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Development/Plasticity/Repair

The Cofilin/Limk1 Pathway Controls the Growth Rate of Both
Developing and Regenerating Motor Axons

Michele E. Frendo,’ Alexandra da Silva,! Keith D. Phan,! Soizic Riche,! and Samantha J. Butler!

'Department of Neurobiology, 2Eli and Edythe Broad Center of Regenerative Medicine and Stem Cell Research, University of California Los Angeles,

Los Angeles, California 90095, and *Neuroscience Graduate Program, Department of Biological Sciences, University of Southern California, Los Angeles,
California 90089

Regenerating axons often have to grow considerable distances to reestablish circuits, making functional recovery a lengthy process. One
solution to this problem would be to co-opt the “temporal” guidance mechanisms that control the rate of axon growth during develop-
ment to accelerate the rate at which nerves regenerate in adults. We have previously found that the loss of Limk1, a negative regulator of
cofilin, accelerates the rate of spinal commissural axon growth. Here, we use mouse models to show that spinal motor axon outgrowth is
similarly promoted by the loss of Limk1, suggesting that temporal guidance mechanisms are widely used during development. Further-
more, we find that the regulation of cofilin activity is an acute response to nerve injury in the peripheral nervous system. Within hours of
a sciatic nerve injury, the level of phosphorylated cofilin dramatically increases at the lesion site, in a Limk1-dependent manner. This
response may be a major constraint on the rate of peripheral nerve regeneration. Proof-of-principle experiments show that elevating cofilin

activity, through the loss of Limk1, results in faster sciatic nerve growth, and improved recovery of some sensory and motor function.
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Significance Statement

The studies shed light on an endogenous, shared mechanism that controls the rate at which developing and regenerating axons
grow. An understanding of these mechanisms is key for developing therapies to reduce painful recovery times for nerve-injury
patients, by accelerating the rate at which damaged nerves reconnect with their synaptic targets.

Introduction

Damage to neural circuitry can be catastrophic for patients, lead-
ing to devastating deficits in critical motor, sensory, and cognitive
functions. Studies of neural regeneration have focused on over-
coming the inhibitory environment of the CNS (Fournier and
Strittmatter, 2001); an additional problem is that axons in both
the CNS and PNS must regenerate over considerable distances to
reestablish circuits in human patients. In the PNS, regenerative

Received March 21, 2019; revised Aug. 12, 2019; accepted Aug. 29, 2019.

Author contributions: M.E.F., A.d.S., K.D.P., and S.J.B. designed research; M.E.F., A.d.S., K.D.P., S.R., and S.J.B.
performed research; M.E.F., A.d.S., K.D.P., S.R., and S.).B. analyzed data; M.E.F., A.d.S., K.D.P., and S.).B. edited the
paper; S.J.B. wrote the paper.

This work was supported by National Institutes of Health National Research Service Award Fellowship NS 077619
toM.E.F., and Craig H. Neilsen Foundation Grant 284402, Merkin Foundation, and National Institutes of Health Grant
NS 063999 to S.J.B. We thank Zhengping Zia for the Limk7 mutant mice line; Bennett Novitch for FoxP1 antibodies;
Aaron McGee for teaching us the sciatic crush protocol; David McKemy and his laboratory for help with the sensory
behavioral tests; Tanmoy Bhattacharya, Olivia Handley, Harley Kornblum, Francesca Mariani, Aaron McGee, Bennett
Novitch, Caroline Pearson, and Larry Zipursky for invaluable discussions; and Reggie Edgerton, Bennett Novitch, and
Larry Zipursky for comments on the manuscript.

The authors declare no competing financial interests.

Correspondence should be addressed to Samantha J. Butler at butlersj@ucla.edu.

https://doi.org/10.1523/JNEUROSCI.0648-19.2019
Copyright © 2019 the authors

growth is sufficiently slow (~1 mm/d) (Hadlock et al., 2005),
which denervated targets can atrophy during the recovery period,
resulting in the loss of motor control and sensory dysfunction
(Campbell, 2008; Gordon et al., 2011; Kang et al., 2011).

Peripheral nerve injuries are surprisingly common, account-
ing for 2%-5% of patients admitted to U.S. trauma centers (Ev-
ans, 2001; Kangetal., 2011), and can result in the degeneration of
extensive segments of peripheral nerves (Lundborg, 2000). On-
going studies to reverse peripheral nerve injuries have concen-
trated on the immediate reconnection of severed peripheral
nerves (Britt et al., 2010; Spaeth et al., 2010), as well as supplying
substrates that improve the regrowth of peripheral nerves (Kuf-
fler, 2014). Our studies seek to address this often-unrecognized
problem by considering an alternative strategy: manipulating the
mechanisms controlling the rate at which axons grow.

Toward this goal, we are assessing how the speed of axon
extension is controlled during development. Canonically, guid-
ance mechanisms mediate the presentation of directional infor-
mation to axons (Butler and Tear, 2007). Our studies have shown
there are also “temporal” signals, which regulate the rate at which
axons grow and encounter directional information (Phan et al.,
2010; Yamauchi et al., 2013). Such signals could permit neural
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circuits to develop in synchrony with time-dependent events in
the developing embryo. One possibility is that temporal guidance
signals control the rate at which actin polymerizes, or “tread-
mills” (Bamburg and Bernstein, 2008) by acting through the co-
filin/Limk1 pathway (Meberg and Bamburg, 2000; Endo et al.,
2003; Gehler et al., 2004; Nishita et al., 2005; Wen et al., 2007;
Marsick et al., 2010; Phan et al., 2010; Bravo-Cordero et al.,
2013). Cofilin depolymerizes or severs actin (schematized in Fig.
1A), liberating the monomers needed for further rounds of actin
polymerization (Bamburg and Bernstein, 2008). Limk1 phos-
phorylates, and thereby inactivates, cofilin (Arber et al., 1998)
(see Fig. 1A) such that dynamic actin treadmilling occurs when
there is a balance between the activities of Limkl and cofilin
(Meberg and Bamburg, 2000; Endo et al., 2003; Sarmiere and
Bamburg, 2004; Tursun et al., 2005; Huang et al., 2006; Phan et
al., 2010) (idealized in Fig. 1B).

