of with-
drawal latency of the ipsilateral hindpaw before and after the delivery of
the LIMK1 (A) (n = 7 to 8 rats) or LIMK2 constructs (E) (n = 6 to 8 rats) after

CFA injection. i.t., intrathecal. (B and F) Area under the curve (AUC) of the time course of the paw withdrawal latency in (A) and (E). (C andG) Changing

Thr508 or Thr505 to valine decreased LIMK1 (C) or LIMK2 (G) activity in primary sensory neurons (n = 2 independent experiments). (D and H) Changing
Thr508 or Thr505 to valine decreased the phosphorylation of cofilin (n = 2 independent experiments). The values in (A), (B), (E), and (F) represent the paw
withdrawal latency (s) to radiant heat stimuli and refer to the means ± SEM. The data were analyzed by ANOVA followed by the Newman-Keuls multiple
comparison test (*P < 0.05, **P < 0.01, compared with the group injected with GFP).
ww.SCIENCESIGNALING.org 24 June 2014 Vol 7 Issue 331 ra61 3
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Knockdown of endogenous LIMK by short hairpin RNA
reduced CFA-induced inflammatory heat hyperalgesia
We next examined paw withdrawal latency in rats that received intrathecal
injections of short hairpin RNA (shRNA) plasmids directed against LIMK.
Rats with knockdown of LIMK1 showed significantly increased with-
drawal latency in the ipsilateral paw, but no change in basal nociceptive
responses (Fig. 3A). The area under the curve of the time course indicated
that the knockdown of LIMK1 significantly attenuated CFA-induced heat
hyperalgesia (Fig. 3B). Western blot analysis indicated that the intrathecal
delivery of shRNA-LIMK1 partially attenuated the expression of LIMK1,
but not of LIMK2, after the CFA injection.

To avoid off-target effects of shRNA-LIMK1, we generated shRNA-
resistant LIMK1 (Fig. 3D) and performed rescue experiments. In trans-
fected mouse neuroblastoma N2a cells, the LIMK1 shRNA knocked down
wild-type LIMK1 but not the shRNA-resistant LIMK1 (Fig. 3E). The abil-
ity of the LIMK1 shRNA to attenuate CFA-induced heat hyperalgesia was
reduced by co-delivery of the shRNA-resistant LIMK1 construct (Fig. 3F).
This construct did not affect basal nociceptive responses (Fig. 3F). The area
under the curve of the time course indicated that shRNA-LIMK1 caused
attenuation of CFA-induced heat hyperalgesia, which was rescued by shRNA-
resistant LIMK1 (Fig. 3G). Together, these data suggest that the inhibition
of heat hyperalgesia is due to the on-target effects of the shRNAvectors on
the corresponding target mRNAs.
w

Similar to LIMK1 knockdown, expression of shRNA-LIMK2 de-
creased LIMK2 protein abundance in the DRG and increased the with-
drawal latency of the ipsilateral paw during CFA-induced inflammatory
pain when compared to the GFP control group (Fig. 4, A to C). Ex-
pression of shRNA-resistant LIMK2 rescued the increased withdrawal
latency of the ipsilateral paw caused by the LIMK2 shRNA (Fig. 4, D
to G).

Overall, our data suggest that shRNAs directed against LIMK reduced
LIMK abundance in the DRG in vivo, which significantly attenuated be-
havioral nociception in the CFA-induced inflammatory pain model, indi-
cating that LIMK activity is involved in heat hyperalgesia.

LIMK promotes CFA-induced heat hyperalgesia through
the phosphorylation of cofilin
In contrast to other kinases that have multiple substrates, LIMKs have only
one major substrate, the actin depolymerizing and severing protein cofilin
(20, 21). Our results showed that the phosphorylation of cofilin at Ser3

