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Abstract

In the adult central nervous system, the tips of axons severed by injury are commonly transformed
into dystrophic endballs and cease migration upon encountering a rising concentration gradient of
inhibitory proteoglycans. However, intracellular signaling networks mediating endball migration
failure remain largely unknown. Here we show that manipulation of protein kinase A (PKA) or its
downstream adhesion component paxillin can reactivate the locomotive machinery of endballs /n
vitro and facilitate axon growth after injury /in vivo. In dissociated cultures of adult rat dorsal root
ganglion neurons, PKA is activated in endballs formed on gradients of the inhibitory proteoglycan
aggrecan, and pharmacological inhibition of PKA promotes axon growth on aggrecan gradients
most likely through phosphorylation of paxillin at serine 301. Remarkably, pre-formed endballs on
aggrecan gradients resume forward migration in response to PKA inhibition. This resumption of
endball migration is associated with increased turnover of adhesive point contacts dependent upon
paxillin phosphorylation. Furthermore, expression of phosphomimetic paxillin overcomes
aggrecan-mediated growth arrest of endballs, and facilitates axon growth after optic nerve crush 7n
vivo. These results point to the importance of adhesion dynamics in restoring endball migration
and suggest a potential therapeutic target for axon tract repair.
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Introduction

After neuronal networks have developed, injury to the adult central nervous system (CNS)
induces the formation of glial scars and myelin debris that release or expose many inhibitors
of axon regeneration (Yiu and He, 2006). Glial scars formed in the vicinity of injured
regions consist predominantly of reactive astrocytes together with other cell types that
secrete inhibitory proteoglycans such as chondroitin sulfate proteoglycans (CSPG) and
keratan sulfate proteoglycans (KSPG). These proteoglycans pose a major impediment to
axon regeneration (Bradbury et al., 2002; Imagama et al., 2011; Jones and Tuszynski, 2002;
McKeon et al., 1991; Silver and Miller, 2004). CSPG receptors include two Type lla
receptor protein tyrosine phosphatases (RPTPs) as well as Nogo receptors (Dickendesher et
al., 2012; Fisher et al., 2011; Fry et al., 2010; Shen et al., 2009). Because Type Ila RPTPs
also interact with heparan sulfate proteoglycans (Aricescu et al., 2002; Johnson et al., 2006)
that facilitate axon growth (Bandtlow and Zimmermann, 2000; VVan Vactor et al., 2006),
targeting receptor-downstream events specific to inhibitory proteoglycans is a reasonable
strategy for axon tract repair after CNS injury. However, the intracellular signal transduction
networks mediating CSPG-based inhibition of axon regeneration are largely unknown.

After CNS injury, the inhibitory proteoglycans CSPG and KSPG are organized as a gradient
with higher concentration in the lesion core and lower in the penumbra (Davies et al., 1999;
Ito et al., 2010; Jones and Tuszynski, 2002; Silver and Miller, 2004). As the tips of
regenerating axons approach the injury site, they migrate into the penumbra but eventually
stop advancing and become swollen into “dystrophic endballs” in the rising gradient of
inhibitory proteoglycans. Ramén y Cajal first described this dystrophic structure and
believed that it was a final resting state of the immobilized axon tip (Ramén y Cajal, 1928).
However, /n vitro reproduction of dystrophic endballs on a gradient of aggrecan, an
inhibitory proteoglycan that contains chondroitin sulfate and keratan sulfate chains, revealed
that endballs are highly motile for some time but incapable of forward translocation in this
hostile environment (Tom et al., 2004). This finding suggests that axon growth on
proteoglycan gradients /n7 vitro and possibly across glial scars /n7 vivo is achievable if we can
properly manipulate intracellular molecular machinery for endball migration. Although /n
vitro searches so far have failed to identify compounds that restore the capability of endballs
to grow robustly on aggrecan gradients (Steinmetz et al., 2005), we report here that endballs
can resume forward migration in this hostile environment after pharmacological or genetic
perturbation that induces serine phosphorylation on paxillin, an intracellular component of
the adhesion machinery. We also show that chemical induction or genetic mimicking of
paxillin phosphorylation is sufficient to overcome aggrecan-mediated growth arrest of
endballs /n vitro and to facilitate axon growth in the injured adult CNS /n vivo, possibly
through activation of adhesion turnover in endballs.

Materials and methods

cDNA constructs

Rat paxillin cDNA (clone ID: 7128801) was purchased from Open Biosystems. Rat p21-
activated kinase 1 (PAK1) cDNA was obtained through RT-PCR of total brain RNA derived
from embryonic day 18 Wister rat (SLC) using the following primer pair: 5'-
ACGCGTCGACGCCACCATGTCAAATAACGGCTTAGACG-3" and 5'-
ATGTTTAGCGGCCGCCAGGAAATGGGAGAAGCAAG-3'. These cDNAS were
subcloned into pCAGGS, a mammalian expression vector under the control of the CAG
promoter (provided by J. Miyazaki, Osaka University, Suita, Osaka, Japan) (Niwa et al.,
1991). cDNAs encoding for the following fluorescent proteins were inserted into the vectors
adjacent to the 3" end of paxillin cDNA or adjacent to the 5’ end of PAK1 cDNA: Venus
(provided by A. Miyawaki, RIKEN Brain Science Institute, Wako, Saitama, Japan) (Nagai
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et al., 2002) and TagRFP-T (Shaner et al., 2008), a modified version of TagRFP (Evrogen).
Single amino acid mutations were introduced into paxillin and PAK1 sequences using
QuickChange Il Site-Directed Mutagenesis Kit (Agilent Technologies) according to the
manufacturer's protocol.