Our previous studies have shown that manipulating cofilin
activity alters the rate of commissural axon extension in the
chicken and mouse developing spinal cord (Phan et al., 2010;
Yamauchi et al., 2013). Here, we demonstrate that regulation of
cofilin activity also controls the rate of axon outgrowth of spinal
motor neurons (MNs). Thus, the activation status of cofilin may
more generally regulate temporal guidance decisions during de-
velopment. We also show that the regulation of cofilin activity by
Limk1 is relevant to the endogenous process of axon regenera-
tion. There are substantially lower levels of phosphorylated
cofilin [(p)-cofilin], in the mouse adult spinal cord compared
postnatal stages. However, after a peripheral nerve injury,
(p)-cofilin levels rapidly increase at the lesion site, in a Limk1-
dependent manner. These observations suggest that an immedi-
ate consequence of being injured is to reassemble the regulators
that previously controlled the rate of developing axon outgrowth.
Moreover, the high levels of phosphorylated (i.e., inactive) cofilin
activity may account for the slow speed of regenerative axon
growth in the PNS. We find that increasing cofilin activity,
through the loss of Limk1, promotes axon regrowth after injury,
and improves the recovery of some motor and sensory functions.
Thus, accelerating the rate of nerve regeneration may be a viable
method of encouraging damaged nerves to reconnect with their
synaptic targets before substantial atrophy occurs.

Materials and Methods

Generation and analysis of mutant mice

Mice expressing the Hb9::gfp transgene (purchased from The Jackson
Laboratory) (Wichterle et al., 2002) were crossed with Limkl mutant
mice (Meng et al., 2002) to obtain Hb9-gfp * Limkl "/~ parents. Limkl
embryos were genotyped by PCR as described previously (Meng et al.,
2002). The presence of the Gfp transgene was assessed either visually or
by PCR (forward primer: 5'-GCA AGC TGA CCC TGA AGT TCA TC-
3'; reverse primer: 5'-AAC TCC AGC AGG ACC ATG TGA TCG-3").

Embryonic spinal cord. E10.5-E12.5 control and Limkl ~/~ embryos
from Hb9:gfp ™™ LimkI */~ mating pairs were processed for 30 ym trans-
verse cryosections, whole-mount preparations, and dissociated cell cul-
ture. Length and pixel density measurements were taken using Image]
(National Institutes of Health). Axon length was normalized using the
average control length for each litter.

The cryosections were processed for immunohistochemistry (Hazen
et al., 2011) and analyzed for MN length (E10.5) or the extent of MN
development and protein expression (E11.5). The motor column was
defined by the extent of ventral Isl1 staining. Protein expression within
the motor pool was normalized against the background noise density.

For the whole-mount preparations, section E11.5-E12.5 embryos
spanning the brachial to lumbar region, with limbs intact, were mounted
dorsal side up in a depression slide in Vectashield mounting medium
(Vector Laboratories) and analyzed for developmental stage, motor axon
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length (E11.5 only), or the pattern of motor nerve branching. Embryos
were blindly binned into developmental stages using a predetermined
timeline (see Fig. 3A—]). The length of motor axons extending into the
hindlimb was normalized by dividing the length of each projection by the
average control length for the relevant stage.

For dissociated cell culture, the ventral region of E11.5 control and
Limk] mutant spinal cords were dissected and dissociated as previously
described (Augsburger et al., 1999). After 20 h, the cultures were fixed
and the GFP * MNs analyzed.

Adult spinal cord. Following perfusion (Gage et al., 2012), the ossified
spinal cord was removed and postfixed overnight. After postfixation, the
laminectomy method was used to remove the spinal cord from the spine
using #2 forceps and iridectomy scissors (Fine Science Tools), cryosec-
tioned in 30 wm transverse sections, and processed for immunohisto-
chemistry. The level of cofilin was assessed in MNs in sections taken from
the lumbar (L) 3-L6 levels of spinal cord at different times after a crush
injury. Pixel density measurements were taken blindly from NeuN *
ChatN " MNs; within each transverse section, the three MN's expressing
the highest levels of cofilin on the injured side were normalized against
their equivalents on the uninjured side.

Immunohistochemistry and ISH

Antibodies against the following proteins were used: mouse a-GFP at
1:2000 (3E6; Invitrogen), mouse a-neuronal Class III B-tubulin at
1:1000 (Tujl; Covance), mouse a-neurofilament (a-NF) at 1:50 (3A10;
Developmental Studies Hybridoma Bank), mouse a-neuronal nuclei at
1:100 (NeuN; Millipore), rat a-F4/80 at 1:500 (Ab6640; Abcam), chicken
a-NF at 1:1000 (Ab5539; from Millipore), rabbit a-cofilin at 1:100 (Cy-
toskeleton), rabbit a-phosphorylated (p)-cofilin at 1:100 (Santa Cruz
Biotechnology), rabbit a-GAP43 at 1:200 (D9C8; Cell Signaling Tech-
nology), rabbit a-Foxpl (Abcam, Ab16645), sheep a-GFP at 1:2000
(Biogenesis), and goat a-isletl (Isll; R&D Systems). Cy3-, Cy5-, and
FITC-coupled secondary antibodies were obtained from Jackson Immu-
noResearch Laboratories. Fluorescence images were collected on a Carl
Zeiss LSM510 confocal and LSM700 confocal.