increased significantly in the ipsilateral DRG after CFA treatment and that
the intrathecal injection of dominant-negative forms of LIMK1 and LIMK2
reduced the phosphorylation of cofilin at Ser3. We hypothesized that LIMK
modulates heat hyperalgesia through the phosphorylation of cofilin. To
investigate this hypothesis, we used a synthetic peptide Tat-S3, which
contains the unique Ser3 phosphorylation site of cofilin in its C terminus
 on Septem
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Fig. 3. The knockdown of endogenous LIMK1 by shRNA alleviates CFA-induced inflammatory heat
hyperalgesia. (A) Effect of the knockdown of LIMK1 on CFA-induced inflammatory heat hyperalgesia
(n = 9 to 13 rats). The values represent the paw withdrawal latency (s) to radiant heat stimuli and refer
to the means ± SEM. (B) Area under the curve of the time course of the paw withdrawal latency in (A).
**P < 0.01, unpaired Student’s t test compared with the pGCSIL-GFP group. (C) Knockdown of LIMK1 in DRG by the intrathecal injection of shRNA-
LIMK1 1 hour after the CFA injection (n = 3 independent experiments). (D) The indicated amino acids were mutated to produce shRNA-resistant
LIMK1. (E) shRNA-LIMK1 knocked down wild-type LIMK1 (WT-LIMK1), but not shRNA-resistant LIMK1, in mouse neuroblastoma N2a cells (n = 2
independent experiments). (F) Effect of shRNA-resistant LIMK1 on the effect of shRNA on CFA-induced inflammatory heat hyperalgesia (n = 7
to 13 rats). (G) Area under the curve of the time course of the paw withdrawal latency in (F). In (C) and (G), the graphs present the means ±
SEM. The data were analyzed by ANOVA followed by the Newman-Keuls multiple comparison test (*P < 0.05, compared with the corresponding
control groups; #P < 0.05, compared with the shRNA-LIMK1 and WT-LIMK1 groups).
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and a cell-penetrating sequence in the N terminus to allow for neuronal
internalization of the peptide. Consequently, this peptide can competitively
inhibit the phosphorylation of cofilin at Ser3 by LIMK. The Tat-S3A pep-
tide, in which Ser3 is mutated to Ala, was used as a control (Fig. 5A).

The Tat-S3 peptide did not affect basal nociceptive responses (Fig. 5B).
Injection of the Tat-S3A peptide did not affect CFA-induced inflammatory
heat hyperalgesia (Fig. 5C). In contrast, pretreatment with the Tat-S3 pep-
tide attenuated CFA-induced inflammatory heat hyperalgesia in a dose-
dependent manner, and the analgesic effect peaked at 1 hour at the 30-mg
dose (Fig. 5, D to I).

The Tat-S3 peptide effectively inhibited the phosphorylation of cofilin
at Ser3 in the ipsilateral DRG in a dose-dependent manner without af-
fecting the total protein abundance of cofilin (Fig. 5, J and K). Thus, we
conclude that intrathecal pretreatment with the S3 peptide, which interferes
with the phosphorylation of cofilin by LIMK, markedly attenuates CFA-
induced heat hyperalgesia.

Actin dynamics regulated by LIMK are involved
in CFA-induced inflammatory heat hyperalgesia
The cytoskeleton is a dynamic, plastic system involved in compartmen-
talizing and modulating cell signaling (5). To examine the role of actin
microfilaments in CFA-induced heat hyperalgesia, we injected the actin
microfilament-disrupting agent latrunculin A (Lat A) intradermally and
intrathecally before the CFA injection. Lat A significantly attenuated
w

CFA-induced heat hyperalgesia (Fig. 6, A to D). These results show that
actin microfilaments play a similar role both in CFA-induced hyperalgesia
and in hyperalgesia induced by epinephrine (5). It might act as a scaffold
for components of signaling pathways activated by CFA, such as receptors
and downstream kinases, such as PKA, PKC, and ERK1/2, and their
effectors.

Actin microfilament dynamics and reorganization are spatiotemporally
regulated by numerous actin-binding proteins. The ADF/cofilin family of
proteins can sever and depolymerize F-actin and increase the cellular con-
centration of monomeric globular actin (G-actin) (48). Actin polymerization
assays indicated that CFA injection significantly stimulated actin polymer-
ization to F-actin in the ipsilateral DRG (Fig. 6E). The polymerized F-actin
could link components of signaling pathways activated by CFA. Conversely,
the knockdown of LIMK decreased the amount of F-actin in the ipsilateral
DRG compared to the GFP control group (Fig. 6F). These results suggest
that the polymerization of actin is involved in transducing CFA-induced in-
flammatory pain and that the knockdown of LIMK causes actin reorgani-
zation during pain hypersensitization.

TRPV1 is a downstream effector of the LIMK-cofilin
signaling pathway–dependent actin dynamics in
inflammatory hyperalgesia
The TRPV1 channel is an ion channel that mediates inflammatory thermal
nociception and is present on sensory neurons. Knockout mice lacking
Fig. 4. The knockdown of endogenous LIMK2 expression by shRNA alleviates CFA-induced inflammatory
heat hyperalgesia. (A) Effect of the knockdown of LIMK2 on CFA-induced inflammatory heat hyper-
algesia (n = 9 to 12 rats). The values represent the paw withdrawal latency (s) to radiant heat stimuli