Cell culture substrates

Glass-based dishes were coated with 0.1% poly-D-lysine (PDL, Sigma) overnight at 37°C.
An uniform substrate of laminin or aggrecan was prepared by incubating PDL-coated glass
coverslips with 10 pg/ml laminin (Invitrogen) or 10 pg/ml laminin plus 200 pg/ml aggrecan
(Sigma), respectively, in calcium and magnesium-free Hanks' balanced salt solution
(Invitrogen) for 3 h at 37°C. A gradient substrate of aggrecan was prepared as described
previously (Tom et al., 2004) with minor modifications. Briefly, PDL-coated coverslips
were spotted with 2 pl of a solution of 1.6 mg/ml aggrecan and 10 pg/ml laminin. This
procedure caused a circular area of approximately 2.2 mm in diameter to be coated with
aggrecan, in which the rim of the circle contained increasingly higher concentrations of
aggrecan than the center. After the spots were air dried, the coverslips were completely
covered with 10 pg/ml laminin.

Neuronal culture

Dorsal root ganglions (DRGs) of adult Sprague-Dawley rat (200-240 g, female, SLC) were
dissociated and cultured as described previously (Tom et al., 2004). Briefly, DRGs were
dissociated with 2.5 units/ml dispase Il (Roche) and 200 units/ml collagenase type 2
(Worthington) for 70 min at 35°C. Neuronal cultures were maintained in Neurobasal-A
medium (Invitrogen) containing 2% B-27 (Invitrogen), 1% Glutamax (Invitrogen) and 1%
Antibiotic-Antimycotic liquid (Invitrogen) in a humidified atmosphere of 5% CO, at 37°C.
During live cell imaging, neuronal cultures were maintained in Leibovitz's L-15 medium
(Invitrogen) supplemented with 2% B-27 in a humidified atmosphere of 100% air at 37°C.
For gene transfection, dissociated DRG neurons were nucleofected using Nucleofector Il
(Lonza) according to the manufacturer's protocol G-013.

Quantification of axon growth in vitro

Axon crossing of aggrecan gradients was evaluated by measuring the total length of axons in
the aggrecan rim. Four hours after plating DRG neurons on spot preparations, the cells were
treated with the following compounds: 20 pM forskolin (adenylate cyclase activator,
Sigma), 20 yM Sp-cAMPS (cAMP analog, Calbiochem), 10 uM 8-(4-chlorophenylthio)-2'-
O-methyladenosine-3',5'-cyclic monophosphate (8-CPT-2'-O-Me-cAMP, Epac activator,
Biolog), 10 uM N8-benzoyladenosine-3',5'-cyclic monophosphate [6-Bnz-cAMP, protein
kinase A (PKA) activator, Biolog], 1 uM KT5720 (PKA inhibitor, Calbiochem), 100 uM
myristoylated protein kinase inhibitor-(14-22)-amide (mPKI, PKA inhibitor, BioMol), 20
pUM 8-bromo-cGMP (8-Br-cGMP, cGMP analog, Calbiochem), 1 yM KT5823 (protein
kinase G inhibitor, Calbiochem), 50 uM 1-Hydroxy-2-0x0-3,3-bis(2-aminoethyl)-1-triazene
(NOC18, nitric oxide donor, Dojindo), 50 uM 2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide (PTIO, nitric oxide scavenger, Calbiochem), 100 nM
AG1478 (epidermal growth factor receptor inhibitor, Sigma), 100 nM PD168393 (epidermal
growth factor receptor inhibitor, Calbiochem), 1 uM KN93 (calcium/calmodulin-dependent
protein kinase inhibitor, Sigma), 100 nM phorbol 12-myristate 13-acetate (protein kinase C
activator, Wako), 1 yM G66976 (protein kinase C inhibitor, LC laboratories), 100 nM
wortmannin (phosphoinositide 3-kinase inhibitor, Calbiochem), 20 yM PD98059 (mitogen-
activated protein Kinase kinase inhibitor, Santa Cruz), 100 uM NiCl; (voltage-gated calcium
channel blocker, Wako), 10 uM tetrodotoxin (sodium channel blocker, Alomone Labs), 10
nM paclitaxel (microtubule stabilizer, Calbiochem), 0.69 U/ml chondroitinase ABC,
(Seikagaku Corporation).
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Two days after gene transfection and/or pharmacological treatment, the cells were fixed and
immunostained with rabbit anti-$ tubulin 11 1gG (1:1000 dilution, Sigma, catalog No.
T2200) and Alexa Fluor 594-conjugated anti-rabbit 1gG (1:400 dilution, Invitrogen).
Transfected cells were identified by Venus or TagRFP-T fluorescence. Aggrecan gradients
were visualized with mouse anti-chondroitin sulfate IgM (clone CS-56, 1:500 dilution,
Sigma) and Alexa Fluor 350-conjugated anti-mouse IgM (1:400 dilution, Invitrogen). The
cells were observed with a 10x NA 0.40 objective lens (UPlanSApo, Olympus) on an
inverted microscope (1X81, Olympus). Fluorescence images were acquired with a cooled
charge coupled device (CCD) camera (ORCA-AG, Hamamatsu Photonics, binning set at
2x2) under the control of SlideBook software (Roper). The outer boundary of aggrecan rims
was identified on the CS-56 fluorescence image, and an inner rim boundary was set at 120
pm distant from the outer boundary such that aggrecan rims on all images have the equal
width. Then, the total length of axons in the aggrecan rim was defined as the sum of lengths
of all axonal segments located between the outer and inner boundaries. The measurements
were performed using ImageJ software (National Institutes of Health).

Axon growth on uniform substrates was assessed by measuring the length of the longest
axon in each neuron. Four hours after plating, DRG neurons were treated with 1 pM
KT5720 or vehicle only. After an additional 20-h incubation, the cells were immunolabeled
for B tubulin 111 and subjected to axon length measurements as described previously
(Kamiguchi and Yoshihara, 2001).

Quantification of endball migration in vitro

Endball migration was quantified two days after plating on aggrecan spot preparations. DIC
images of dystrophic endballs were acquired every 1 min with a 100x NA 1.40 oil objective
lens (UPlanSApo, Olympus) and a CCD camera (ORCA-AG, binning set at 2x2) on an
inverted microscope (1X81). Migration speed was determined by measuring displacement of
an endball tip using SlideBook software.

