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Adbvillin is a sensory neuron-specific actin-binding protein expressed
at high levels in all types of somatosensory neurons in early
development. However, the precise role of advillin in adulthood is
largely unknown. Here we reveal advillin expression restricted to
isolectin B4-positive (IB4%) neurons in the adult dorsal root ganglia
(DRG). Advillin knockout (KO) specifically impaired axonal regener-
ation in adult IB4* DRG neurons. During axon regeneration, advillin
was expressed at the very tips of filopodia and modulated growth
cone formation by interacting with and regulating focal-adhesion-
related proteins. The advillin-containing focal-adhesion protein com-
plex was shed from neurite tips during neurite retraction and was
detectable in cerebrospinal fluid in experimental autoimmune
encephalomyelitis, oxaliplatin-induced peripheral neuropathy, and
chronic constriction injury of the sciatic nerve. In addition, advillin
KO disturbed experimental autoimmune encephalomyelitis-induced
neural plasticity in the spinal-cord dorsal horn and aggravated neu-
ropathic pain. Our study highlights a role for advillin in growth cone
formation, axon regeneration, and neuropathic pain associated with
IB4* DRG neurons in adulthood.
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N europathic pain is characterized as a hypersensitive re-
sponse to noxious and innocuous stimuli that result from a
disease or lesion of the somatosensory nervous system at the
peripheral or central level (1-3). Patients with chronic neuro-
pathic pain experience daily pain that greatly impairs their
quality of life. Because neuropathic pain is often difficult to treat
(4), a proper diagnosis to demonstrate the cause of lesions is still
essential for effective treatment (5).

In diabetic patients, neuropathic pain is accompanied by pro-
gressive loss of sensory nerve fibers and increased axonal re-
generation in the epidermis (6, 7). Accumulating evidence has shown
that proteins associated with the axonal regeneration program (e.g.,
axonal growth and cytoskeletal components, growth factors, neuro-
transmitter systems, and ion channels) are involved in the develop-
ment of neuropathic pain (8). Although the relation between nerve
regeneration and neuropathic pain is poorly understood and needs
further investigation, the delivery of neurotrophic growth factors to
enhance and guide axonal regeneration has been explored to treat
pain associated with peripheral neuropathy (9).

Somatosensory neurons are composed of heterogeneous sub-
types, including myelinated large-diameter neurons and nonmye-
linated small-diameter neurons that can be further divided into
peptidergic neurons containing the neuropeptide calcitonin gene-
related peptide (CGRP) and/or substance P (SP) and non-
peptidergic neurons that bind to isolectin B4 (IB4) (10). Different
subtypes of somatosensory neurons have distinct intrinsic growth
capacity and show heterogeneous responses to regeneration-
promoting stimuli (11-14). IB4* neurons have poor intrinsic axo-
nal regeneration capacity compared with myelinated neurons (11,
15), whereas CGRP* and myelinated dorsal root ganglia (DRG)
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neurons show regenerative axons sprouting into spinal laminae af-
ter peripheral nerve injury (11). Nevertheless, the association be-
tween subtype-dependent nerve regeneration and neuropathic pain
is poorly understood and needs further investigation.

Advillin is a sensory neuron-specific protein expressed in all
types of somatosensory neurons (16, 17). Advillin-/Cre-knockin
(Avil**™) mice are well used for distinguishing the role of neu-
ronal proteins in the central and peripheral system (18, 19). The
exact function of advillin has not been well investigated, although
its tissue distribution and expression during development have
been finely scrutinized (18). Advillin interacts with p-actin (17)
and the scavenger receptor SREC-I (20) and contributes to neu-
rite outgrowth in vitro (17, 18). Advillin-knockout (KO) mice have
no obvious phenotype in the normal physiological context but
show impaired regenerative axon growth (18). From study of the
homolog protein villin, advillin, belonging to the gelsolin super-
family, is assumed to regulate actin filament and modulate cyto-
skeletal dynamics (21). Advillin shares the conserved domain of
villin that can both polymerize and depolymerize actin filaments
depending on calcium concentration (21).

Surprisingly, previous genetic studies show no effect of advillin
KO on axon growth and projection patterns of sensory neurons
during prenatal development. Instead, advillin is involved in re-
generative axon outgrowth in early postnatal stages (18). However,
little is known about the expression and dynamic distribution of
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advillin protein in living sensory neurons. Furthermore, whether
advillin is involved in neural plasticity in adulthood, especially in
the context of sensory neuropathy, is still not known.

Here, we used immunostaining, live imaging, biochemistry, and
genetic approaches to examine the expression of advillin in axonal
growth cones, the key structure that determines the destiny of
neurite outgrowth. Then, we probed the roles of advillin in the
context of nerve regeneration and neuropathic pain in: (/) a mouse
model of multiple sclerosis induced by experimental autoimmune
encephalomyelitis (EAE), a demyelinating autoimmune disease
accompanied by severe sensory neuropathy (22, 23); (ii) a pe-
ripheral neuropathy model induced by oxaliplatin, a drug used to
treat colorectal cancer (24); and (iii) a localized nerve lesion
model induced by chronic constriction injury (CCI) of the sciatic
nerve (25, 26).

Results

Characterization of Advillin Expression in DRG with Advillin-Specific
Antibodies. To probe the expression and subcellular distribution of
advillin protein in sensory neurons, we first generated specific an-
tibodies for advillin based on a peptide antigen corresponding to
the headpiece domain of advillin, as described previously (20). We
validated the specificity of advillin antibodies in advillin-KO
(Avil~) mice. On Western blot analysis, the antibody detected a
predicted 92-kDa protein in WT (WT or Avil*'*) but not Avil™~
DRG (SI Appendix, Fig. S14). Villin, a functionally related protein
of the gelsolin superfamily, was not detectable in Avil*'* or Avil™~
DRG, which indicates no obvious compensation. Advillin protein
was not detectable in the intestine or cortex (S Appendix, Fig. S1 A
and B), as reported previously (18). Advillin protein was detected
in both the membrane fraction and cytosol of WT DRG (SI Ap-
pendix, Fig. S1C). Coimmunoprecipitation (Co-IP) of advillin an-
tibody with DRG lysates showed an interaction between advillin
and proteins at about 200 kDa (SI Appendix, Fig. S1D). LC-MS/MS
analysis confirmed the major IP product containing advillin and
uncovered nonmuscle myosin Ila (myosin 9, NP_071855) in the
200-kDa IP products, validated by myosin ITa-specific antibody (S
Appendix, Fig. S1E). Myoin Ila and advillin were not detectable in
rabbit IgG IP products with corresponding sizes. Consistent with
results of a heterologous cell expression system (17), advillin and
actin interacted in DRG lysates (S Appendix, Fig. S1E).