An in situ probe against the 3’ untranslated region of the mouse LimkI
mRNA was prepared and hybridized to cryosections of E11.5 mouse
tissue as described previously (Phan et al., 2010). Differential interfer-
ence contrast images were collected on a Carl Zeiss Axiovert 200M.

Western analysis

Spinal cord tissue from P19 pups and 7-week-old mice was extracted as
previously described (Richner et al., 2017). Briefly, the spinal cord was
flushed from decapitated animals by the insertion of a 5 ml (adult) or 2.5
ml (for pups) syringe needle filled with PBS into the spinal cavity and the
application of hydraulic pressure resulting in the extrusion of spinal
tissue. Using the ventral crease as a guide, the spinal cord was dissected
longitudinally to specifically isolate ventral spinal tissue. Flash-frozen
spinal tissue was crushed using a pestle, and the proteins extracted into
RIPA buffer for 2 h at 4°C. A standard Western analysis was performed
using the following antibodies: primaries, rabbit a-cofilin at 1:500 (Cy-
toskeleton), rabbit a-cofilin at 1:500 (Santa Cruz Biotechnology), goat
a-GAPDH at 1:200; secondaries, donkey a-rabbit HRP at 1:50,000 and
donkey a-goat HRP at 1:50,000. The blots were developed with Super-
Signal West Femto Chemiluminescent Substrate (Themo Fisher Scien-
tific), imaged on a Sapphire Biomedical Imager (Azure Biosystems), and
analyzed using AzureSpot software (Azure Biosystems). GAPDH was
used a loading control to normalize the signal in the experimental lanes.

Sciatic nerve crush injury

Standard sciatic nerve crushes (Ma et al., 2011a) were performed on 6- to
8-week-old control and Limkl mutant age-matched male and female
mice. While the mice were under anesthesia, the sciatic nerve was located
and crushed either for 30 s using #2 forceps (Fine Science Tools) or for
two periods of 30 s using an ultra-fine hemistat tool (Fine Science Tools).
In both methods, the area around the crush site was observed to be
transparent, indicating that it was void of nerve fibers After injury, the
surgical site was sutured, and the mice were allowed to recover for 0, 2, 4,
8, 16, 24, and 48 h. After recovery, the mice were perfused and the oper-
ated and unoperated (control) sciatic nerves were collected, marked with
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charcoal at the proximal end, postfixed for 1 h, and left in sucrose over-
night. To keep conditions consistent between the injured and control
nerves, the nerves from each mouse were cryo-sectioned into 20-30 wm
longitudinal sections onto the same microscope slide and stained for
image analysis using immunohistochemistry. The lesion site was defined
by the upregulation of both GAP43 protein and NF at the site of injury.
All quantifications (axon length, protein levels, and intensity) were per-
formed blind using Image]. (p)-cofilin levels were normalized against
the level of NF staining in the control sciatic nerve; NF levels are unal-
tered in LimkI mutant mice compared with control littermates (data not
shown). Intensity values for NF, GAP43, and F4/80 antibody staining
were measured within the area of rectangular boxes (x = 50 um, y = the
height of the nerve) drawn sequentially along the length of the nerve
using the FIJI module These measurements were then normalized to
basal intensity levels, by measuring the corresponding average of the NF,
GAP43, or F4/80 intensity per area in a control nerve (i.e., the uninjured
nerve from the same animal).

Behavioral tests
In all cases, mice were scored blind to their genotype, and a 50:50 ratio of
male and female mice were analyzed.

Gait analysis. To assess the recovery of motor function after injury,
stride length was measured using a simple gait analysis system (Carter et
al.,2001). The right and left hindlimbs were painted a different color, and
the mice were permitted to run on a paper-lined corridor into a dark
enclosure, resulting in footprints from both the injured and uninjured
limbs for analysis. WT and mutant mice were tested before injury to
determine a baseline stride length and every day for 5 d after injury.

Plantar test (Hargreaves’ method). To assess the recovery of motor
function after injury, paw withdrawal response time to radiant heat was
measured as described previously (Hargreaves et al., 1988). Control and
Limk] mutant mice were tested before injury and then every 2-3 d after
injury for the next 30 d. Both the injured and uninjured hindlimb paws
were tested for a total of five trials per paw for each time point.

Statistical analyses were performed using a two-tailed Student’s ¢ test
(when the data fit a normal distribution), the Mann—Whitney test, or
Fisher’s exact test.

Results

Our previous studies have shown that manipulating the balance
between cofilin and Limk1 activity alters the rate of axon out-
growth during development (Phan et al., 2010; Yamauchi et al.,
2013). Most notably, increasing the activity of cofilin indirectly,
through the loss of Limk1, accelerated the rate of spinal commis-
sural axon outgrowth by ~20%. However, it has remained unre-
solved whether this mechanism of controlling the temporal
development of neural circuits was specific to sensory axons or
more generally applied to other classes of axons in the developing
spinal cord.

Cofilin is inactivated by Limk1 in many classes of embryonic
spinal neurons

During development, cofilin and Limk1 are present in a broad
subset of after mitotic neurons in the marginal layer of the mouse
embryonic spinal cord (Sarmiere and Bamburg, 2004; Phan et al.,
2010) (Fig. 1C-E), suggesting that the cofilin/Limk1 pathway
serves as a more general regulator of spinal axon extension.
Limk]1 appears to be active in many classes of spinal axons, since
phosphorylated, inactive cofilin ((p)-cofilin) is present through-
out the embryonic (E) stage 11.5 spinal cord in a pattern similar
to that of Limkl1. (p)-cofilin is found at highest levels in dorsal
neurons and their processes (Fig. 1 F,G), as observed previously
(Phan et al., 2010), as well as at rather lower levels in spinal MN's
(Fig. 1F',G"). It is present throughout the motor columns, which
were demarcated by the presence of an Hb9::gfp transgene (Fig.
1F,F") (Wichterle et al., 2002). More specifically, labeling with
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antibodies against Islet (Isl) 1/2 (Fig. 1 D,F,F’) and FoxP1 (data
not shown) (Rousso et al., 2008) showed that (p)-cofilin is pres-
ent in the medial, hypaxial, and lateral motor columns (MMC,
HMC, and LMC) at both limb levels. The inactivation of cofilin
requires Limk1: the level of inactive cofilin was reduced by ~40%
in the motor columns of Limk] mutant embryos (Fig. LH-]).