and refer to the means ± SEM. (B) Area under the curve of the time course of the paw withdrawal latency
in (A) (**P < 0.01, unpaired Student’s t test compared with the pGCSIL-GFP group). (C) Knockdown of LIMK2 in the DRG by the intrathecal injection
of shRNA-LIMK2 1 hour after the CFA injection (n = 3 independent experiments). (D) Indicated amino acids were mutated to produce shRNA-resistant
LIMK2. (E) shRNA-LIMK2 knocked down WT-LIMK2, but not shRNA-resistant LIMK2, in mouse neuroblastoma N2a cells (n = 2 independent
experiments). (F) shRNA-resistant LIMK2 rescued the effect of shRNA CFA-induced inflammatory heat hyperalgesia (n = 6 to 9 rats). (G) Area under
the curve of the time course of the paw withdrawal latency in (F). In (C) and (G), the columns represent the means ± SEM. The data were analyzed by
ANOVA followed by the Newman-Keuls multiple comparison test (*P < 0.05, **P < 0.01, compared with corresponding control groups; #P < 0.05,
compared with the group injected with shRNA-LIMK1 and WT-LIMK1).
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TRPV1 do not develop heat hyperalgesia after inflammation (51, 52). TRPV1
abundance is increased in the DRG, the sciatic nerve, and the hindpaw
skin after CFA-induced inflammatory pain (53, 54). After inflammation,
various extracellular mediators, including bradykinin, prostaglandin E2,
and NGF, are released, which lowers the heat activation threshold of TRPV1
by activating kinases such as PKA, PKCe, and ERK1/2, which phospho-
rylate TRPV1 (41–45, 55). A kinase anchoring protein 79 (AKAP79) has
binding sites for both PKAandPKCand is distributedwith TRPV1 in small
www.SCIENCESIGNALING.org
nociceptive sensoryneurons (56,57).AKAP79
binds to TRPV1 and is essential for PKA-
and PKC-dependent sensitization of TRPV1
(56, 58–60). In addition, AKAP79 supports
the interactions between PKA, PKCe, and
F-actin (37–40). Therefore, we hypothesized
that LIMK-cofilin-actin signaling may mod-
ulate the function of the TRPV1 channel.

Fura-2 AM Ca2+ imaging of acutely dis-
sociated DRG neurons from rats that re-
ceived CFA injections in the left hindpaw
showed that the shRNA-induced knockdown
of LIMK before CFA injections reduced
the rapid, robust increase in intracellular
Ca2+ in neurons stimulated with capsaicin,
which activates TRPV1 (Fig. 7, A and B).
Furthermore, intrathecal pretreatment of
rats with the Tat-S3 peptide also significantly
lowered the TRPV1 response to capsaicin
compared with the Tat-S3A peptide (Fig. 7,
C and D). Thus, TRPV1 channel function
was impaired by the knockdown of LIMK
and inhibition of cofilin phosphorylation,
both of which resulted in F-actin depolym-
erization. The knockdown of LIMK alone
slowed the intracellular Ca2+ increase, and
the Tat-S3 peptide not only slowed the in-
tracellular Ca2+ increase but also reduced
the amplitude of intracellular Ca2+, sug-
gesting that the Tat-S3 peptide might be
more efficacious than LIMK knockdown.
The behavioral responses also support this
hypothesis (Figs. 2B, 3B, and 5D).

To detect whether the function of TRPV1
was modulated through phosphorylation,
which is related to actin dynamics, we de-
tected the serine phosphorylation of TRPV1
in the ipsilateral DRG after CFA treatment
alone or combined with the Tat-S3 or the
Tat-S3A peptide. The serine phosphoryl-
ation of TRPV1 was significantly increased
after CFA injection (Fig. 7E), an increase
that was reduced by the Tat-S3 peptide
(Fig. 7F). These results indicate that TRPV1
channel function is enhanced through its
phosphorylation and that the F-actin regu-
lated by LIMK may act as a scaffold.

DISCUSSION

The present study provides evidence that
LIMK-dependent actin polymerization in
the primary sensory neurons is involved in the development of inflamma-
tory hyperalgesia in rats and that TRPV1 may function as one of the
downstream effectors in this process.

NGF plays a major role in the production of inflammatory hyperalgesia
(34, 54, 61). Several types of cells release NGF. During CFA-induced in-
flammatory pain, NGF synthesis and release increase in peripheral tissue.
NGF binds to tyrosine kinase receptor A (TrkA) in nociceptive afferent
nerve fibers and increases the activation of the primary nociceptive receptor
Fig. 5. Pretreatment
with the Tat-S3 pep-
tide markedly attenu-
ates CFA-induced heat
hyperalgesia. (A) Amino
acid sequence of the
Tat-S3peptideandcon-
trol Tat-S3A peptide. (B)
Effect of the Tat-S3 pep-
tideonbasalnociceptive
responses. (C) Effect of
30mgofTat-S3Apeptide
or30ml of salineonCFA-
induced inflammatory