Protein kinase A immunofluorescence

Two days after plating, DRG neurons were pharmacologically treated for 5 min and then
processed for PKA immunofluorescence using mouse 1gG against PKA regulatory subunit 11
(RIT) (1:400 dilution, BD Biosciences, catalog No. 612242) and rabbit 1gG against PKA RII
phosphorylated at serine 96 (pS% PKA RII) (1:200 dilution, Epitomics, catalog No. 1151-1).
Binding of these primary antibodies was visualized with Alexa Fluor 488-conjugated anti-
mouse 1gG (1:400 dilution, Invitrogen) and Alexa Fluor 594-conjugated anti-rabbit 1gG
(1:400 dilution, Invitrogen). The cells were observed with a 63%x NA 1.40 oil objective lens
(Plan-Apochromat, Carl Zeiss) and a CCD camera (AxioCam MRm, Carl Zeiss, binning set
at 1x1) on an inverted microscope (Axio Observer Z1, Carl Zeiss). The outline of growth
cones or endballs was determined manually, and background-subtracted fluorescence signals
in the region of interest were quantified using AxioVision software (Carl Zeiss).

Western blotting

Two days after plating on uniform laminin, DRG neurons were treated for 5 min with 1 yM
KT5720 or vehicle only, and then lysed in RIPA buffer [20 mM Tris (pH 7.4), 150 mM
NaCl, 2 mM EDTA, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, PhosSTOP
Phosphatase inhibitor cocktail (Roche), EDTA-free protease inhibitor cocktail (Roche)]. Ten
micrograms of proteins were heat-denatured, electrophoresed in a 2-15% SDS-
polyacrylamide gradient gel and transferred onto a polyvinylidene difluoride membrane.
After blocking with Tris-buffered saline containing 2% skim milk and 0.1% Tween 20, the
membrane was incubated with rabbit 1gG that recognizes paxillin phosphorylated at serine
301 (pS301 paxillin) (1:1,000 dilution, Invitrogen, catalog No. 44-1028G) and horseradish
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peroxidase (HRP)-conjugated secondary antibody (Amersham). The blots were visualized
with Immobilon Western Chemiluminescent HRP substrate (Millipore), and their intensities
were quantified using ImageJ software. The blots were then stripped using WB Stripping
Solution (Nakarai Tesque), reprobed with mouse anti-paxillin 1gG (1:50,000, BD
Biosciences, catalog No. 610051) and HRP-conjugated secondary antibody, and processed
for intensity quantification.

Total internal reflection fluorescence imaging

Neurons were observed under an inverted microscope (1X81) equipped with a total internal
reflection illumination system (1X2-RFAEVA-2, Olympus) and a 100x NA 1.45 oil
objective lens (PlanApo TIRFM, Olympus). Paxillin-TagRFP-T was excited with a 561 nm
solid-state laser (LASOS Lasertechnik), and total internal reflection fluorescence (TIRF)
images were collected through a long-pass filter (LP02-568RS, Semrock) and acquired
every 20 s with a CCD camera (ORCA-AG, binning set at 2x2) under the control of
MetaMorph software (Molecular Devices). As described previously (Woo and Gomez,
2006), we defined adhesive point contacts as immobile paxillin accumulations that showed
at least 25% brighter fluorescence than the surrounding background. We also defined the
lifetime of point contacts as duration between their appearance and disappearance. This
analysis included all point contacts that appeared and disappeared in axon endings during
observation periods.

Virus construction and production

Adeno-associated virus 2 (AAV2)-GFP was described previously (Park et al., 2008). For
AAV2-S301D paxillin-FLAG, S301D paxillin was PCR-amplified from the pPCAGGS
construct described above using primers that incorporated a 5’ Xho1 restriction site and a 3'
3x FLAG epitope and EcoR1 restriction site: 5'-
GAATTCATCTACCATGGACTACAAAGACCATGACGGTGATTATAAAGATCA
TGACATCGATTACAAGGATGACGATGACAAGATGGACGACCTCGACGCC-3" and
5'-CTCGAGCTAACAGAAGAGCTTCAGGAAGC-3'. The amplified product was then
digested and ligated into pAAV-MCS plasmid (Stratagene) between EcoR1 and Xhol.
AAV?2 viral particles were prepared by the University of Miami Viral Vector Core using a
fast protein liquid chromatography method to produce titers of approximately 4 x 1013
particles/ml.

Eye surgery, intravitreal injection and optic nerve injury

All experimental procedures were performed in compliance with animal protocols approved
by the IACUC at University of Miami Miller School of Medicine. For all surgical
procedures, mice were anaesthetized with ketamine and xylazine. Eye ointment containing
atropine sulphate was applied preoperatively to protect the cornea during surgery, and
Buprenorphine (0.05 mg/kg, Bedford Lab) was administrated as post-operative analgesic.

AAYV injection and optic nerve crushing were performed as describe previously (Park et al.,
2008) with minor modifications. Female C57BL6 mice (5-6 weeks old) were injected
intravitreally with 2 pl volume of AAV2-GFP or AAV2-S301D paxillin-FLAG (titers at
0.5-1.0 x 1013) to the left eyes. For each AAV injection, a glass micropipette was inserted
into the peripheral retina, just behind the ora serrata, and was deliberately angled to avoid
damage to the lens. Two weeks following AAV injection, the left optic nerve was exposed
intraorbitally and crushed with jeweler's forceps (Dumont #5; Roboz) for 10 s approximately
1 mm behind the optic disc.
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Retinal ganglion cell axon anterograde labeling

Anterograde labeling and counting of regenerating axons of retinal ganglion cells (RGCs) in
mice were performed as described previously (Park et al., 2008) with minor modifications.
We injected 2 pl of Alexa Fluor 555-conjugated cholera toxin B subunit (CTB) (2 pg/ul,
Invitrogen) into the vitreous with a Hamilton syringe (Hamilton) to label axons
anterogradely in the optic nerve. The animals were perfusion-fixed two days after CTB
injection, and the number of regenerating axons was estimated by counting the number of
CTB-labeled fibers extending different distances from the end of the crush site in five
sections (every fourth section) per animal. Data are presented as average number of CTB-
labeled axons per section extending through each distance (/=7-10 per group).