Limk1 and cofilin have not previously been found to have
significant roles directing neuronal cell fate (Mizuno, 2013).
Nonetheless, we examined whether spinal MNs differentiate on
schedule, with their normal complement of identities, in Limk]I
mutants. MNs start to differentiate at ~E9.0; as they are gener-
ated, they segregate into different functional classes defined by
the positions of their cell bodies within the spinal cord and the
patterns of their axonal trajectories (Alaynick et al., 2011). We
observed no significant differences between LimkI mutant and
control littermates in the timing or spatial segregation of the
Isl1* Foxpl ™ MMC and HMC, Isl1 * FoxP1™ medial LMC
(LMC,),), or Isl1 = FoxP1™ lateral LMC (LMC,) (Fig. 1K-N).
That the identities of the mutant MNs are indistinguishable from
those of controls suggests that Limk1 does not function in the
specification of MN fate.

Loss of Limk1 activity results in longer embryonic motor
axons both in vitro and in vivo

To assess the consequences of decreasing Limk1 activity on mo-
tor axon growth, we analyzed mice mutant for Limkl (Meng et
al., 2002). Previous studies have shown that these mice have ele-
vated levels of cofilin activity and accelerated growth rates of
spinal commissural axons (Meng et al., 2002; Phan et al., 2010).
To facilitate our analysis, we crossed the LimkI mutant line to an
Hb9::¢fp genetically encoded reporter to enable the visualization
of motor axons (Wichterle et al., 2002).

Starting from E9.5, motor axons in the LMC extend from the
ventral horn of the spinal cord toward the developing limbs (Fig.
2A). LMC neurons initially project their axons along a common
path, but at the base of the limb the motor nerve pauses at the
plexus and then bifurcates to form distinct dorsal and ventral
branches (Tosney and Landmesser, 1985) (Fig. 2C, bracket; Fig.
3A, arrow). Our studies show that motor axons deficient for
Limk1 have an ~15% increase in their extent of outgrowth in vivo
compared with control littermates, a similar value to that ob-
served for commissural axons (Phan et al., 2010) (Fig. 2H ). This
increase in axon outgrowth was observed in two embryonic
stages as well as in culture in vitro. At lumbar levels in E10.5 spinal
cords, Limkl ~'~ motor axons have extended ~18% further
from the ventral root compared with motor axons in the control
littermates (Fig. 2A,B,H). This increase persists; at E11.5,
Limkl ~'~ motor axons have extended ~18% further from the
lumbar plexus than controls (Fig. 2C,D,H). Supporting the
model that signaling has been intrinsically altered within
Limkl ~'~ MNs to permit them to extend faster-growing axons,
Limkl1~'~ MNs grown in dissociated culture in vitro also extend
~12% longer axons (Fig. 2F-H) than those dissociated from
control littermates (Fig. 2E, H).

Motor axon branching patterns are relatively normal in
Limk1 mutant embryos

After motor axons project from the plexus, they immediately
start to branch into the motor nerves that will innervate the dis-
tinct musculature of each limb. Branching starts around E11.5 in
the forelimb, and E12.5 in the hindlimb, with each limb contain-
ing a distinctive and highly stereotyped pattern of branches (Fig.
3). To assess whether the timing of motor nerve branching was



Frendo et al. o Limk1/Cofilin Pathway Regulates Motor Axon Growth J. Neurosci., November 20, 2019 - 39(47):9316-9327 * 9319

P 3 .
A INACTIVE ﬁ,—" B SEER

F-actin stabilized ~——

maximum rate
pcofllln high | .k of treadmilling ¢ giin
L activity / activity
|m /
phosphatases «
(slingshot) |

cofllln “

ACTIVE | 4 .
F-actin severed % low 4 proe‘ltyem()efr?z?tlpo "
cofilin - pcofilin - pcofilin
GFP Isl1/2 cofllin GFP Isl1/2 peofilin | cEp 151472

-
(3,

.
]

norm. intensity (arb U)
-
(=)