Advillin Protein Predominant in a Specific Subset of Adult DRG Neurons.
As reported previously (18), advillin mRNA is expressed in all
neuronal cells in DRG by mouse embryonic day 16.5 and its ex-
pression could last into postnatal stages. Moreover, a genetic-
knockin approach revealed advillin expression in almost all types
of sensory neurons. However, how advillin proteins are expressed
and distributed in DRG neurons, especially in adulthood, is largely
unknown. Here we found that, consistent with the previous report,
advillin protein was expressed in most DRG neurons, and their
central projection ranged from superficial layers to medial parts of
the spinal cord in neonatal (P0) mice (S Appendix, Fig. S2 A and
B). Nevertheless, advillin immunoreactivity was detected in specific
subsets of DRG neurons in adult mice (Fig. 1 4 and B). In adult
DRG, advillin was immunuoreactive in ~40% of DRG neurons
(2,256 of 5,095 from five mice), predominant in small-diameter
nonpeptidergic (i.e., IB4* neurons) and only partially overlapped
with small-diameter peptidergic neurons that express CGRP and
large-diameter neurons that express neurofilament-200 (N52*), with
topology corresponding to their central projection to superficial
layers of the spinal-cord dorsal horn (Fig. 1C) and peripheral pro-
jection to epidermal skin (Fig. 1D). Advillin was expressed in 85.2%
(580 of 692) of IB4*, 17.1% (92 of 546) of CGRP*, and 19.2%
(229 of 1,169) of N52* DRG neurons (Fig. 1B and SI Appendix,
Table S1). Advillin antibodies showed no obvious background
staining in null mouse tissues, including the DRG, spinal cord, and
skin (SI Appendix, Fig. S2 C-E). In the adult spinal dorsal horn, the
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expression of advillin was expanded through superficial dorsal
laminae (predominantly lamina I and II), colocalized with 1B4
(62.6 + 1.2%, in 61 z-section images), and overlapped with CGRP
to a much lesser extent (15.2 + 0.9%), in 51 z-section images) (Fig. 1
C’ and E). The advillin-immunoreactivity pattern in the spinal-cord
dorsal horn was in good agreement with the advillin expression
profile in Avil’“" mice (SI Appendix, Fig. S3 A and B), more
confined in lamina II.

Subcellular Distribution and Functional Implication of Advillin in
Sensory Terminals. Previous studies have shown a role for advillin
in neurite outgrowth in vitro and axon regeneration in vivo (17, 18).
Nevertheless, the precise role of advillin in coordinating neurite
outgrowth is still unknown. To understand the precise role in
neurite outgrowth, we analyzed the subcellular distribution of
advillin in DRG nerve terminals. In cultured DRG neurons,
advillin was immunoreactive along the soma to neurite shafts and
even expanded to shaft filopodia and terminals that showed no
B-tubulin III expression (Fig. 24). Advillin was expressed in
lamellipodia (Fig. 2B’, arrow) and filopodia (Fig. 2B’, arrowheads)
of growth cones and colocalized with actin filaments (F-actin) (Fig.
2B’), whose subcellular distribution agrees with the presumed
function of advillin modulating the actin dynamics of growth cones
(27). In growth cones, 92.5 + 1.4% of filopodia showed colocali-
zation of advillin immunoreactivity with F-actin; 10.6 + 2.3% of
filopodia tips showed only advillin without F-actin (in 151 growth
cones, 1,301 filopodia, 3 mice). The expression of advillin in axon
terminals was further validated in the spinal-cord dorsal horn in
Avil***"*::GFP mice. In the same afferents in lamina II, the advillin
immunoreactivity signal could reach the axon tips, where there was
no GFP signal (SI Appendix, Fig. S3C). In vitro, all GFP* cultured
DRG neurons showed advillin immunoreactivity. However, only
advillin immunoreactivity was observed in axon tips, especially in
the growth cone area (SI Appendix, Fig. S3 D and D’).

To further probe the role of advillin in growth cones, we
overexpressed advillin in a neural differentiation model of the
Neuro-2a (N2a) cells. Under the undifferentiated condition, cells
transfected with advillin showed multiple filopodia-like protru-
sions that were barely observed in cells transfected with GFP (S1
Appendix, Fig. S44). After retinoic acid-induced differentiation,
cells with advillin overexpression showed increased process num-
ber and prolonged neurite length (SI Appendix, Fig. S44). Advillin
overexpression significantly increased the proportion of cells with
multiple filopodia in the undifferentiated state and cells with
neurites in the differentiated state (SI Appendix, Fig. S4B).

We next examined the real-time dynamics of advillin protein
during neurite outgrowth. Time-lapse images were used to record
N2a cells transfected with LifeAct-tagRFP, used to label F-actin,
and GFP-advillin. Live imaging revealed a dynamic interaction
between advillin and F-actin. Most importantly, advillin was
expressed along the neurite shafts to the tips of active growth
cones, dynamically interacting with F-actin during the neurite
processing and regulating neurite retraction and formation of
growth cones (Fig. 2C and Movie S1). In addition, before filopodia
maturation, advillin appeared at the tips of newly forming filo-
podia, and F-actin followed behind as the filopodia elongated
(Fig. 2D). Hence, advillin expression is closely associated with
filopodia tips in active growth cones, which suggests that it could
modulate neurite extension, retraction, and pathfinding via its
dynamic interaction with F-actin.

Advillin Regulates Pathfinding During Axonal Outgrowth. We next
probed whether advillin KO could affect axon regeneration of
adult DRG neurons in vitro. Indeed, advillin KO reduced neu-
rite length and decreased neurite branching (SI Appendix, Fig.
S5). In contrast, advillin overexpression boosted filopodia for-
mation and neurite branching (Movie S2) compared with normal
advillin expression (Movie S3).
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Fig. 1. Expression of advillin protein in adult DRG neurons and their central and peripheral projections. (A) Representative immunostaining of WT DRG

sections show differential expression of advillin in different subsets of neurons. Neurons with high expression of advillin were mainly small-sized, IB4*, as
shown in the merged images (Right). Advillin immunoreactivity was seldom found in DRG neurons stained with N52 or CGRP. (Scale bars: 50 pm.) (B) To define
advillin* neurons, immunoreactive signals were clustered into two groups by K-means clustering (high as positive or low as negative). (Left) The ratios of
advillin*, IB4*, CGRP*, and N52* neurons in total DRG neuron population. (Center) Of advillin-expressing neurons, 64.53 + 2.73% were I1B4*. (Right) Advillin
was expressed in 85.15 + 1.96% IB4* neurons. (C) In WT spinal-cord sections, advillin was distributed through the superficial dorsal laminae, predominantly in
lamina | and II. In lamina |, advillin partially colocalized with CGRP. In lamina Il, advillin is largely overlapped with IB4. (Scale bars: 100 pm.) (C’) High-
magnification images highlight the advillin immunoreactivity in lamina | and I, which show dominant expression of CGRP and B4, respectively. (Scale bars:
20 um.) (D) In WT skin, advillin immunoreactivity did not overlap with CGRP in afferent terminals projecting to epidermis. (Scale bar: 50 pm.) (E) To char-
acterize the advillin-marked layers in the spinal cord, the colocalization of advillin immunoreactivity with 1B4 or CGRP was quantified. Advillin immunore-

activity colocalization with IB4 was 62.6 + 1.2% (n = 61) in lamina Il and with CGRP 15.2 + 0.9% (n = 51) in lamina I.