Immunofluorescence of whole mount retinas and optic nerves

Immunostaining was performed following standard protocols. All antibodies were diluted in
a solution consisting of 10% normal goat serum and 1% Triton X-100 in PBS. Antibodies
used were mouse anti-neuronal class p-111 tubulin (clone TUJ1, 1:400 dilution, Covance),
rabbit antibody against phosphorylated paxillin (1:200 dilution, Invitrogen, catalog No.
44-1028G), chicken anti-GFP (1:1,000 dilution, Abcam, catalog No. AB13970), mouse anti-
FLAG (clone M2, 1:250 dilution, Sigma) and Cy2 or Cy3-conjugated secondary antibodies
(1:400 dilution, Jackson).

Mouse whole mount retinas were incubated with primary antibodies overnight at 4°C and
washed three times for 10 min each with PBS. Secondary antibodies were then applied and
incubated for 1 h at room temperature. Tissues were again washed three times for 10 min
each with PBS before a cover slip was mounted with Vectorshield (Vector). We sampled
15-20 fields randomly per retina and counted TUJ1-positive RGCs under fluorescence
microscope. Because TUJ1 may also stain some non-RGC cells such as bipolar cells, only
TUJ1-positive cells in the ganglion cell layer were included in this study. The average
number per field of TUJ1 immunofluorescent cells in the ganglion cell layer was determined
and the percentage of viable RGC number was then obtained from the value of uninjured
contralateral retinas.

Optic nerves were sectioned longitudinally at 12 um thickness and incubated sequentially
with primary and secondary antibodies.

Statistical analysis

Data are expressed as the mean £ SEM. Statistical analyses were performed using Prism
version 5.04 software (GraphPad). £<0.05 was judged as statistically significant.

Results

Dystrophic endballs resume forward migration after inhibition of protein kinase A

As reported previously (Tom et al., 2004), a glass coverslip was spotted with an aggrecan
solution to generate a concentration gradient of aggrecan at the rim of the spot (Fig. 1A,B).
Axon endings of adult rat DRG neurons formed dystrophic endballs and stopped forward
migration when they encountered a rising gradient of aggrecan (Tom et al., 2004) (Fig. 1C).
To investigate signaling pathways that mediate aggrecan-induced growth arrest, DRG axons
were allowed to extend into the aggrecan rim in the presence of various compounds (Fig.
1C,D). These were selected based on their reported effects on axon growth, guidance or
regeneration (Bradke et al., 2012; Liu et al., 2011; Tojima et al., 2011). Two different
inhibitors of PKA, KT5720 and mPKI, allowed axons to migrate up the aggrecan gradient
and to cross the aggrecan rim (Fig. 1C). These PKA inhibitors increased the length of axons
in the rim as effectively as chondroitinase ABC that digests chondroitin sulfate chains,
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although all the other compounds examined here had no detectable effect (Fig. 1D).
Interestingly, KT5720 did not influence axon growth on substrates of uniform laminin or
uniform aggrecan (Fig. 1E), suggesting that PKA inhibition facilitates axon growth
selectively on aggrecan gradients. We next tested whether PKA inhibition can restore the
growth capability of pre-formed endballs. Two days after plating, an endball was incapable
of forward migration in the aggrecan rim but started to advance after KT5720 treatment
(Fig. 2). Axon endings that had resumed forward migration after KT5720 treatment did not
appear to be normal growth cones but retained some morphological characteristics of
dystrophic endballs. To quantify endball migratory responses, we defined “migrating
endballs” as those that moved forward more than 10 pm per hour. Compared to vehicle
controls, treatment with either KT5720 (Table 1A) or mPKI (Table 1B) significantly
increased the percentage of migrating endballs. These results indicate that PKA inhibition
can reactivate the growth capability of endballs on aggrecan gradients.

PKA is activated in dystrophic endballs

The inactive PKA holoenzyme consists of two catalytic subunits bound noncovalently to
two regulatory subunits (Rl and RII), where Rl and RII inhibit the kinase activity of
catalytic subunits (Taylor et al., 1990). PKA autophosphorylation at serine 96 of RII
facilitates CAMP-induced dissociation of the PKA holoenzyme, thereby enhancing PKA
catalytic activity (Erlichman et al., 1983; Granot et al., 1980). As reported previously
(Mizuno et al., 2002), PKA activity can be assessed using an antibody that recognizes pS%
PKA RII. We first validated this methodology by indirect immunofluorescence of adult rat
DRG growth cones cultured on uniform laminin and pretreated with forskolin. The cells
were double labeled with antibodies against pS% PKA RII and total PKA RII that include
both phosphorylated and non-phosphorylated PKA RII. As expected, forskolin treatment
increased pS% PKA RII: 132 + 11 (arbitrary unit; 7=48) and 48 + 4 (/7=36) in forskolin and
vehicle-treated growth cones, respectively (A<0.001; unpaired #test). In contrast, there was
no detectable difference in total PKA RII levels: 119 + 10 (7=48) and 137 + 12 (/7=36) in
forskolin and vehicle-treated growth cones, respectively. Then, we assessed PKA RII
phosphorylation in axon endings on different substrates (Fig. 3A,B). PKA RII
phosphorylation in growth cones showed no significant difference between uniform laminin
and uniform aggrecan. Compared to growth cones on these uniform substrates, dystrophic
endballs on aggrecan gradients had increased PKA RII phosphorylation, and this was
suppressed significantly by treatment with KT5720 or mPKI (Fig. 3C). These results
indicate that PKA-dependent signaling is activated in dystrophic endballs on aggrecan
gradients.