o

hindlimb level

forelimb level

Figure 1. Cofilin activity in spinal MNs during axon extension. 4, Cofilin severs actin to produce the actin monomers needed to generate dynamically “treadmilling” filamentous (F) actin. Limk1
phosphorylates, and thereby inactivates, cofilin leading to the stabilization of F-actin. This model has been simplified for clarity (for a review of cofilin regulation, see Bravo-Cordero et al., 2013). B,
Idealized model suggesting how the activities of cofilin and Limk control the rate of actin polymerization. Dynamic actin treadmilling occurs when there is a balance between the activities of Limk
and cofilin. €, ISH experiments for Limk1 on transverse sections of embryonic day (E) 11.5 brachial mouse spinal cord. Limk7 is expressed broadly in after mitotic spinal neurons, including MNs. DN,
Transverse forelimb (brachial, D-G, H, I, K, L) or hindlimb (lumbar, M, N) sections of E11.5 mouse spinal cord taken from Hh9:gfp (D-G), Limk1*/ (H, K, M), or Limk1~"~ (I, L, N)) embryos and
labeled with antibodies against total cofilin (D, E), (p)-cofilin (inactive) (red, F, G, H, ), FoxP1 (red, K~N ), GFP (green, D, F), IsI1 (green, K~N), and Is|1/2 (blue, D, F). D-G, Both cofilin (D, E) and
(p)-cofilin (F, G) are present broadly in after mitotic neurons in the spinal cord. (p)-Cofilin is found at the highest levels in the dorsal neurons and ventral intermediate zone and lower levels in the
Hb9 *, IsI1/2 ™ MNs (E). F, Boxed region represents higher confocal gain/offset levels in F and G’ . H—J, Cofilin is more active in Limk1 mutant motor columns (1) compared with control littermates
(H). Quantification of the intensity of cofilin and (p)-cofilin staining (/) demonstrated that Limk7 ~ "~ brachial IsI1 * MNs express slightly higher levels of cofilin (n = 51 sections from 2 embryos)
and very significantly lower (~509%) levels of lower (p)-cofilin (n = 26 sections from 4 embryos) compared with than control littermates (cofilin control, n = 33 sections from 2 embryos; probability
of similarity between control and mutant, p << 0.0002, Mann—Whitney test; (p)-cofilin control; n = 24 sections from 6 embryos; probability of similarity between control and mutant, p << 0.0001,
Mann—Whitney test). For both measurements, the intensity levels were normalized with respect to background. K~N, There were no observable differences between the timing and segregation of
the LMCand MMC/HMC motor columns (summarized in K, inset) in control and Limk7 mutant spinal cords. Scale bars: C—E, K~N, 150 pem; F~1,100 .m. Probability of similarity, ****p << 0.00005;
*¥¥p <0.0005, Mann-Whitney test.

altered in Limkl mutants, we first characterized the normal The sequence in which the motor nerves branch is highly
branching pattern of GFP* motor nerves in the E11.5-E12.5  stereotyped between embryos. This stereotypy permitted us to
forelimb (Fig. 3A-E,O,P). Forelimbs were assigned into one of  assess the distribution of Stage 1-5 forelimbs in E11.5 embryos
seven stages, described in detail in Figure 3. Stages 1-5 span the  taken from litters of Limk1 ™/~ parents. We assessed 15 litters and
observed stages in E11.5, from the first bifurcation into the dorsal ~ found that there was a significant bias (p < 0.0025, Fisher’s exact
and ventral halves of the limb, to the emergence of five charac-  test) toward the more advanced stages in the Limkl ~/ ~ embryos,
teristic branches, the radial (r), axillary (a), median (m), ulnar ~ compared with control littermates (Fig. 3U), suggesting that
(u), and cutaneous maximus (cm) nerves (Fig. 3A—E). Stages 6  these axons were growing more rapidly than control axons. While
and 7 in E12.5 embryos were distinguished by further nerve ~ Limkl ~’~ motor nerves appeared to be more advanced in their
growth and bifurcations (Fig. 30,P). development, their pattern of branching was largely indistin-
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guishable from that in control embryos
(Fig. 3F-J,Q,R). However, there were
some subtle morphological differences,
most notably in the axillary nerve, which
enlarges at Stage 3 and then starts a dis-
tinctive turn at Stage 4 (arrow, Fig.
3D,K,L,). In controls, the area of the
growing end of the axillary nerve abruptly
increases by ~2-fold during Stage 4 (Fig.
3V), as if the axons defasciculate within
the nerve to make the turn. In contrast,
the area of the Limkl ~/ ~ axillary nerve is
~50% smaller, only starting to increase in
size during Stage 5 (Fig. 3V,M,N). This
delay in defasciculation suggests that
there may be a synchronization defect be-
tween the axillary nerve and the sur-
rounding tissue, such that the nerve only
expands once the forelimb is at the appro-
priate stage of development (i.e., the ax-
ons reach their intermediate target too
early in development to correctly inter-
pret it).

Together, these data suggest that in-
creasing the activity of cofilin accelerates
the rate of motor axon growth in a very
similar manner to that observed for sen-
sory commissural axons (Phan et al.,
2010). Perturbing this temporal guidance
mechanism has consequences for motor
nerve morphology in the forelimb; how-
ever, these defects are transient. By Stage
E12.5, the morphology and branching
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Figure2. Limk7 mutant motor axons extend consistently further than control axons. 4, B, In transverse sections of E10.5 spinal
cord, motor axons have started to exit the lumbar spinal cord through the ventral root. Motor axon growth (brackets) is more
advanced in Limk7 mutants compared with littermate controls. Motor axons were labeled by the presence of an Hb9::gfp transgene
(green), and axons were labeled with antibodies against NF (red). C, D, By E11.5, motor axons have started to project beyond the
lumbar plexus. Whole-mount preparations of the lumbar spinal cord show that axon growth continues to be more advanced in
Limk1 mutants compared with controls. E-G, MNs were dissociated from limb-level E11.5 Limk1™/+ ;Hb9::gfp and Limk1 ~ /=,
Hb9::gfp spinal cords. After 20 hiin culture, the Limk7 mutant GFP * neurons had extended longer processes than the control GFP ™
neurons. H, Quantification of axon lengths demonstrated that the loss of Limk1 activity results in axons that are consistently
~15% longer than control axons (i.e., similar to the figure previously seen for dorsal sensory interneurons) (Phan et al., 2010).
Dissociated MNs: The Limk7 ~ ~ GFP ™ neurons (n = 446 neurons from 5 embryos; probability different from control, p << 0.028,
Student’s £ test) extended axons that were ~12% longer than those from the GFP ™ control neurons (n = 171 neurons from 4
embryos). E10.5 spinal cord sections: The Limk7 ~/ ~ motor axons (n = 155 sections from 11 embryos; probability different from
control, p < 0.03) had extended ~18% further from the ventral root of the spinal cord compared with control motor axons (n =
90 sections from 10 embryos). E11.5 spinal cord whole mounts: The Limk7 ~/ ~ motor axons (n = 13 limbs taken from 8 embryos;
probability different from control, p << 0.046) had extended ~ 18% further from the lumbar plexus compared with control motor
axons (n = 12 limbs taken from 7 embryos). Scale bars: 4, B: 100 um; €, D, 400 pum; E=G: 25 um. Probability of similarity, *p <
0.05, Student’s t-test.

pattern of Limkl '~ motor nerves in

both the fore and hindlimbs are indistin-

guishable from controls (Fig. 30-T). Supporting this conclu-
sion, Limkl mutant adult mice walk with a normal alternating
gait (data not shown).