heat hyperalgesia. (D to
F) Time course of withdrawal latency of the ipsilateral hindpaw before and after the intrathecal injection of
30 mg (n = 7 rats, P = 0.6684), 17 mg (n = 11 rats, P = 0.0350), or 10 mg (n = 8 to 9 rats, P = 0.0001) of the
Tat-S3 peptide or the Tat-S3A peptide after CFA injection. The values represent the paw withdrawal
latency (s) to radiant heat stimuli and refer to the means ± SEM (*P < 0.05, **P < 0.01, two-way ANOVA,
followed by Bonferroni posttests, comparedwith the Tat-S3Apeptide group at corresponding timepoints).
(G to I) Area under curve of the time course of the paw withdrawal latency (*P < 0.05, **P < 0.01, unpaired
Student’s t test, comparedwith the Tat-S3A peptide group). (J andK) Pretreatment with 30 mg of the Tat-S3
peptide, but not the Tat-S3A peptide, reduced the phosphorylation of cofilin in vivo (J) without affecting
cofilin abundance (K). The columns represent the means ± SEM from three separate experiments (*P <
0.05, **P < 0.01, unpaired Student’s t test, compared with Tat-S3A peptide group).
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TRPV1 (34, 62). Trk receptor signaling activates several small G proteins
(heterotrimeric guanine nucleotide–binding proteins), including those in the
Cdc42-Rac-Rho family (63). Various Rho GTPase effectors activate
LIMK1 and LIMK2 by phosphorylating conserved threonine residues in
the LIMK activation loop (12–19, 64). Together, these findings suggest that
in CFA-induced inflammatory pain, NGF can activate Rho GTPases and
their effectors and subsequently stimulate the activity of LIMK1 and
LIMK2.

In addition, MAPKAPK-2 [MK2, a kinase downstream of p38 MAPK
(mitogen-activated protein kinase)] activates LIMK1 by phosphorylating
Ser323 (65). The phosphorylation of Ser323 might induce a conformational
change in LIMK1, releasing the autoinhibitory effect of the N-terminal
region and increasing the kinase activity of LIMK1. Peripheral inflamma-
tion induces the activation of ERK and p38 in the DRG (54, 66), and the
Ras/B-Raf/MEK (MAPK kinase)/ERK signaling pathway increases the
activity of the Rho effector ROCK (67), which in turn stimulates LIMK
activity. To elucidate the downstream molecular mechanisms of the role of
LIMK in the modulation of heat hyperalgesia, we performed intrathecal
injections with a Tat-S3 peptide designed according to a previous study
(25). Many studies have confirmed that the S3 peptide efficiently inhibits
the phosphorylation of cofilin at Ser3 in vitro and in vivo. In our study, to
increase the ability of the peptide to penetrate membranes, we changed the
penetrating sequence to the HIV Tat protein sequence. Pretreatment with
the Tat-S3 peptide efficiently reduced the phosphorylation of cofilin in the
DRG and markedly alleviated CFA-induced heat hyperalgesia. These
results indicate that cofilin might be the substrate of LIMK involved in
the modulation of hyperalgesia.

In normal male rats, intact actin filaments, microtubules, and inter-
mediate filaments are all necessary for epinephrine-induced inflammatory
hyperalgesia (5). In our study, we also found that intact actin filaments
were necessary for the development of CFA-induced inflammatory pain.
Furthermore, we found that CFA stimulation induced actin polymerization
and that both the knockdown of LIMK and the inhibition of cofilin phos-
phorylation decreased the relative amount of F-actin, suggesting that the
activity of LIMK is essential for actin polymerization during the develop-
ment of CFA-induced inflammatory pain.

Many protein kinases that play important roles in pain transmission, in-
cluding PKA, PKCe, and ERK1/2 of the MAPK family, interact with the
cytoskeleton and depend on the intact cytoskeleton for signal transmission
(68–72). PKCe binds to F-actin in a phorbol ester–dependent manner, and
purified F-actin can directly stimulate PKCe kinase activity in vitro. In
PMA (phorbol 12-myristate 13-acetate)–treated, PKCe-overexpressing
NIH 3T3 cells, activated PKCe and F-actin redistribute to the cell margins,
typically in areas of cell-cell contact (36). The AKAP family of scaffolding
proteins is present in sensory neurons and can potentially support interactions
between b-adrenergic receptors, PKA, PKCe, and F-actin (35, 37–40). The
b-adrenergic receptor mediates the activation of ERK1/2 through several
signaling scaffolds that associatewith the cytoskeleton. ThePKA regulatory
subunit localizes to F-actin microspikes in hippocampal growth cones in an
AKAP-independent manner (73). Together, these data suggest that F-actin
can act as a scaffold that supports interactions among the receptors involved
in pain signaling, downstream kinases, and their effectors.