PKA inhibition facilitates endball migration via paxillin phosphorylation

Next we investigated a molecular pathway that links PKA to endball migration. Axon
growth often relies on dynamic growth cone adhesion to the extracellular matrix, which is
mediated by adhesive point contacts enriched in integrins and their interacting molecules
such as paxillin (Myers et al., 2011). It is known that activation of integrin signaling
promotes axon growth on uniform aggrecan substrates /n vitro (Condic, 2001; Tan et al.,
2011) and axon regeneration /in vivo (Tan et al., 2012). These previous findings raise the
possibility that endball migration also relies on intact functions of adhesive point contacts.
Paxillin is a key regulator of adhesion assembly and disassembly (Deakin and Turner, 2008;
Parsons et al., 2010). Paxillin phosphorylation at serine 273 in chickens, which corresponds
to serine 301 in rats, promotes adhesion turnover and migration of non-neuronal cells (Nayal
et al., 2006). This serine residue of paxillin is phosphorylated by p21-activated kinase
(PAK) (Nayal et al., 2006), which is negatively regulated by PKA (Howe and Juliano,
2000). Therefore, we hypothesized that PKA inhibition reactivates endball migration
through PAK and paxillin.
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Western blot analysis of adult rat DRG neurons showed that KT5720 treatment increased
immunoreactivity for pS301 paxillin but not for total paxillin (Fig. 4A,B), suggesting that
PKA inhibition causes phosphorylation of serine 301 in paxillin. To test for the functional
significance of paxillin phosphorylation, serine 301 of paxillin was substituted with either
alanine (S301A paxillin) or aspartate (S301D paxillin). A previous report (Nayal et al.,
2006) showed that S301A paxillin and S301D paxillin act as non-phosphorylatable and
phosphomimetic forms of paxillin, respectively. Wild type or mutant paxillin cDNA was
tagged with Venus cDNA and introduced into adult rat DRG neurons. Then, we measured
the lengths of axons expressing the transgene to assess axon crossing of the aggrecan rim
(Fig. 4C). Transfection with S301D paxillin, but not other constructs, promoted axon
crossing of the rim (Fig. 4D), suggesting that paxillin phosphorylation is sufficient to induce
axon growth on aggrecan gradients. We also examined the effect of KT5720 on axon growth
from paxillin-transfected neurons. Whereas KT5720 treatment promoted crossing of axons
that had been transfected with mock or wild type paxillin constructs, KT5720 failed to
facilitate crossing of axons that expressed S301A paxillin (Fig. 4E). These results show that
paxillin phosphorylation is necessary for KT5720 to stimulate axon growth on aggrecan
gradients.

We further implicated S301-phosphorylated paxillin in endball migration through functional
perturbation of PAK, which operates both upstream and downstream of paxillin
phosphorylation: PAK is responsible for paxillin phosphorylation and also promotes
adhesion turnover and cell motility in response to paxillin phosphorylation (Nayal et al.,
2006). We made a kinase-inactive PAK mutant by substituting lysine 298 with alanine
(K298A PAK) (Chaudhary et al., 2000; Howe and Juliano, 2000). An active form of PAK
was generated by substituting threonine 422 with glutamate (T422E PAK) (Sells et al.,
1997). Venus cDNA was fused to these PAK cDNAs to visualize the transgene products.
Axons expressing T422E PAK extended up an aggrecan gradient more robustly than those
expressing wild type or K298A PAK (Fig. 5A,B). Moreover, KT5720-induced enhancement
of axon crossing of the aggrecan rim was abolished in neurons that expressed K298A PAK
(Fig. 5C). These results suggest that PKA inhibition relieves endballs from aggrecan-
mediated growth arrest through PAK, an enzyme associated with paxillin phosphorylation.

The resumption of endball migration is associated with increased turnover of paxillin-
containing point contacts

To gain insight into how paxillin phosphorylation facilitates axon growth, we analyzed the
dynamics of punctate accumulations of paxillin in axon endings by TIRF microscopy. This
method was used to visualize the dynamics of adhesive point contacts on the cytoplasmic
surface of growth cone plasma membrane (Woo and Gomez, 2006). We performed time-
lapse imaging of growth cones on uniform laminin that expressed wild type paxillin, S301A
paxillin or S301D paxillin conjugated to red fluorescent protein. Paxillin accumulations
visualized as punctate fluorescent signals were continuously assembled and disassembled
mostly in the periphery of growth cones. We defined the lifetime of paxillin accumulations
as duration between the assembly and disassembly, and compared the lifetimes of different
forms of paxillin. Accumulations of S301D paxillin had shorter lifetimes than those of wild
type or S301A paxillin (Fig. 6A-C), which is consistent with the previous finding that
paxillin phosphorylation increases adhesion turnover (Nayal et al., 2006). We also
quantified the lifetimes of wild type paxillin accumulations in growth cones that co-
expressed wild type PAK, K298A PAK or T422E PAK. The active kinase T422E PAK,
which mediates paxillin phosphorylation (Nayal et al., 2006), caused a shorter lifetime of
paxillin-containing point contacts than wild type PAK or K298A PAK did (Fig. 6D), further
supporting the idea that paxillin phosphorylation increases point contact turnover in growth
cones.
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To test whether KT5720-induced resumption of endball migration on aggrecan gradients is
associated with increased point contact turnover, we measured the lifetimes of paxillin
accumulations in endballs and concomitantly monitored the migration speed of these
endballs. In endballs transfected with wild type paxillin, KT5720 treatment shortened the
lifetime of paxillin accumulations (Fig. 7A,B) and increased the speed of endball migration
(Fig. 7D). In endballs expressing S301A paxillin, however, KT5720 influenced neither the
lifetime of S301A paxillin accumulations (Fig. 7C) nor the speed of endball migration (Fig.
7D). Altogether, our results suggest that PKA inhibition reactivates the growth capability of
endballs possibly by increasing the turnover of point contacts through paxillin
phosphorylation.