Levels of inactivated cofilin are reduced in adult mice

Our studies have suggested that the cofilin pathway regulates the
rate of axon outgrowth during development. Does cofilin also
regulate the rate at which axons regenerate? Cofilin is present at
high levels in the embryonic spinal cord (Fig. 1E) (Phan et al,,
2010) and throughout the P19 postnatal spinal cord, including at
very high levels in the ChAT * NeuN " MNs (Fig. 4A, B, box, C).
Cofilin is also highly phosphorylated in P19 spinal cords (Fig.
4E,G,H,]I). (p)-Cofilin is present in ChAT * NeuN * MNs in the
ventral gray matter (Mullen et al., 1992; Friese et al., 2009) (Fig.
4F, boxed region, inset), and in Tujl ™ neurites in the white mat-
ter (Fig. 4H, inset), suggesting that it is mostly present in an
inactive form in neurons and their processes. However, while
cofilin continues to be expressed in the adult spinal cord (Fig.
4D,I), the levels of (p)-cofilin diminish by ~50% in the adult
spinal cord compared with the P19 stage (Fig. 4 H,I), suggesting
that less of the total cofilin is present in its inactive form. Since a
ratio of high (p)-cofilin to total cofilin appears to be a signature of
developing neuronal circuits, we further investigated whether
this ratio was also a feature of regenerating circuits.

Cofilin is inactivated after peripheral nerve injury
Motor circuitry is established relatively normally in Limkl ~/~
mice, permitting us to investigate whether the cofilin/Limk1

pathway has a role in regulating the regeneration of adult periph-
eral nerves. We first assessed the timeline over which axon regen-
eration occurs in a standard sciatic crush (Bauder and Ferguson,
2012). During this procedure, the sciatic nerve was clamped for
30 s, and then the mice were permitted to recover for up to 3.5d
after injury. The injured and uninjured sciatic nerves were then
longitudinally thin-sectioned and labeled with antibodies against
NF to reveal the total axon trajectories (Dodd et al., 1988), GAP43
to assess the regenerating axons (Li et al., 1996), and F4/80, which
labels mouse macrophages (Austyn and Gordon, 1981).

NF * axons are completely severed in the region of the crush at
day 0 of our protocol (Fig. 5B). They start to degenerate distal to
the crush site by day 2, such that the intensity of NF is reduced
distal to the lesion (Fig. 5C,E, bracketed region), consistent with
the timeline observed previously (Beirowski et al., 2005). The
process of Wallerian degeneration, followed by regeneration of
nerves across the lesion site, appears to be largely complete by day
3.5, when the distal NF levels become indistinguishable from day
0 (Fig. 5E). The regeneration process is remarkably fast in mice,
and appears to be facilitated by first, the rapid mobilization of
macrophages to the lesion site at day 0 (Fig. 5B, D), and the distal
portion of the nerve by day 2 (Fig. 5C,D), where they phagocytose
the degenerating axonal debris (Gaudet et al., 2011). This process
is so fast, that it is observed in nerves immediately after being
crushed (Fig. 5B) (i.e., the macrophages invade the lesion site in
the time taken to process the mice for perfusion). Second, the
regeneration of the proximal stump starts within hours of the
crush injury. Consistent with previous observations (Shin et al.,
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Figure3. Motoraxon branchingisadvanced in E11.5 Limk7 mutant embryos compared with controls. A-T, Using whole-mount limb preparations, we established the timeline (Stages 1-7) over
which motor nerves project into either the forelimb (A—R) or hindlimb (S, T; and data not shown) of E11.5 (A-N) to E12.5 (0-T) Hb9::gfp transgenic embryos, either alone (control, A-E, K, L, 0,
P, §) or in combination with the Limk1 mutation (mutant, F=J, M, N, Q, R, T). The pattern by which the GFP ™ branches segregated was highly reproducible between embryos; however, the
ventral nerve branches, especially the median (m) nerve, often extended out of the plane most easily visualized by confocal microscopy. 4, At Stage 1, the earliest stage observed in E11.5
embryos, the MNs in the brachial lateral motor column have projected into and past the brachial plexus (arrowhead) and have just divided to innervate the dorsal and ventral forelimb.
B, Stage 2 is marked by the ventral branch segregating into the cutaneous maximus (cm), ulnar (u), and median nerves (see also H). C, Stage 3 is marked by the emergence of the radial
(r) nerve (open arrowhead). D, E, Stages 4 and 5 are distinguished by the extent of growth of the radial nerve (open arrowheads) and the increasing branching of the cutaneous maximus
nerve. In the later stages, the axillary (a) nerve starts (Stage 4) and then completes (Stage 5) a highly reproducible turn (E, J, arrows). F-J, Limk1 mutant motor nerves branch with a
similar pattern to those in control littermates. However, the GFP * Limk7 ~/ ~ axons in the axillary nerve tip appear to be less exploratory as they reach the turning point in stages 4 and
5 (J, box). K—N, High-magnification images of the control (K, L) or mutant (M, N) axillary nerve tip shown in the boxed region of E and J, respectively. L, N, Outline of the area of the tip
used for quantification in V. 0, P, Stages 6 and 7, the stages in our timeline occurring in E12.5 embryos, are marked by the increasing extent of the cutaneous maximus nerve and length
of the axillary nerve. Both the radial and axillary nerves start to bifurcate in Stage 6; this bifurcation is pronounced at Stage 7. @, R, By E12.5, the branching pattern of Stage 6 and Stage
7GFP * Limk7 mutant motor nerves is indistinguishable from controls. S, T, By E12.5 in the hindlimb, GFP ™ motor nerves have projected from the lumbar plexus into three branches: the
femoral (f), dorsal peroneal (p), and ventral tibial (t) nerves. There was no distinguishable difference between the branching patterns in the control (S; n = 10) and LimkT mutant (T; n =
3) hindlimbs. U, E11.5 embryos are not evenly distributed between the five stages. Whereas control forelimbs (n = 43 limbs) are more likely to be either Stage 1 or Stage 2, mutant
forelimbs (n = 27 limbs) are more likely (probability that the distribution of control stages is similar to the mutants: p < 0.0025, Fisher’s exact test) to be either Stage 4 or Stage 5,
strongly suggesting that the extension of Limk7 ~/ ~ motor nerves is more advanced in development than controls. ¥, The total area of the axillary nerve tip is ~35% smaller in Stage
3-5Limk1 mutant forelimbs (n = 8 embryos) compared with Stage 35 control littermates (n = 9 embryos, probability of similar, p << 0.0022 Student’s ¢ test). Interestingly, the area
of control nerve tips expands rapidly between Stage 3 and Stage 4; this expansion is observed in Limk7 mutant nerve tips, but not until Stage 5. This result suggests the response of the
accelerated Limk7 ~/~ axons to the surrounding environment is delayed until the appropriate time in development. Scale bars: A-J, 250 wm; K=N, 150 um; 0-T, 500 um. Probability
of similarity, **p << 0.005, Student’s t-test.
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2014), our time course experiments
showed that GAP43 can be observed accu-