TRPV1 plays a central role in the development of thermal hyperalgesia
in inflammatory pain. Inflammatory mediators such as prostaglandin E2 or
bradykinin cause hyperalgesia by activating cellular kinases that phospho-
rylate TRPV1, a process that relies on AKAP79/150 to target the kinases
to TRPV1 (56, 58, 59). A peptide mimicking the TRPV1 binding site for
AKAP79 blocks TRPV1 sensitization in vitro and inflammatory pain
in vivo (60). The modulation of TRPV1 sensitivity by PKA and PKC and
by the phosphatase calcineurin depends on the formation of a signaling
Fig. 6. The role of actin filaments in CFA-induced heat hyperalgesia. (A to D)
Time course of the withdrawal latency of the ipsilateral hindpaws before and

after the intradermal (i.d.) (A) (500 ng, n=8 rats) or intrathecal (C) (100 ng, n=
10 to11 rats) injectionofLatAafterCFA injection (AandC), and theareaunder
the curve of the time course of the paw withdrawal latency (B and D). The
values represent thepawwithdrawal latency (s) to radiantheat stimuli and refer
to the means ± SEM (**P < 0.01, two-way ANOVA, followed by Bonferroni post-
tests, compared with the vehicle group at corresponding time points, and un-
paired Student’s t test, compared with the vehicle group). (E) Representative
Western blot for G- and F-actin in the DRG before and after CFA injection, and
quantification of the relative F-actin/G-actin ratio (*P<0.05, unpairedStudent’s
t test, comparedwith naïve group) (n=3 independent experiments). (F) Effect
of theknockdownofLIMKon the relativeF-actin/G-actin ratioafterCFA injection.
The relativedensitometry of the intensity ofG- andF-actin bandsand the ratio of
F-actin/G-actin were measured for each condition (*P < 0.05, ANOVA followed
by the Newman-Keuls multiple comparison test, compared with pGCSIL-GFP
groups) (n = 3 independent experiments).
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complex of these enzymes, the scaffolding protein AKAP79/150, and
TRPV1 (56). Here, we found that the phosphorylation of serines in TRPV1
was increased after CFA injection, an effect that was reduced by inhibi-
tion of cofilin phosphorylation. These results suggest that TRPV1 may
be an effector of the downstream kinases in CFA-induced inflammatory
hyperalgesia.

In summary, this study demonstrates a pivotal role of LIMK, a key
regulator of actin dynamics in the development of inflammatory heat
hyperalgesia. Peripheral inflammation results in the activation of LIMK
in the DRG, and phosphorylation and inactivation of cofilin by LIMK pro-
mote actin polymerization. The polymerized F-actin may act as a scaffold
for inflammatory signaling and downstream kinases and their effectors,
such as TRPV1, which could facilitate the phosphorylation of TRPV1
by these kinases, leading to the enhanced function of TRPV1 channels.
MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats weighing 200 to 220 g were supplied by the
Animal Center of Peking University Health Science Center. The animals
were housed in climate-controlled rooms on a 12-hour light-dark cycle with
free access to food and water. Experimental procedures were approved by
the Animal Care and Use Committee of Peking University, and all efforts
w

were made to minimize the discomfort of the animals. First, 25%CFA (100 ml,
F5881, Sigma-Aldrich) diluted in incomplete Freund’s adjuvant (iFA,
F5506, Sigma-Aldrich) was injected into the plantar surface of the left
hindpaw while the animals were under isoflurane anesthesia. The rats
were then sacrificed 0.5 hour, 1 hour, 2 hours, 6 hours, or 1 day after the
injection under 10% chloral hydrate anesthesia [0.3 g/kg, intraperitoneally
(ip)], and tissues were dissected.