Live imaging revealed that pathfinding of axon outgrowth was
greatly affected by advillin KO (Fig. 3). The axon outgrowth of
Avil*"™ DRG neurons was dynamic and accompanied by dynamic
growth cones, as shown by time-lapse stacking images (Fig. 34),
whereas the axon outgrowth of Avil”~ DRG neurons was often in a
single direction and followed by few dynamic growth cones (Fig.
3B). On kymography, the coefficients of variation were higher for
newly forming axons of Avil*'~ than Avil”~ DRG neurons (Fig.
3C). Moreover, the velocities of axon extension and retraction were
faster in Avil*’~ than Avil”"~ DRG neurons (Fig. 3D). Advillin KO
specifically affected axon regeneration in IB4* but not CGRP*
neurons. Advillin KO postponed or halted the neurite outgrowth of
IB4* neurons but had no effect on CGRP* neurons (Fig. 3E).

Advillin Interacts with Focal-Adhesion—Related Proteins in Growth Cones.
Lines of evidence show that focal adhesion signaling modulates
growth cones and consequently regulates axon regeneration of pe-
ripheral neurons (28). Thus, we examined whether advillin could
affect the stabilization of filopodial tip adhesion in growth cones,
where focal-adhesion complexes consist of scaffolding proteins, such
as vinculin, to link with cytoskeletal components and signaling
molecules, such as focal-adhesion kinase (FAK), required for suc-
cessful axon regeneration (29-31). In growth cones of cultured
DRG neurons, advillin immunoreactivity highly colocalized with
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activated FAK (pFAKY*”7) and vinculin (SI Appendix, Fig. S6A).
With advillin KO, FAK activation shifted from the vinculin-rich
filopodial tips to vinculin-negative lamellipodia in growth cones
(ST Appendix, Fig. S6B). The ratio of pFAKY*"’ in lamellipodia to
the central domain of the growth cone was significantly reduced in
Avil™~ (n = 74) compared with Avil™* (n = 42). In addition, advillin
highly colocalized with myosin Ila in filopodial tips and lamellipodia
of growth cones (SI Appendix, Fig. S6C). Advillin KO altered the
myosin Ila protein clustering in growth cones from a spotty (and
edge) distribution to a concentrated and edgeless distribution. The
accumulation of myosin Ila in the lamellipodia was significantly
lower in Avil”~ (n = 58) than Avil""* (n = 67). Reduced edge
clustering of vinculin, pFAK, and myosin Ila in growth cones with
advillin KO might account for the loss of dynamic activity of axonal
neurite outgrowth observed in the time-lapse live images in Fig. 3.

Advillin-Associated Protein Complex in Neuropathy. The above studies
highlighted that advillin protein is highly associated with nascent
focal-adhesion proteins, such as vinculin and FAK, in the very tips
of filopodia and lamellipodia. We often observed isolated spots of
advillin immunoreactivity surrounding neurite tips or aligned with
traces of disappearing (or degrading) neurites (Fig. 4 A and A4’).
Furthermore, myosin Ila always coexisted in the isolated spots of
advillin immunoreactivity (Fig. 4B), similar to the coclustering of
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Fig. 2. Advillin expression in filopodia tips at active growth cones of re-
generative DRG neurons and differentiating N2a cells. (A) In primary cultures
of adult DRG neurons, advillin was distributed in soma and neurite shafts as
well as axon terminals (growth cones) showing no expression of p-tubulin III.
Arrowheads indicate two sites of growth cones. Green, p-tubulin IlI; red,
advillin. (Scale bar: 50 pm.) (B) Advillin was highly colocalized with F-actin,
especially in axon terminals of regenerating DRG neurons. Phalloidin stain-
ing, which marks F-actin, is in green and advillin staining is in red. (Scale bar:
20 um.) (B’) The Inset of B shows a growth cone with advillin colocalized with
F-actin in filopodia (arrowheads) and lamellipodia (arrow). (Scale bars: 5 um.)
(C and D) Live-imaging recording of differentiating N2a cells cotransfected
with GFP-advillin and LifeAct-tagRFP, which labels F-actin. (C) In live images,
GFP-advillin always appeared at the very tips of growing neurites of dif-
ferentiating N2a cells before F-actin. The arrow indicates the dynamic in-
teraction between GFP-advillin and F-actin in the tip of a growing neurite.
(Scale bar: 20 pm.) (D) During filopodia formation and maturation, advillin
appeared at the tips of newly forming filopodia (spike-like structure marked
by arrows), then F-actin followed behind with filopodia elongation (marked
by an arrowhead). (Scale bar: 20 pm.)

advillin and myosin Ila in the filopodia tips or lamellipodia of
growth cones (SI Appendix, Fig. S6C).

We wondered whether these isolated advillin-immunoreactivity
spots were the remaining nascent focal adhesions after neurite re-
traction or artifacts of immunostaining. We thus used live-imaging
to monitor the dynamics of growth cones in adult DRG neurons
transfected with the advillin-GFP construct and found that advillin-
containing neurite tips were often disconnected from retracting
neurites (Fig. 4C). Time-lapse imaging showed advillin-containing
neurite tips clearly shed during neurite retraction (Movie S4). The
live-imaging data suggest that the shed neurite tips are nascent focal
adhesions containing an advillin-associated protein complex.

We next tested whether this advillin-associated protein complex
could be found in axonal regeneration of primary sensory neurons
in vivo in the context of neuropathy. We hypothesized that in the
context of peripheral neuropathy, advillin would be detectable in
cerebrospinal fluid (CSF) if advillin-associated nascent focal ad-
hesions are shed during active neurite retraction accompanied by
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axonal regeneration. We analyzed the CSF of naive mice and
EAE mice, a mouse model of multiple sclerosis that shows severe
peripheral neuropathy associated with IB4™ sensory neurons (23).
Advillin and myosin IIa protein was detectable in the CSF of EAE
mice in the recovery phase, defined as after day 30 in the EAE
model, with score 3 or higher, but was not detectable in naive
healthy mice (Fig. 4 D and E).