Paxillin phosphorylation promotes axon growth in the injured CNS

To test whether paxillin phosphorylation promotes axon regeneration /7 vivo, we examined
the effect of S301D paxillin on adult RGC axon growth in a mouse optic nerve crush model
(Fig. 8A) described previously (Park et al., 2008). After optic nerve injury, CSPG are
organized as a gradient with higher concentration in the lesion core and lower in the
penumbra (Selles-Navarro et al., 2001). This experimental model has been used extensively
to study adult CNS axon regeneration /7 vivo (Benowitz and Yin, 2008; Fischer et al., 2004;
Koprivica et al., 2005; Lehmann et al., 1999; Sun et al., 2011). Intravitreal application of
recombinant AAVs carrying either GFP (mock) or S301D paxillin tagged with FLAG
resulted in reporter expression in more than 90% of RGCs (Fig. 8B). We estimated neuronal
survival at 14 days after optic nerve crush by calculating the number of TUJ1-positive RGCs
on the injured side as a percentage of that on the contralateral uninjured side: 14.2 + 0.7%
(m=5) in mock-injected retinas and 16.1 + 1.1% (/=8) in AAV-S301D paxillin-injected
retinas. The data showed no detectable difference in RGC survival between the two groups.
Because endogenous paxillin phosphorylated at serine 272 (corresponding to serine 301 in
rats) was detectable mostly in glial cells before and after injury to the optic nerve (Fig.
8C,D), we assessed the effect of exogenous S301D paxillin on RGC axon regeneration.
Growth of S301D paxillin-transfected axons was evaluated by examining fibers labeled with
the anterograde tracer CTB in the optic nerve sections across the crush site (Fig. 8E).
Quantification at 14 days after injury showed an increase in CTB-labeled axons in AAV-
S301D paxillin-injected mice, as compared with those in mock-injected mice, and S301D
paxillin facilitated axon growth at least 0.8 mm beyond the lesion epicenter (Fig. 8F).

Discussion

We have described manipulation of intracellular signals that can reactivate the locomotive
machinery of pre-formed dystrophic endballs. Axon endings on aggrecan gradients form
endballs and have more active PKA than those on uniform aggrecan. Pharmacological
inhibition of PKA activity enhances axon growth on aggrecan gradients but not on uniform
aggrecan. More importantly, pre-formed endballs on aggrecan gradients resume forward
migration after inhibition of PKA or manipulation of its downstream target paxillin,
indicating that the growth arrest of endballs is reversible. This ability to remobilize stalled
axon endings may be therapeutically relevant, because expression of an activated form of
paxillin led to increased growth of RGC axons after optic nerve crush /n vivo.

Whereas our results indicate that PKA inhibition facilitates endball migration on aggrecan
gradients, this finding does not necessarily suggest a therapeutic potential of PKA inhibition
for axon regeneration /n vivo. Conversely, many previous studies showed that an
experimental elevation of CAMP and, potentially, its consequent activation of PKA are
beneficial to axon regeneration after optic nerve injury (Kurimoto et al., 2010; Monsul et al.,
2004; Park et al., 2004) and spinal cord injury (Lu et al., 2004; Nikulina et al., 2004). For
example, it has been suggested that cAMP cooperates with the macrophage-derived growth
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factor oncomodulin to stimulate regeneration of RGC axons (Yin et al., 2006). CAMP also
activates the transcription factor cCAMP response element binding protein in a PKA-
dependent manner, which allows adult DRG neurons to overcome hostile environments
composed of myelin-associated inhibitors (Gao et al., 2004; Hannila and Filbin, 2008). In
spite of these findings, the cAMP analog dibutyryl cAMP or the phosphodiesterase
inhibitors 3-isobutyl-1-methylxanthine and Rolipram failed to stimulate axon crossing of
inhibitory aggrecan gradients /n vitro (Steinmetz et al., 2005), as did Sp-cAMPS and
forskolin in our experiments (Fig. 1D). Moreover, pharmacological activation of the cAMP
effectors PKA and Epac had no detectable effect on axon crossing of aggrecan gradients
(Fig. 1D). These results strongly suggest that, unlike other regeneration blockers such as
myelin-associated molecules, inhibitory proteoglycans organized as a gradient generate
intracellular signals that are not abrogated by activation of CAMP effectors. One important
implication is that manipulation of cAMP levels or PKA activity allows axons to overcome
only some regeneration inhibitors but could even aggravate axon growth retardation caused
by other inhibitors. One reasonable strategy would be to identify more specific effectors
downstream of the cAMP-PKA pathway and to target these multiple effectors
simultaneously such that axons could overcome multiple inhibitors. Molecular components
involved in PAK-mediated paxillin phosphorylation could be a potential target in this
regard.

How can PKA be activated in endballs on aggrecan gradients? Given that cAMP levels fall
globally in the CNS after injury (Pearse et al., 2004), it may be unlikely that aggrecan
gradients activate PKA via elevating cCAMP levels although the possibility of spatially
localized cAMP increases within the tip of regenerating axons cannot be excluded. Such
spatial regulation of cAMP levels has been observed in hippocampal neurons after local
application of brain-derived neurotrophic factor (Cheng et al., 2011). Alternatively,
aggrecan gradients may regulate PKA activity in endballs independently of cAMP. For
example, it is possible that A-kinase anchoring proteins (Tasken and Aandahl, 2004)
mediate spatial targeting of PKA to axonal tips, as has been demonstrated in growth cone
guidance of embryonic neurons (Han et al., 2007). Also, 14-3-3 proteins can downregulate
PKA activity by stabilizing the interaction between regulatory and catalytic subunits of PKA
for growth cone guidance (Kent et al., 2010). Similarly, several protein kinases can control
PKA activity via regulating the interaction between its regulatory and catalytic subunits
(Braun et al., 1991; Chaturvedi et al., 2006; Houslay, 2006).