For intrathecal drug delivery, the cannulae implantation was performed
following the method of Størkson et al. (74). Briefly, rats were anesthe-
tized with 10% chloral hydrate (0.3 g/kg, ip). The back skin of the rats was
incised, and the spinal column was exposed. The needle was inserted into
the intraspinal space between L4 and L5. The correct intrathecal location
was confirmed by a tail flick or a paw retraction. PE-10 polyethylene
catheters 3.5 to 4.0 cm in length were implanted using a catheter-
through-needle technique to reach the lumbar enlargement of the spinal
cord. The outer end of the catheter was plugged and fixed to the skin
upon closure of the wound. The rats were individually housed after sur-
gery and allowed to recover for 4 to 6 days before being tested. Any
animals showing motor impairment from the intrathecal cannula place-
ment were excluded from the study. For the experiments involving genes
and peptide, 100% CFA was diluted to 25% in iFA to avoid excessive
inflammation and spontaneous pain behavior. Nociceptive responses after
intrathecal injection or delivery of the genes were measured in a blinded
fashion.
Fig. 7. TRPV1 function is enhanced
by phosphorylation during CFA-
induced signaling. (A and B) Com-
parisonof intracellularCa2+responses
to capsaicin in DRG neurons dis-
sociated from rats injected with
pGCSIL-GFP, shRNA-LIMK1, or
shRNA-LIMK2 plasmids and in-
jectedwithCFA(n=9to15neurons).
(CandD) Comparisonof intracellular
Ca2+ responses to capsaicin in DRG
neuronsdissociated fromrats treated
withTat-S3peptideandTat-S3Apep-
tide and injected with CFA (n = 44 to
48 neurons). In (A) and (C), the re-
sponsive neurons are shown with a
white arrow, and unresponsive neu-
rons with a white arrowhead. In (B)
and (D), the application of capsaicin
ww.SCIENCESIGNALING.org 24 June
andKCl is shownwith an arrow (***P<0.001, two-way ANOVA, followedbyBonferroni posttests, comparedwith corresponding control groups). (E and F)
Serine phosphorylation of TRPV1 in anti-TRPV1 immunoprecipitates from DRG extract after CFA injection (E) and the effect of the Tat-S3 peptide (F). The
graphs present the means ± SEM from three separate experiments (*P < 0.05, unpaired Student’s t test, compared with corresponding control groups).
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Assessment of hypersensitivity
Thermal hyperalgesia was assessed in unrestrained rats using a procedure
adapted from a previously published report (46). Briefly, the animals were
allowed to become accustomed to the environment for 20min before testing.
Their paw withdrawal latency in response to radiant heat was recorded. A
cutoff time of 30 s was enforced to prevent tissue damage. The paw with-
drawal latencywas recorded and averaged over four trials at 5-min intervals.

Plasmids and constructs
LIMK1andLIMK2were amplified from the rat complementaryDNA(cDNA)
library using primerswith the sequences 5′-AGCAGATCTCGATGAGGTTCA-
CGCTACTT-3′ (LIMK1 5′ end); 5′-AGCCTCGAGCATGGCGGCGCTGG-
CGGGT-3′ (LIMK2 5′ end); 5′-AGCAAGCTTTTTCAGTCAGGGACCTCGGG-3′
(LIMK1 3′ end); and 5′-AGCGGATCCACCTAGGGTGGCTAGTCCCG-3′
(LIMK2 3′end). The amplified sequences were subcloned into the pEGFP-C2
vector (Clontech).Dominant-negative LIMK1 (T508V-LIMK1) (11, 17) and
dominant-negativeLIMK2 (T505V-LIMK2) (16)were prepared bymutating
Thr to Val in the pEGFP-C2 LIMK1 or pEGFP-C2 LIMK2 plasmids. Muta-
genesiswas performedwith theQuikChange Site-DirectedMutagenesisKit
(Stratagene). All of the constructs were verified by sequencing performed by
Shanghai Sangon Biological Engineering Technology and Services Co. Ltd.

The shRNA plasmids were generated by Shanghai Genechem Co. Ltd.
Oligonucleotides targeting LIMK1 and LIMK2 were ligated to the vector
pGCSIL-GFP. The shRNAsequence for rat LIMK1 is 5′-GACTTGCGTAG-
CCTTAAGA-3′ and that for LIMK2 is 5′-GGACAAGAAGCTGAATCTG-3′.
For the rescue experiments, the third base of each codon in the target se-
quence was mutated without changing the identity of the amino acids.

Western blotting
Rats were deeply anesthetized with 10% chloral hydrate (0.3 g/kg, ip), and the
L4-L6 DRG and the dorsal horn of the lumbar enlargement of the spinal cord
were subsequently removed and immediately homogenized in ice-cold lysis
buffer [50mMtris at pH7.4, 150mMNaCl, 1.5mMMgCl2, 10%glycerol, 1%
TritonX-100,5mMEGTA,1mMphenylmethylsulfonyl fluoride, 1mMNa3VO4,
10mMNaF, and a proteinase inhibitor cocktail purchased from AMRESCO
(0.5 mMAEBSF, 0.3 mM aprotinin, 10 mMbestatin, 10 mME-64, 10 mM leu-
peptin)]. The homogenates were centrifuged at 12,000g for 5 min at 4°C, and
the supernatant was analyzed. The protein concentration was measured using a
BCAassaykit (PierceBiotechnology).Next, 50mgof each samplewasboiled for
5 min with SDS–polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer
and subjected to SDS-PAGE using 12% running gels and transferred onto nitro-
cellulosemembranes.Themembraneswereblockedwith5%nonfatmilk inTBST
(50 mM tris-HCl at pH 7.5, 150 mMNaCl, and 0.05% Tween 20) for 1 hour at
room temperature and then incubated overnight at 4°Cwith the primary antibody.
The blotswere thenwashed three times in TBST for 10min each.Next, themem-
braneswere incubatedwithhorseradishperoxidase–conjugatedsecondaryantibody
(1:2000 dilution; goat anti-rabbit, rabbit anti-goat, or goat anti-mouse; Bio-Rad
Laboratories) for 1 hour at room temperature. Finally, the blots were developed
with the lightening chemiluminescence kit (sc-2048; SantaCruzBiotechnology).