stage P19 H adult

mulating in severed axons on the proxi-
mal side of the lesion as early as 2 h after
the crush injury (Fig. 5G,H). GAP43 lev-
els are ~2-fold higher 4 h after the crush
(Fig. 5I, arrows) and increase to ~5-fold
higher after 8 h (Fig. 5], arrows), suggest-
ing that axon regeneration commences
very rapidly after the crush.

We next assessed the level of cofilin ac-
tivity after a sciatic nerve crush injury. Re-
markably, we found that (p)-cofilin levels
increase in proximal axons at the lesion
site, over a timeline that follows that of
GAP43. (p)-Cofilin levels start to increase
at the proximal-most edge of the lesion
(L-P) at 8 h (Fig. 6G,T, arrowheads). This

| peofilin NeuN ChAT || cofilin NeuN ChAT |

cofilin

pcofilin

increase becomes significantly different |

(p < 0.005, Student’s ¢ test) by 16 h after ‘
the crush injury (Fig. 6H,T). Levels of
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(p)-cofilin progressively increase as the

regenerating axons traverse the lesion site pcofilin

(Fig. 61, arrowheads), with axons robustly i

growing past the distal-most edge of the
lesion (L-D) 48 h after injury (Fig. 6 B, T).
By the 2 d time point, (p)-cofilin levels are
~2-fold higher at the lesion site, com-
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pared with the levels either in the unin-
jured nerve or in the region distal to the

lesion site (Fig. 6A,B,F,T). (p)-Cofilin

levels also appear to be elevated specifi- ~ Figure4.

Cofilin is largely inactive in the adult spinal cord. A—H, Limb level sections of P19 (A-C, E-G) or adult (D, H) spinal

cally in the GAP43 * regenerating axons
immediately distal to the lesion (Fig.
6B, C, compare arrows on contiguous sec-
tions from the same nerve).

The increase in inactivated cofilin in
the regenerating axons is prefigured by an
increase in total cofilin in the MNs at the
L3-L6 levels of the spinal cord, which send
axons into the sciatic nerve (Watson et al.,
2009). In control spinal cords, there is no

cords were labeled with antibodies against total cofilin (red, A, ¢, D), phosphorylated (p)-cofilin (red, E, G, H), NeuN (green,
neuronal nuclei; 4, E), ChAT (blue, mature MNs; 4, B, E, F), and Tuj1 (green, neuronal processes; H, inset). A-C, Cofilin is present
at high levels throughout the P19 postnatal spinal cord. In this lumbar section, cofilin is present at high levels in a population of
ventral NeuN ™ ChAT * neurons, thought to be o MNs (magnified B, inset). D, Cofilin continues to be expressed in the adult spinal
cord, albeit at significantly lower levels, particularly in the white matter. E-H, Cofilin is highly phosphorylated at both neonatal
(E-6) and adult stages (H), including in the ventral NeuN * ChaAT * MNs (F, inset) and the Tuj1 * neural processes in the white
matter (H, inset; and data not shown), suggesting that cofilin is mostly inactive in axons. /, The levels of cofilin and (p)-cofilin were
quantified in a Western analysis of P19 and adult ventral spinal cord tissue, using GAPDH levels as a loading control. While cofilin
levels are not significantly different (p > 0.17, Student’s t test) between the P19 and adult spinal cord (three independent samples
shown in I;n = 6 animals analyzed in 5 experiments), there was a ~50% decrease in (p)-cofilin levels in adult spinal cord (n =
6animals analyzed in 4 experiments; p << 0.0004, Student’s t test) compared with P19 animals. Scale bars, 300 m. Probability of

difference between the levels of cofilin in
MNs in the left and right sides of the L3-L6
spinal cord (Fig. 6]-M,R). In contrast, 4 h after injury, there is a
significant (p < 5.0 X 10 "%, Student’s t test) increase in the level
of cofilin in MNs on the injured side of the spinal cord (Fig.
6N-Q,R). This increase is transient and is followed by a small but
significant decrease in cofilin levels by 8 h after injury (Fig. 6R).
Cofilin may subsequently be trafficked into the injured nerve:
total cofilin levels increase by ~40% in the axons flanking the
lesion site by 4—8 h after injury (Fig. 6S). Together, these results
suggest that an early response to a nerve injury is to reassemble
the cytoskeletal regulators that were critical for controlling the
rate of axon growth while neural circuits are being assembled
during development.