Thus, the advillin-associated protein complex might be a
useful biomarker for diagnosis of peripheral neuropathy.

A Role for Advillin in EAE-Induced Neuropathic Pain. The above data
suggest that advillin is involved in neurite outgrowth during axonal
regeneration in vitro (cultured DRG neurons) and in vivo (recovery
phase of EAE). Therefore, we tested the possible role of advillin in
EAE-induced clinical symptoms and neuropathic pain. Clinical
scores were higher for Avil™~ than WT mice from day 33 after EAE
induction (Fig. 54), while rotarod performance was similar (Fig.
5B). The result suggests that advillin could facilitate the recovery of
the nervous system after inflammatory demyelinating damage.

We evaluated the neuropathic pain in the recovery phase.
Consistent with clinical score evaluation, mechanical hyperalgesia
(Fig. 5C), mechanical allodynia (SI Appendix, Fig. S7), and cold
allodynia (Fig. 5 D and E), observations were more severe for
Avil™~ than WT mice. Avil”~ mice were hypersensitive to non-
nociceptive cold stimulus at 15 °C, including shortening the latency
to the first nocifensive behavior and increased nocifensive events
(Fig. 5 D and E). The aggravated EAE-induced nociceptive be-
haviors of Avil~~ mice again suggest that advillin could facilitate
the recovery of neuropathy and neuropathic pain after EAE in-
duction. The role of advillin was further validated by advillin
knockdown in left side of lumbar DRGs, by which the EAE-
induced mechanical allodynia was aggravated on the ipsilateral
side compared with contralateral side (SI Appendix, Fig. S7).

Advillin Affects Neural Plasticity of IB4* Central Afferents in the EAE
Mouse Model. To dissect the possible mechanism of advillin KO
aggravating the EAE-induced neuropathic pain, we analyzed neural
plastic changes of spinal-cord dorsal horns in the recovery phase of
EAE. In the EAE model, vinculin expression was abundant in the
superficial dorsal horn of Avil”~ but not WT or naive mice of both
genotypes (Fig. 6A4). Increased vinculin expression principally
appeared in lamina I of the spinal-cord dorsal horn (Fig. 6B) and
largely colocalized with IB4 in the dorsal root and dorsal entry
zone, with less colocalization with CGRP™ neurites in lamina I (Fig.
6C). In the EAE model, from normalized intensity means of lamina
I; vinculin expression was significantly higher in Avil™'~ than WT
and naive mice (Fig. 6D). This phenomenon may reflect the dis-
turbed interaction between vinculin and pFAK in regenerated af-
ferents with advillin KO shown in cultured DRG neurons (S/
Appendix, Fig. S6B). Additionally, in Avil”~ mice, IB4-marked
dorsal-horn layers (mainly in lamina II in naive WT) were altered
and overlapped with CGRP-marked layers (mainly in lamina I in
naive WT mice) (Fig. 6 E and E’ and SI Appendix, Fig. S8). Of note,
IB4" dorsal-horn layers were partially disrupted in the mediolateral
extent of lamina II in EAE Avil”~ mice (Fig. 6E"). The overlapping
of CGRP- and IB4-labeled regions was significantly increased in
EAE Avil~ mice compared with other groups (Fig. 6F). Hence,
advillin KO resulted in abnormal EAE-induced neural plasticity
mainly in IB4™ central projections, related to nociception.

Advillin Plays a Role in Chemotherapy-Induced Peripheral Neuropathy.
Clinically, oxaliplatin induces acute and chronic peripheral neu-
ropathy consisting of cold-induced dysesthesia, paraesthesia, or
pain in the face, upper limbs, and perioral regions (32, 33). To
further validate a role for advillin in peripheral neuropathy, we
tested whether advillin KO had an impact on oxaliplatin-induced
cold allodynia, a key feature of oxaliplatin-induced peripheral
neuropathy targeting on IB4* DRG neurons (3). Similar to the
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Fig. 3. Dynamics of axonal neurite outgrowth of DRG neurons on live imaging. (A and B) Representative kymographs of cultured DRG neurons of adult advillin-
cre (Avil® or Avil®"®)::tdTomato mice (representing Avil*’~ or Avil™~, respectively). DRG were cultured and analyzed for axonal neurite outgrowth by live
imaging. Time-lapse imaging recording started at 20.5 h after seeding. Cultured DRG neurons were imaged by confocal microscopy every 30 min for 17 h. (Upper)
Thirty-four images of Avil*’~ or Avil”~ DRG neurons were stacked with color projection indicating the spatial position of neurites over time. (Lower) The neurons
of Insets (defined in Upper panels) at 0, 5, 9, 13, and 17 h are marked by colors. The white arrows indicate the tracts of growth cones, more dynamic in Avil*’~ than
AVil™~ DRG. (A") The dynamics of Avil*~ neurites at the white dashed line within 17 h traced in a kymograph to show the position change of neurite shafts. (Scale
bars: 100 um.) (C, Left) Representative kymographs of Avil”'~ and Avil”~ neurites showing the tract dynamics of neurite position within 17 h. (Right) The change in
the x axis value calculated as the coefficient of variation (c.v.) to show the tract dynamics. Avil”'~ n = 164, Avil”"~ n = 191. ***P < 0.001. (D) Time-course images
showing the velocity of neurite extension and retraction. Extension: Avil*'~ n = 373, Avil”~ n = 522. Retraction: Avil'~ n = 62, Avil”~ n = 162. ***P < 0.001. (E)
Advillin KO selectively delayed axon regeneration in cultured IB4" DRG neurons. After live recording, cultured cells were fixed and stained with CGRP antibody
and IB4 to mark DRG neuron subtypes. Avil*'=: IB4, n = 94; CGRP, n = 72. Avil”~: IB4, n = 132; CGRP, n = 125. *P < 0.05, ***P < 0.001, XZ test (two-tailed).