The following commercial antibodies were used as primary antibodies:
LIMK1 (1:100, sc-5576; Santa Cruz Biotechnology), LIMK2 (1:100, sc-8388;
Santa Cruz Biotechnology), cofilin (1:100, sc-33779; Santa Cruz Biotech-
nology), p-cofilin (Ser3) (1:2000, sc-12912-R/sc-21867-R; Santa Cruz Bio-
technology), GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (1:2000,
CW0100;CoWinBiotechCo.Ltd.), SSH1L(C-terminal region) (1:800, SP1711;
ECMBiosciences), and SSH1L (Ser978) (1:800, SP3901; ECMBiosciences).

In vitro kinase assay
LIMK1 and LIMK2 kinase activities were measured using an immune
complex kinase assay and His6-cofilin as the substrate, as previously de-
w

scribed. Briefly, tissue lysates were immunoprecipitated with anti-LIMK1
or anti-LIMK2 antibodies (1:50) at 4°C for 3 hours. Protein A–Sepharose
CL-4B resin (Amersham Biosciences) was added to the samples and incu-
bated for an additional 12 hours, after which the samples were washed four
times with TBS (tris-buffered saline)/0.1% Triton X-100 and two times with
the assay buffer (20 mM tris-HCl at pH 7.6, 20 mMMgCl2). The final pellet
was resuspended in a reaction buffer [20 mM tris-HCl at pH 7.6, 20 mM
MgCl2, 0.1 mM dithiothreitol, [γ-32P]ATP (10 mCi/50 ml), His6-cofilin]
to yield a total volume of 40 ml. The mixture was then incubated at 30°C
for 30 min, and the reaction was terminated by the addition of SDS-
PAGE sample buffer. The samples were boiled for 5 min and then
subjected to SDS-PAGE. The gels were stained with Coomassie blue,
dried, and exposed to x-ray film for autoradiography.

Delivery of constructs into the DRG
After 4 to 6 days of surgical recovery from the intrathecal catheter place-
ment, the rats were randomly assigned to different experimental groups:
pEGFP-LIMK1, pEGFP-T508V-LIMK1, and pEGFP, or shRNA-LIMK1,
shRNA-LIMK2, and pGCSIL-GFP. The basal paw withdrawal latency
was measured before the rats were subjected to intrathecal injection of
the plasmids. Complexes of DNA and Lipofectamine 2000 (Invitrogen),
prepared as described below, were slowly injected over 5 min. After the
injection, the needle remained in situ for 2 min before withdrawal. The
basal paw withdrawal latency was then measured 4 days after gene deliv-
ery, and 25% CFAwas subsequently injected into the plantar surface of the
left hindpaw. The nociceptive responses were then measured 1 hour, 2 hours,
6 hours, and 1 day after CFA administration. DNA–Lipofectamine 2000
complexes were prepared as follows: DNA (10 mg, 1 mg/ml) was diluted
in normal saline (10 ml) and gently mixed. Next, Lipofectamine 2000
(20 ml) was added to normal saline (10 ml) and mixed gently. After 5 min
of incubation at room temperature, the diluted DNAwas combined with the
diluted Lipofectamine 2000, mixed, and incubated for 20 min at room
temperature to allow DNA–Lipofectamine 2000 complexes to form.
The mixture was then intrathecally injected. The ratio of DNA (in mg) to
Lipofectamine 2000 (in ml) was 1:2 (for cotransfection: the ratio was 1:1).
The total volume injected was 50 ml.

Peptides and treatments
The Tat-S3 peptide (RKKRRQRRR MASGVAVSDGVIKVFN) and the
control Tat-S3A peptide (RKKRRQRRR MAAGVAVSDGVIKVFN)
were synthesized and purified by the Chinese Peptide Company. The pep-
tides were dissolved in sterile double-distilled water (ddH2O) to a final
concentration of 1 mg/ml.

After 4 to 6 days of surgical recovery from the placement of the intra-
thecal catheter, the rats were randomly placed into the Tat-S3 or Tat-S3A
peptide group. The basal paw withdrawal latency was measured, and the
rats were subjected to an intrathecal injection of the peptides at different
dosages: 10 mg, 17 mg, 30 mg; 1 mg/ml. After injection, the needle remained
in situ for 2 min before withdrawal. The basal paw withdrawal latency was
measured 0.5 hour after the peptide injection, and then 25% CFA was
injected into the plantar surface of the left hindpaw. Nociceptive responses
were measured again 1 hour, 2 hours, 6 hours, and 1 day after CFA
administration.