Growth cone adhesion to the extracellular matrix is mediated, in part, by integrin-based
point contacts that are 1- to 2-um elongated or dot-like structures enriched with classical
focal adhesion components such as paxillin (Myers et al., 2011). A previous report showed
that paxillin is a reliable marker for growth cone point contacts (Woo and Gomez, 2006).
Paxillin-containing adhesions are highly dynamic near the leading edge of growth cones
(Woo and Gomez, 2006) and of non-neuronal cells (Nayal et al., 2006) and play a crucial
role in cell migration. In non-neuronal cells, PAK-mediated serine phosphorylation in
paxillin promotes adhesion turnover and cell migration through G protein-coupled receptor
kinase interacting protein 1 (GIT1), PAK-interacting exchange factor (P1X) and PAK
(Deakin and Turner, 2008). This phosphorylation event augments paxillin binding to GIT1
and promotes the localization of a GIT1-PIX-PAK complex near the leading edge (Nayal et
al., 2006). PIX activates the small GTPase Rac by acting as a guanine nucleotide exchange
factor. The activated Rac facilitates adhesion assembly partly through its effector PAK.
Thus, PAK operates both upstream and downstream of paxillin phosphorylation, forming a
positive feedback loop. Adhesion disassembly then occurs through multiple mechanisms
such as GIT1-mediated sequestration of paxillin from adhesions (Zhao et al., 2000) and
continued Rac activation that prevents adhesion maturation (Woo and Gomez, 2006). Our
study raises the possibility that the paxillin-GIT1-PIX-PAK module or similar signaling
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complexes may facilitate adhesive point contact turnover for the resumption of migration in
dystrophic endballs, both /n vitroand after injury /n vivo. This is consistent with the
observation that endballs exhibit abnormally high adhesive interactions with gradient
substrates of CSPG and that peptide inhibitors of CSPG receptors prevent this over-adhesion
leading to enhanced endball motility (Lang et al., 2012). Thus, CSPG receptors mediate
inhibition of axon regeneration possibly through stabilization of endball adhesions, which
could be relieved by interventional paxillin phosphorylation. New therapeutic targets for
axon tract repair could be discovered through further investigation into molecular pathways
that regulate paxillin phosphorylation as well as its downstream effector processes that
reactivate adhesion dynamics and endball migration.
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Fig. 1.

PKA Inhibitors facilitate axon growth on aggrecan gradients. A. An aggrecan gradient
visualized with the anti-chondroitin sulfate antibody CS-56. Scale bar, 50 ym. B. Line
profile of fluorescence intensity along the dashed line in (A). The x-axis represents distance
in microns from the outer boundary of aggrecan rim. C. Adult DRG neurons labeled for 8
tubulin I11. Cultures were maintained in the absence (vehicle only) or presence of PKA
inhibitors, KT5720 and mPKI, and chondroitinase ABC. Each triangle indicates the
direction of an aggrecan gradient. Dashed lines represent the outer boundary of aggrecan
rims. Scale bar, 100 ym. D. Quantification of axon crossing of the aggrecan rim. The
vertical axis represents the sum of lengths of all axonal segments in the rim. The effect of
the following compounds was examined: forskolin (adenylate cyclase activator), Sp-cAMPS
(cCAMP analog), 8-CPT-2'-O-Me-cAMP (Epac activator), 6-Bnz-cAMP (PKA activator),
KT5720, mPKI, 8-Br-cGMP (cGMP analog), KT5823 (protein kinase G inhibitor), NOC18
(nitric oxide donor), PTIO (nitric oxide scavenger), AG1478 and PD168393 (epidermal
growth factor receptor inhibitors), KN93 (calcium/calmodulin-dependent protein kinase
inhibitor), phorbol 12-myristate 13-acetate (protein kinase C activator), G66976 (protein
kinase C inhibitor), wortmannin (phosphoinositide 3-kinase inhibitor), PD98059 (mitogen-
activated protein kinase kinase inhibitor), NiCl, (voltage-gated calcium channel blocker),
tetrodotoxin (sodium channel blocker), paclitaxel (microtubule stabilizer) and
chondroitinase ABC. Numbers in parentheses indicate the total number of aggrecan spots
examined. *P<0.05 versus vehicle; Bonferroni's multiple comparison test. E. Quantification
of axon growth on uniform substrates of laminin or aggrecan. After treatment with KT5720
or vehicle only, length of the longest axon in each neuron was measured. Numbers in
parentheses indicate the total number of neurons examined. */<0.05; NS, not significant;
Bonferroni's multiple comparison test.
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Before treatment

Fig. 2.

A pre-formed endball resumes forward migration after PKA inhibition. Shown are time-
lapse DIC images of an endball on an aggrecan gradient before and after KT5720 treatment.
Digits represent minute:second after bath application of KT5720. Dashed lines represent the
position of endball tip at -40:00. Scale bar, 10 pm.
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Increased PKA phosphorylation in dystrophic endballs on aggrecan gradients. A. Axon
endings on uniform substrates of laminin or aggrecan and gradient substrates of aggrecan
were double labeled for pS% PKA RII (red) and total PKA RII (green). Scale bars, 10 um.
B,C. Fluorescence intensities of pS% PKA RII and total PKA RII in axon endings were
measured, and ratios of pS% PKA RII to total PKA RII were calculated. C. The effect of
PKA inhibitors, KT5720 or mPKI, on PKA phosphorylation was examined in axon endings
on aggrecan gradients. Numbers in parentheses indicate the total number of axons examined.
*P<0.05; NS, not significant; Bonferroni's multiple comparison test.
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Fig. 4.