EAE model, Avil~"~ mice had more severe cold allodynia than WT
mice in the recovery phase of oxaliplatin treatment (Fig. 7.4 and
B). Furthermore, unilaterally knocked down advillin in cervical
DRGs aggravated cold allodynia in ipsilateral side compared with
contralateral side (Fig. 7C and SI Appendix, Fig. S9). A single-dose
treatment of oxaliplatin induced chronic cold allodynia in Avil ™~
mice, which suggests that advillin-mediated axon regeneration
might be involved in resolving chemotherapy-induced neuropathic
pain. If so, we may detect advillin in the CSF in mice treated with
oxaliplatin, as shown in the EAE model (Fig. 4D). We thus col-
lected CSF from naive WT mice and those treated with oxali-
platin. Interestingly, both advillin and myosin Ila proteins were
detected in mice showing short latency (<65 s) to cold stimulation
at 2 or 4 d postoxaliplatin treatment (Fig. 7D). In contrast, advillin
signal was not detectable (or in low level) in mice with long latency
to cold stimulation. Advillin signal was mostly detected in the early
phase (<7 d) but seldom in the late phase (>8 d) after oxaliplatin
treatment (Fig. 7E).

Aduvillin Plays a Role in Peripheral Neuropathy Induced by CCl of the
Sciatic Nerve. To better understand whether the advillin-mediated
axonal regeneration is a critical factor contributing to the more se-
vere neuropathic pain in Avil”~ than WT mice, we further tested the
effect of advillin KO on a local neuropathy model induced by CCI,
followed by a decompression procedure. CCI treatment causes local
neuropathy, which can be characterized by long-lasting neuropathic
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pain lasting for more than 8 wk and neural degeneration in pepti-
dergic afferents in skin, as well as a transient decrease (in 1 wk) of the
IB4" immunoreactivity in the spinal-cord dorsal horn (25, 26, 34).
After sciatic compression, both Avil** and Avil”~ mice showed
mechanical allodynia on the surgical side but not contralateral side
(Fig. 8 A and B). At postoperative day 14, a surgical decompression
procedure was used to remove all ligatures on the sciatic nerve. After
decompression, the mechanical allodynia was significantly reduced in
Avil™™* but not Avil”~ mice. In the spinal cord, sciatic nerve com-
pression significantly increased the expression of advillin in the ipsi-
lateral dorsal horn at day 9, which then returned to the basal level of
naive mice at 2 wk after decompression (Fig. 8C). At day 9, the
overlapping CGRP- and IB4-labeled regions were significantly in-
creased on the ipsilateral side (~twofold) versus the contralateral side
in both genotypes (Fig. 8 D and E). Decompression reduced the
CGRP-IB4 overlapping in the dorsal horn in Avil*"* but not Avil ™~
mice (Fig. 8E). Moreover, advillin protein was detectable in the CSF
from 9 of 23 CCI mice but not in CCI-decompression mice (Fig. 8 F
and G and SI Appendix, Fig. S10). Hence, the local nerve injury CCI
model reveals a similar role for advillin in peripheral neuropathy, as
shown in EAE and oxaliplatin models.

Discussion

Advillin is an actin-binding protein predominantly expressed in
almost all somatosensory neurons in prenatal and early postnatal
stages (17, 18). Here we successfully used advillin-specific antibodies
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Fig. 4. Shedding the advillin-associated protein complex from neurite re-
traction. (A) Around neurite terminals of a cultured DRG neuron, spots of
advillin immunoreactivity were observed (Inset A’, arrows). (Scale bars: 50 pm in
A; 20 pm in A".) (B) Myosin lla colocalized with advillin in growth cones (ar-
rowhead) of DRG neurons and in surrounding advillin-containing spots (arrow).
(Scale bar: 10 um.) (C) In live imaging of DRG neurons transfected with advillin-
GFP, advillin-GFP—containing neurite tips (arrow) were shed with neurite re-
traction (as seen in Movie S4). (Scale bars: 20 pm.) (D) Representative Western
blot analysis of advillin and myosin lla protein levels in the CSF of EAE mice. CSF
samples were collected from EAE mice in the recovery phase. Each lane was
loaded with a 4-uL CSF sample or 6-pg WT spinal cord lysates as a positive
control. Albumin was a loading control. The number below the genotype in-
dicates the EAE clinical score on the day of CSF collection. (E) Quantification of
advillin expression in CSF samples. The dotted line is the threshold level (mean
of naive and KO samples + 5 x SD) to define positive advillin expression.

to demonstrate its expression profile shifting to IB4* DRG neurons
in adulthood and the involvement of the advillin protein complex in
the dynamic formation of growth cones during axonal regeneration.
This cell-type-specific expression highlights the selective effect of
advillin KO on the regenerative capability of cultured IB4* but not
CGRP* DRG neurons. Accordingly, in the context of EAE-
induced neuropathy, Avil”"~ mice showed abnormal neural plastic-
ity of central projections of IB4* DRG neurons, associated with
more severe EAE symptoms and stronger neuropathic pain com-
pared with WT littermates. Furthermore, Avil™™ mice developed
more severe chronic cold allodynia than did WT mice in oxaliplatin-
induced peripheral neuropathy. With local nerve injury induced by
CCI, Avil”~ mice were blunted to surgical decompression, which
effectively corrected the abnormal neuroplasticity of IB4* central
projections and attenuated the mechanical allodynia in WT mice.
Our study suggests that advillin plays an important role in pro-
moting axon regeneration of IB4" sensory neurons and thus facili-
tates recovery from peripheral neuropathy and neuropathic pain.
IB4" DRG neurons belong to the nonpeptidergic nociceptors
that are largely involved in pain associated with peripheral neu-
ropathy induced by chemotherapy, chronic constriction, and EAE
(23, 35, 36). For example, nerve injury-induced mechanical allo-
dynia is significantly reduced when IB4-binding afferent neurons
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are specifically deleted by the toxin saporin (37). Previous studies
have shown that glial cell-derived neurotrophic factor, a trophic
factor of IB4* DRG neurons, produces effective analgesia by re-
versing nerve injury-induced plasticity and sensory abnormalities
that develop in neuropathic pain models (38).

Peripheral nerves are capable of regeneration after nerve injury
(39). In the context of peripheral neuropathy, axon regeneration
of nociceptors to sensory targets is essential for resolving neuro-
pathic pain. The capacity for axon regeneration varies among
different subsets of nociceptors. For example, decompression in
rats with CCI causes peripheral axon regeneration of substance P*
but not CGRP" nerves and thus relieves neuropathic pain (25). In
contrast, the capacity of DRG neurons for central regeneration is
limited. CGRP* but not IB4" sensory nerves are able to sprout
into adjacent spinal segments denervated by dorsal rhizotomy
(11). However, the capacity for axon regeneration of IB4™ DRG
neurons is largely unknown.

During axon regeneration, multiple processes are required to
generate a growth cone, including stimulus reception, calcium sig-
naling, cytoskeletal reorganization, and material transportation (40).
The subcellular localization of advillin in the very tips of regener-
ating DRG neurons highlights its important role in growth cone
formation. On live imaging, the growth cones of regenerative axons
were less dynamic in Avil”~ than Avil”~ DRG neurons. Thus,
advillin may have a role in modulating cytoskeletal reorganization
during growth cone formation. Although the exact enzymatic role of
advillin is unclear, advillin may act like villin by bundling and sev-
ering F-actin in response to intracellular calcium signaling (21).