F-actin/G-actin in vivo assay
The ratio of F-actin to G-actin in the DRG after treatment with CFA, pep-
tide, or shRNA plasmids was analyzed using an F-actin/G-actin in vivo
assay kit (BK037, Cytoskeleton Inc.). Briefly, the rats were deeply anes-
thetized with 10% chloral hydrate (0.3 g/kg, ip). Next, the L4-L6 DRG
was removed and immediately homogenized with a motorized homogenizer
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in F-actin stabilization buffer. The tissue lysates were centrifuged at 100,000g,
37°C, for 1 hour; the resulting pellet contained the F-actin, and the super-
natant contained the G-actin. The supernatant was removed and immediately
placed on ice, and 100 ml of F-actin depolymerization buffer was added to
each pellet. The samples were then incubated on ice for 1 hour. Equal vo-
lumes of G-actin and F-actin samples were mixed with SDS-PAGE sample
buffer, electrophoresed in separate lanes on a 12% SDS-PAGE gel, and
subjected to immunoblot analysis.

Isolation of DRG neurons and Ca2+ imaging
The isolation of DRG neurons and Fura-2 AM–based Ca2+ imaging ex-
periments were performed as described previously (75). After 4 to 6 days
of surgical recovery from the placement of the intrathecal catheter, the plas-
mids (pGCSIL-GFP, shRNA-LIMK1, and shRNA-LIMK2) or the peptides
(Tat-S3 peptide andTat-S3Apeptide, 30 mg, 1 mg/ml) were delivered into the
DRG. One hour after the CFA injection, the rats were terminally anesthe-
tized with 10% chloral hydrate (0.3 g/kg, ip), and then the left L4-L5 DRG
was removed and digested with collagenase type IA (1.5 mg/ml; Sigma-
Aldrich) for 40 to 50 min and then with 0.125% trypsin (Sigma-Aldrich)
for 8 to 10 min at 37°C. The enzymatic treatment was terminated by the
addition of DMEM (Dulbecco’s modified Eagle’s medium) followed by
gentle trituration of the ganglia with a flame-polished Pasteur pipette
and centrifugation at 500 rpm for 5 min. The cell pellet was then resus-
pended in DMEM. The dissociated cells were plated on poly-D-lysine–
coated (100 mg/ml; Sigma-Aldrich) glass coverslips inside 35-mm culture
dishes with a 10-mm bottom well and kept for 1.5 hours at 37°C in an
incubator with 5% CO2 and 95% air.

The DRG cells were washed with extracellular solution (ES) (7.605 g
of NaCl, 0.3725 g of KCl, 0.272 g of KH2PO4, 0.094 g of MgCl2, 0.2775 g
of CaCl2, 1.8 g of glucose, and 2.38 g of Hepes, dissolved in 1000 ml of
ddH2O, pH 7.4 to 7.6, 300 mOsm) twice and then incubated in Fura-2 AM
(5 mM; Invitrogen) in ES at room temperature for 1 hour. The cells were then
washed with ES and left in ES at room temperature in the dark for 1-hour
recovery. For calcium imaging, an inverted fluorescencemicroscope equipped
with a 340- and 380-nm excitation filter (Olympus) and a computer with
theMetaFluor softwarewere used. Fluorescent images and the F340/F380
ratio were acquired every 10 s. TRPV1 activation was evoked by the addi-
tion of 5 mM capsaicin.

Immunoprecipitation
For immunoprecipitation, protein extracts containing 400 to 500 mg of
protein from the rats’ DRG were incubated overnight at 4°C with a goat
anti-TRPV1 antibody (1:100, sc-12498; Santa Cruz Biotechnology) or nor-
mal goat immunoglobulin G (1:200, sc-2028; Santa Cruz Biotechnology)
with protein A–Sepharose CL-4B resin (GE Healthcare) in a volume of
500 ml. The samples were then washed six times with TBS/0.1% Triton
X-100 to solubilize bound proteins. The proteins in the TRPV1 precipitates
were resolved by 10% SDS-PAGE, and the serine phosphorylation was
detected by Western blot analysis using a mouse anti-phosphoserine anti-
body (1:200, sc-81515; Santa Cruz Biotechnology).

Statistical analysis
All of the data are represented as the means ± SEM. Statistical analyses
were performed with the Prism 5.0 software. Differences between groups
were compared using either Student’s t test, a one-way ANOVA fol-
lowed by Newman-Keuls post hoc tests, or a two-way ANOVA followed
by Bonferroni post hoc tests. Statistical significance was set at P < 0.05.
For the Western blot analysis, films were scanned using the Quantity One
software, and the densities of specific bands were measured and normal-
ized with an internal loading control band.
ww
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