PKA inhibition facilitates axon crossing of aggrecan gradients through paxillin
phosphorylation. A. Western blot analysis of cultured DRG neurons treated with KT5720 or
vehicle only. Arrowheads indicate paxillin bands. Blots were first probed with anti-pS301
paxillin antibody and then stripped and reprobed with anti-total paxillin antibody. B.
Quantification of Western blot intensities. Ratios of pS301 paxillin to total paxillin were
determined. A pair of two blots (KT5720 or vehicle treatment) in each gel was compared.
*P<0.05; paired £test. C. Fluorescence images of DRG neurons expressing Venus (mock) or
Venus-conjugated wild type or mutant paxillin. Each triangle indicates the direction of an
aggrecan gradient. Dashed lines represent the outer boundary of aggrecan rims. Scale bar,
100 um. D. The effect of paxillin transfection on axon crossing of the aggrecan rim. Axons
expressing wild type paxillin (green), S301A paxillin (blue) and S301D paxillin (red) were
analyzed. The vertical axis represents the sum of lengths of all axonal segments in the rim.
Numbers in parentheses indicate the total number of aggrecan spots examined. */<0.05; NS,
not significant; Bonferroni's multiple comparison test. E. The effect of KT5720 on axon
crossing of the aggrecan rim. KT5720 failed to promote axon crossing in neurons expressing
S301A paxillin. *£<0.05, ***P<0.001; NS, not significant; unpaired #test.
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The active form of PAK facilitates axon crossing of aggrecan gradients. A. Fluorescence
images of DRG neurons expressing Venus-conjugated wild type or mutant PAK. Each
triangle indicates the direction of an aggrecan gradient. Dashed lines represent the outer
boundary of aggrecan rims. Scale bar, 100 um. B. The effect of PAK transfection on axon
crossing of the aggrecan rim. Axons expressing wild type PAK (green), K298A PAK (blue)
and T422E PAK (red) were analyzed. The vertical axis represents the sum of lengths of all
axonal segments in the rim. Numbers in parentheses indicate the total number of aggrecan
spots examined. */<0.05; NS, not significant; Bonferroni's multiple comparison test. C. The
effect of KT5720 on axon crossing of the aggrecan rim. KT5720 failed to promote axon
crossing if neurons expressed K298A PAK. *P<0.05; NS, not significant; unpaired #test.
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Fig. 6.

The lifetime of paxillin-containing point contacts in growth cones on uniform laminin. A, B.
TIRF images of TagRFP-T-conjugated S301A paxillin (A) or S301D paxillin (B) expressed
in growth cones. The yellow dotted lines represent the growth cone outlines. The red boxes
represent regions of interest (ROIs) showing time sequence of paxillin accumulation.
Arrows of each color indicate a single paxillin accumulation. Digits represent
minute:second. White scale bars, 5 um. Black scale bars, 1 um. C. The lifetime of
accumulations of TagRFP-T-conjugated wild type or mutant paxillin in growth cones.
Numbers in parentheses indicate the total number of accumulations examined. */2<0.05; NS,
not significant; Bonferroni's multiple comparison test. D. To examine the effect of wild type,
K298A or T422E PAK on the lifetime of paxillin-containing point contacts, DRG neurons
were doubly transfected with these forms of PAK and TagRFP-T-conjugated wild type
paxillin. The graph shows the lifetime of accumulations of TagRFP-T-conjugated wild type
paxillin in growth cones. */<0.05; NS, not significant; Bonferroni's multiple comparison
test.
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Fig. 7.

Resumption of endball migration is associated with increased point contact turnover. A.
TIRF images of TagRFP-T-conjugated wild type paxillin expressed in a dystrophic endball
on an aggrecan gradient. Shown are time-lapse images of paxillin accumulations in the red
squared area before and after bath application of KT5720. Arrows of each color indicate a
single paxillin accumulation. Digits represent minute:second after application of KT5720.
Each colored arrow indicates a single paxillin accumulation. White scale bar, 5 um. Black
scale bars, 2 um. B,C. The effect of KT5720 or vehicle only on the lifetime of
accumulations of TagRFP-T conjugated to wild type paxillin (B) or S301A paxillin (C).
Each closed circle represents the mean lifetime in a single endball from —31 to —1 min (pre)
and from 2 to 32 min (post) after the onset of pharmacological treatment. **/£<0.01; NS, not
significant; paired #test. D. Growth speeds of the axons analyzed in (B) and (C). Each plot
represents the average speed during the indicated 10-min intervals of axons that expressed
TagRFP-T-conjugated wild type paxillin (green) or S301A paxillin (blue) and were treated
with KT5720 (triangle) or vehicle only (circle). The pharmacological treatment started at 0
min. Two-way ANOVA with repeated measures showed that the speed is affected
significantly by the two factors “pharmacological reagent” (£<0.05) and “time” (P<0.05) as
well as their interaction (£<0.01). **/<0.01 versus vehicle-treated, wild type paxillin-
transfected axons during the same time interval; Bonferroni's multiple comparison test.
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Fig. 8.

S301D paxillin facilitates RGC axon growth after optic nerve injury. A. Scheme of the
experimental protocol used to evaluate the effect of intravitreal AAV application on RGC
survival and regeneration. B. Retinas injected with AAV-GFP (mock) or AAV-S301D
paxillin were double labeled for  tubulin 11 (TUJ1) and a reporter (GFP or FLAG).
Confocal images of the ganglion cell layer are shown. Scale bar, 20 ym. C.
Immunofluorescence of phosphorylated paxillin in an uninjured optic nerve. A longitudinal
confocal section is shown. Scale bar, 100 ym. D. Immunofluorescence of phosphorylated
paxillin and GFP in a mock-injected optic nerve around the crush site (asterisk) at 14 days
after injury. Magnified views of the areas of interest (rectangles) are shown below the
corresponding images. Scale bar, 100 um. E. Confocal images of optic nerves of different
AAV-injected groups, showing CTB-labeled axons around the crush sites (red asterisks) at
14 days after injury. Each panel is a composite of multiple fluorescent images acquired
under the same optical conditions. Scale bar, 100 pm. F. Quantification of growing axons
counted at 0.2, 0.5 and 0.8 mm distal to the crush site. ***/2<0.001; unpaired #test.
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Table 1

The number and percentage of endballs that showed each migratory response to PKA inhibition.

A

No migration  Resumed migration

Vehicle 41 (83.7%) 8 (16.3%)

KT5720 33 (43.4%) 43 (56.6%)

P < 0.0001, Fisher's exact test

B
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No migration  Resumed migration

Vehicle 26 (89.6%) 3 (10.3%)

mPKI 21 (53.8%) 18 (46.1%)

P<0.01, Fisher's exact test
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