FAK signaling controls neurite outgrowth and branching (41—
43). Autophosphorylation at Y397 of FAK, when recruited to
adhesion sites, is triggered and required for full activation of FAK
(44). In growth cones of DRG neurons, advillin clustered with
Y397-phosphorylated FAK and vinculin, a scaffold protein for
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Fig. 5. Effect of advillin KO on EAE-induced symptoms and neuropathic

pain. (A) EAE was induced in Avil~'= (KO) and WT littermates, and disease
severity was monitored by daily clinical scoring for 45 d. Data were ana-
lyzed by two-way ANOVA [interaction Fa4, 1,305y = 2.103, P < 0.0001; time
Faa, 1,305) = 36.1, P < 0.0001; genetic effect F(y, 1,305y = 159.3, P < 0.0001], fol-
lowed by post hoc tests of Sidak’s multiple-comparison test. ***P < 0.001 vs. WT;
#P < 0.05, #P < 0.01, #*#P < 0.001 for genotype difference at specific times.
(B) Coordination of WT and KO mice in the recovery phase during the
rotarod test. WT, n = 8, KO, n = 6. (C) Mechanical hyperalgesia measured by
von Frey test before EAE induction (baseline) and in recovery phases of EAE.
Data were analyzed by two-way ANOVA [interaction F(;, 15y = 4.872, P=0.04;
treatment F(;, 13 = 324.9, P < 0.0001; genotype effect F, 13 = 7.156, P =
0.015], followed by Sidak’s multiple-comparison test (*P < 0.05). (D and E)
Cold allodynia measured by the cold plate at 15 °C. The recording duration
was 150 s WT, n = 15, KO, n = 13. (*P < 0.05, **P < 0.01 vs. WT.)
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Fig. 6. Advillin KO resulted in abnormal neural plasticity in the spinal dorsal horn in the recovery phase of EAE models. (A) Vinculin expression in superficial
dorsal horns (arrow) of naive and EAE mice in both genotypes. (Scale bars: 100 pm.) (B) EAE-induced increased vinculin expression mainly found in dorsal
lamina | (arrow) but not lamina Il of KO mice, as marked by 1B4 expression. (Scale bars: 100 um.) (C) In magnified images of lamina I, vinculin expression was
found partly in IB4* afferents but scarcely colocalized with CGRP* afferents. (Scale bars: 50 um.) (D) Quantitative analysis of vinculin expression in the spinal-
cord dorsal horn. The mean intensity of vinculin immunoreactivity in dorsal lamina | was quantified and normalized with background. WT-naive: n=2, n=3;
KO-naive: n =2, n =3; WT-EAE: n = 3, n = 10, KO-EAE: n = 3, n = 9. Data were analyzed by two-way ANOVA [interaction F;, 1) = 6.348, P = 0.0199; treatment
F@, 21y = 19.06, P = 0.0003; genetic effect F(;, 21y = 6.587, P = 0.018], followed by Turkey’s multiple-comparison test (***P < 0.001). (E) In the recovery phase of
EAE, advillin KO disrupted the trajectory of CGRP* and IB4" central projections, which were clearly segregated in lamina | and Il, respectively, in WT-EAE, WT-
naive, and KO-naive mice. (Scale bars: 100 um.) (E’) IB4™ areas marked with dashed lines highlight overlap with the CGRP™ layer (in green) in the spinal-cord
dorsal horn of KO-EAE but not WT-EAE mice. (Scale bars: 100 pm.) (F) Quantification of overlap of IB4- and CGRP-covered areas calculated as a percentage of
the I1B4* region. L4 and L5 of spinal cords from naive or EAE mice in the recovery phase were collected for analysis. WT-naive: n =3, n = 6; KO-naive:n=2, n =
7, WT-EAE: n = 3, n =9, KO-EAE: n = 4, n = 18. Data were analyzed by two-way ANOVA [interaction F, 36y = 3.032, P = 0.0902; treatment F(;, 36y = 11.88, P=

0.0015; genetic effect F(1, 36 = 6.32, P = 0.0166], followed by Tukey’s multiple-comparison test (***P < 0.005, **P < 0.01).

FAK (45). Advillin seems to be required for the proper dynamic
organization of the focal-adhesion machinery, because advillin KO
resulted in dislocation of activated FAK clustering from filopodial
tips to lamellipodia. Notably, signaling through FAK promotes
integrin-dependent growth-cone motility and is required for proper
neurite outgrowth and guidance in vitro and in vivo (31). In
agreement with this FAK function, our Avil”™ DRG neurons
showed reduced velocity of neurite extension and retraction during
axon regeneration. In addition, the interaction between advillin and
myosin Ila may account for the proper growth-cone activity of DRG
neurons. Emerging data have shown that myosin 1II is required for
fast sensory axon outgrowth on laminin (46); activation of myosin
IIa contributes to the dynamics of filopodia and lamellipodia of
growth cones (47-49). Moreover, myosin Ila and vinculin show
cooperation in axonal outgrowth rates and the organization of
growth-cone cytoskeletal components (50). Vinculin can influence
filopodia motility in neuronal growth cones (51) and contributes
to neurite outgrowth via redistribution and adhesion—cytoskeletal
coupling (50, 52). Taking these data together, we find that advillin
may be involved in FAK signaling and myosin II/vinculin-dependent
adhesion complexes to modulate actin dynamics in growth cones.
A role for advillin in growth-cone formation and dynamics
could have potential clinical application. Unexpectedly, we found
that after neurite retraction, the advillin-associated nascent focal-
adhesion protein complex often remained in the culture substrate
after being “shed.” This in vitro phenomenon was recaptured in
vivo by detecting advillin protein in the CSF of EAE mice with
high (worse) clinical scores in the recovery phase, mice with
oxaliplatin-induced cold allodynia, and mice with compression
injury of the sciatic nerve. Because advillin is a sensory neuron-
specific protein, the detection of advillin in the CSF could be a
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bio-signature for diagnosis of peripheral neuropathy associated
with IB4™ nociceptors. Further investigation is needed to optimize
the detection ranges and sensitivity of advillin in CSF, because
current evidence is not yet comprehensive and nerve-injury con-
ditions might vary among models and among mice.

Neuropathic pain is defined as “pain initiated or caused by a
primary lesion or dysfunction in the nervous system” (2). Proper
axon regeneration would influence neuropathic pain (4). In the
EAE mouse model, neuropathic pain could develop and be
maintained even if clinical symptoms have largely resolved (23).
As a peripheral neuropathy model, oxaliplatin induces sensory
axon degeneration of intraepidermal nerve fiber (53, 54). Our
study implicates that the aggravated EAE-induced and oxaliplatin-
induced neuropathic pain symptoms in 4vil”'~ mice may be caused
by impaired axon regeneration, especially in IB4" nociceptors.
Thus, trophic factors promoting IB4" axon regeneration may
provide effective analgesia for multiple sclerosis patients.

In the work by Hasegawa et al. (18), advillin was required for the
remodeling of central trigeminal axon innervations with whisker
lesions induced in neonatal mice. Advillin may have a role in
neural plasticity after nerve injury. In Avil””~ EAE mice, vinculin
showed high expression in superficial dorsal horns, especially in
laminia I. Because advillin is involved in regulating the FAK/vin-
culin complex in growth cones, lack of advillin may disturb focal-
adhesion complex formation and axon regeneration and thus alter
the distribution of vinculin in growth cones. Furthermore, the
distinct boundary between CGRP* and IB4*' afferents in the
spinal-cord dorsal horn (as shown in WT and naive Avil”~ mice)
was disturbed in Avil”’~ EAE mice: IB4" afferents shifted toward
lamina I and distributed unevenly in both layers I and II, whereas
CGRP* afferents expanded and occupied the discontinued region
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Fig. 7. Effect of advillin KO and knockdown on oxaliplatin-induced pe-
ripheral neuropathy. (A and B) Cold allodynia was induced by oxaliplatin
treatment (15 mg/kg, i.p.) and measured by the cold plate at 15 °C. The
baseline responses were recorded before oxaliplatin treatment (day 0), and
the time of treatment is marked by arrows. Data were analyzed by two-way
ANOVA, followed by Sidak’s multiple-comparison test. For latency of first
nocifensive sign, interaction F, 309y = 2.964, P = 0.0478; time F3, 309) = 12.89,
P < 0.0001; genetic effect F(;, 19y = 19.88, P = 0.0012. For nocifensive events,
interaction F3, 30) = 2.978, P = 0.0471; time F3, 30 = 7.592, P = 0.0006; genetic
effect F1, 10 = 22.3, P = 0.0008. *P < 0.05, ***P < 0.001 vs. WT. (C) Effect of
unilateral knockdown of DRG advillin on oxaliplatin-induced cold allodynia.
CG/Avil-shRNA polyplexes or control vehicle was injected to the left side of
forepaws 3 d before oxaliplatin. Nocifensive events of left and right fore-
paws were separately counted. Data were analyzed by two-way ANOVA,
followed by Sidak’s multiple-comparison test [interaction Fg 72 = 11.65, P <
0.0001; genetic effect Fs, 36 = 10.79, P < 0.0001]. **#P < 0.001 vs. contra-
lateral side. The arrow marks the time of oxaliplatin injection. (D) A repre-
sentative Western blot for detection of advillin and myosin Ila protein in the
CSF of oxaliplatin-treated mice. Each lane was loaded with a 5-pL CSF sample
or 6-pg WT spinal cord lysates as a positive control. (E) Quantification of
advillin expression in CSF samples. The dotted line is the threshold level
(mean of naive samples + 5 x SD) to define the positive advillin expression.

of IB4" layers. The reduced velocity of IB4* neurite outgrowth may
account for the “partial retraction” of IB4™ afferents from layer II to
layer 1 in Avil”~ EAE mice. Similarly, spinal cord injury-induced
neuropathic pain is correlated with disturbed and expanded sprout-
ing of IB4™ afferents in the spinal-cord dorsal horn (55). Although we
do not know the pathological meaning of the mingling of CGRP*
and IB4" afferents in superficial layers of the spinal cord, the data
suggest that advillin might be required for setting a proper axon re-
generation program after nerve injury. Similarly, in the CCI-
decompression model, advillin is required for the decompression
therapy to correct the CCl-induced abnormal mingling of CGRP*
and IB4" afferents in the dorsal horn and to relieve neuropathic pain.

Although we have demonstrated a role for advillin in growth
cones and axonal regeneration of IB4" DRG neurons in adult-
hood, the precise role of advillin in neural development, neural
plasticity, and neuropathy is still a conundrum. Advillin expres-
sion in DRG is rich in the early developmental stages (17, 18).
Obviously, advillin has a role in axon regeneration and accom-
panying neural plasticity. However, advillin KO did not affect
neural development of the somatosensory system. Why organ-
isms invest so much energy in producing advillin transcripts for
no function is unclear. Advillin may exist to be available for any
emergency and to secure normal neural regeneration (and de-
velopment) in case of nerve injury. Unfortunately, this role of
advillin might be not seen in mice housed in a well-controlled
specific pathogen-free environment. Further studies are needed
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to determine whether Avil”~ mice would have abnormal neural
development in a stressful housing environment.

In conclusion, advillin highlighting the axis of growth cone—axon
regeneration—neural plasticity is critical for harmonious recovery
from neural injury. Moreover, clinically, advillin could be a bio-
signature for diagnosis of peripheral neuropathy. Nevertheless,
although we found no compensation of villin protein expression in
DRG, we cannot exclude the possible gene redundancy of other
villin/gelsolin family members contributing to the pain phenotypes
in Avil”~ mice in a context of peripheral neuropathy.

Materials and Methods

Animals. All procedures followed the Guide for the Care and Use of Labo-
ratory Animals (56) and were approved by the Institutional Animal Care and
Use Committee of Academia Sinica. The Avil*"® mouse line (19) was a kind
gift from Fan Wang, Duke University Medical Center, Durham, NC, and was
crossed with CAG-Td-tomato or CAG-GFP Cre reporter mice. Avil®“"® mice
were used as advillin-KO mice, because advillin exon2 is replaced by a Cre-
cassette and homozygous knockin mice do not express any advillin mRNA
(18, 19). For behavioral studies, Avil*’® mice were backcrossed to C57BL/6J
mice for 10 generations to establish a congenic strain. WT mice (WT or
Avil*™*) and advillin-KO mice (Avil®/® or Avil~") used in behavioral studies
were offspring from heterozygotes (Avil*”") intercrossed. For Western
analysis of CSF samples, C57BL/6J and BALB/cByJNarl mice were used for EAE
induction and oxaliplatin treatment, respectively. Lumbar parts of DRG and
spinal cord were collected for biochemistry, cell culture, and immunostain-
ing. Unless described, adult mice at 8- to 12-wk-old were used in all studies.

Antibody Preparation, Mass Spectrometry, and Co-IP. A peptide “DGEP-
KYYPVEVLKGQNQEL" corresponding to the headpiece domain of mouse
advillin was synthesized and conjugated with ovalbumin. The synthetic
peptides were applied to boosting rabbits to generate the polyclonal anti-
body of advillin. Sera were collected and purified with columns coupled with
corresponding antigen. Details of MS and Co-IP are described in S/ Appendix.

Western Blot Analysis. Primary antibodies used in Western blot were rabbit
polyclonal antiadvillin (1 pg/mL), mouse monoclonal anti-f-actin (1:10000;
Sigma), mouse anti-N-cadherin (1:1,000; Millipore), mouse monoclonal anti-
myosin lla (1:500, ab55456; Abcam), and rabbit IgG isotype control (1 pg/mL), and
rabbit antialbumin (1:5,000, both GeneTex). Details are described in S/ Appendiix.

Cell Culture, Plasmid Construction, and Transfection. The mouse N2a neuro-
blastoma cell line was obtained from the American Type Culture Collection
(#CCL-107). The primary culture of DRG neurons was as described previously
(57). DRG neurons were transfected with plasmids by nucleofection as de-
scribed previously (58), with some modification. Details of cell culture,
plasmid construction, and transfection are given in S/ Appendix.

Immunohistochemistry. Primary antibodies or fluorescence-conjugated agents
used in the study were mouse antineurofilament 200 (N52, 1:1,000; Millipore),
guinea pig antisubstance P (1:2,000; Neuromics), goat anti-CGRP (1:1,000;
Serotec), mouse monoclonal antimyosin lla (1:500, ab55456; Abcam), Alexa
Fluor 594 isolectin GS-1B4 (1:1,000; Invitrogen), mouse anti-B-tubulin 111 (1:3,000;
Abcam), mouse anti-o-tubulin (1:5,000; Abcam), rabbit anti-pFAKY37 (1:1,000;
Invitrogen), mouse antivinculin (1:1,000; Sigma), and Alexa Fluor 488 pholloi-
din (1:1,000; Invitrogen). For advillin antibody, titers of 1 pg/mL were applied
to the DRG and spinal cord tissue sections, and 5 pg/mL of absorbed advillin
antibody was used for cutaneous tissue sections. Details of immunofluores-
cence and image quantification are described in S/ Appendix.

Live Imaging. N2a cells were transfected with LifeAct-tagRFP (Ibidi) and GFP-
advillin. For DRG, Avil*/"::GFP or Avil*/“"®::tdTomato or Avil“®/“"®::tdTomato
12-wk-old mice were used. Details of live imaging are given in S/ Appendix.

Neuropathic Pain Models. EAE induction involved use of myelin oligoden-
drocyte glycoprotein (MOG; MDBio) peptide 35-55 emulsified with an equal
volume of complete Freund’s adjuvant (Sigma) in PBS, as previously de-
scribed (23). Details of EAE induction and clinical scoring, the oxaliplatin
model (59), and the CCl-decompression model (25) are given in S/ Appendlix.

Behavior Assays. Mechanical hypersensitivity (hyperalgesia or allodynia) was

evaluated by the von Frey test with a 0.02-g filament (60) or with a simplified
up—-down method (61). Cold allodynia was assessed by the cold plate test
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Fig. 8. Effect of advillin KO on neuropathic pain and neuroplasticity associated with local nerve injury from compression of the sciatic nerve. (A and B) Me-

chanical allodynia was induced by CCl of the left sciatic nerve and assessed by using the simplified up-down method. After CCl, the mechanical threshold was
significantly decreased in the ipsilateral hindpaw of both WT and KO mice but not the contralateral paw. At 14 d after CCl, mice underwent surgical de-
compression to remove all ligatures on the sciatic nerve. At day 28 (14 d after decompression), the mechanical threshold was restored in WT but not KO mice. Data
were analyzed by two-way ANOVA [ipsilateral side: time Fs, 70y = 28.21, P < 0.001; genotype F(;, 14 = 1.087, P = 0.3148; interaction Fs, 70) = 6.418, P < 0.001],
followed by Sidak’s multiple-comparison test. ***P < 0.001 vs. WT. (C) Advillin immunoreactivity in the spinal cord dorsal horn was significantly increased in the
ipsilateral side of CCl mice (at postoperative day 9) compared with naive and CCl-decompression mice. ***P < 0.001. (Scale bars: 200 pm.) (D) Representative
images of CGRP and B4 immunoreactivity in the spinal cord dorsal horn of CCl (day 9) mice showed increased CGRP-IB4 overlapping in the ipsilateral but not
contralateral side in both WT and KO mice. (Scale bars: 100 pm.) (E) Quantitative analysis of IB4-CGRP overlapping area in the spinal-cord dorsal horn in CCl and CCl-
decompression mice. CCl induced a twofold increase of IB4-CGRP overlapping in the ipsilateral vs. contralateral side, which was recovered after decompression in
WT but not KO mice. Data were analyzed by two-way ANOVA, followed by Tukey’s post hoc test [interaction F, 25y = 22.65, P < 0.0001; treatment F;, 25y = 0.002,
P =10.97; genotype F, 25y =27.71, P < 0.0001]. *P < 0.05 vs. CCl; ###p < 0.001 between genotypes. (F) Western blot analysis of advillin protein level in CSF of CCl mice.
CSF samples were collected from naive, CCl, and decompression mice. Each lane was loaded with a 6-uL CSF sample or 0.5 pg WT DRG lysates as a positive control.
(G) Quantification of advillin expression in CSF samples. The dotted line is the threshold level (mean of naive samples + 5 x SD) to define the positive advillin expression.

with an innocuous temperature (59). The rotarod test was performed on a
rotarod machine with automatic timers and falling sensors (MK-660D;
Muromachi KiKai), as described previously (23). The experimenters for be-
havioral assays were blinded to the mouse genotypes. Additional in-
formation of behavioral assays is given in SI Appendix.

Advillin Knockdown. In the EAE model, shRNA plasmids were mixed with
JetPEl (Polyplus-transfection SA) and injected to left sciatic nerves. In oxali-
platin model, shRNA plasmids were mixed with cationized gelatin, a kind gift
from Yasuhiko Tabata at Kyoto University, Japan, and subcutaneously in-
jected to the left forepaw. Details are described in S/ Appendix.

CSF Collection. CSF was collected as described previously (62). Details are
given in S/ Appendix.

Chuang et al.

Statistical Analysis. Data in all figures are presented as mean + SEM. The number
of mice in a given study is indicated by “n.” Statistical comparison involved use of
GraphPad Prism6. Analyses involved ANOVA followed with the Sidak or Tukey
analysis. The criterion for significant difference was set at P < 0.05.
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