The sciatic nerve regenerates more rapidly in Limk1

mutant mice

Previous studies have shown that cofilin activity is negatively
regulated by Limk1 (Bernard, 2007); thus, we examined whether
the increase in (p)-cofilin levels observed after a sciatic lesion is
dependent on LimkI. In experiments performed in parallel with

similarity, ***p << 0.0005, Student’s t-test.

those described above, we also crushed the sciatic nerves of Limk]I
mutant littermates. As predicted, the loss of Limkl resulted in
cofilin being less phosphorylated and presumably more active.
This effect was particularly dramatic at the lesion site (Fig. 6D-F),
where the level of (p)-cofilin was very similar to that observed
either in uninjured nerves or in the regions distal to control le-
sions (Fig. 6A,B,F).

Our previous work suggested that activating cofilin in regen-
erating axons would result in increased axon outgrowth (Phan et
al., 2010; Yamauchi et al., 2013). To test this hypothesis, we as-
sessed whether the regeneration of the sciatic nerve is accelerated
in LimkI mutants after a crush injury. In a series of six indepen-
dent experiments, 18 Limk1 ™’ (control) and 17 Limkl ~'~ 6-to
8-week-old mice underwent the sciatic nerve crush procedure.
The animals recovered for 2 d and then were perfused. Longitu-
dinal sections of the injured sciatic nerve from both control and
mutant mice were labeled with antibodies against GAP43 (Fig.
7A,B). After 2 d of recovery, the axons in control animals had
grown ~ 1.5 mm, the expected length (Hadlock et al., 2005) (Fig.
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Figure 5.  Timeline of regeneration in sciatic nerve crush model. A-E, Sciatic nerves of 6- to 8-week-old mice were crushed for 30 s and the mice permitted to recover for 0 d (i.e., immediate
perfusion; A, B, D), 2d (C, D), and 3.5d (D). The extent of both NF ™ (red, A-C) axon-severing, and F4/80 ™ (green, A-C) macrophage invasion was assessed in control (unoperated side) and crushed
nerves. Control nerves (A, n = 11 sections from 4 mice) show the baseline numbers of F4/80 ™ macrophages, and an orderly array of NF * axons. In contrast, immediately after the crush (n = 14
sections, from 4 mice), F4/80 * macrophages invade the lesion site (D), whichis devoid of NF ™ axons (), suggesting that the crush is complete. By 2 d after the crush (n = 19 sections, from 5 mice),
F4/80 * macrophages are elevated through the region distal to the crush (D; p < 0.0001 similar to day 0, Student’s t test); these elevated levels continue to be observed at 3.5 d after crush (n =
6 sections, from 3 mice, p << 0.00071 similar to day 0, Student’s t test). At 2 d, NF * axons have started to degenerate distal to the crush (C); this process appears to be complete by 3.5 d, with the
intensity of NF * axons returning to day 0 levels (E). F~K, Mice with sciatic crush injuries were permitted to recover for 0 h (i.e., immediate perfusion; n = 11 sections from 4 mice; F, G), 2 h (n =
12 sections, from 4 mice; H), 4h (n = 11 sections, from 4 mice; 1), and 8 h (n = 8 sections, from 3 mice; J). We quantified the level of GAP43 intensity (K) to assess the timeline over which GAP43 ™
axon regeneration begins. Consistent with previous findings (Shin et al., 2014), we found that elevated levels of GAP43 are observed in proximal axons (I, K, arrowheads) by 4 h after the crush (p <
0.005 similar to 0 h, Student’s t test), with GAP43 ™ axons apparently starting to regenerate trough the lesioned area (J, K, arrowheads) as soon as 8 h after the crush (p < 0.0001 similar to 0 h,

Student’s ¢ test). Scale bars: A=F, 300 wm; G-J, 250 wm.

7A). In contrast, the Limkl ~/~ axons had grown ~15% further
(Fig. 7B, C), suggesting that their average growth rate was in-
creased by the same extent observed for LimkI ~/~ axons in the
developing spinal cord (Phan et al., 2010). Closer inspection of
the individual lengths of regenerating GAP43 ™ axons suggested
that there was a more dramatic 2- to 3-fold increase in the lengths
of the longest axons: those =60 wm longer that the average length
(Fig. 7D). This phenotype was highly reproducible; in all six ex-
periments, we observed that the Limkl ~/~ axons had grown
further than the control littermates. Together, these studies,
along with those from the developing spinal cord, strongly sug-
gest that increasing cofilin activity results in faster rates of regen-
eration of peripheral nerves.

More robust sciatic nerve regeneration leads to improved
sensory and motor recovery

The increase in regenerative axon growth also resulted in a mod-
est improvement in the recovery of motor and sensory function.
To assess motor function, we performed a gait analysis to com-
pare the time course over which the stride length of control or
Limk] mutant-injured mice returned to baseline (i.e., preopera-
tion) levels. Stride length was assessed by painting the hindpaws
of the operated mice different colors, and then measuring the
distance between the footprints left as they ran along a corridor
toward an enclosed box (Fei et al., 2010). The stride of both

control and LimkI mice was most severely affected the day after
the crush injury. Both the operated (Fig. 7E, continuous lines)
and unoperated (Fig. 7E, dotted lines) hindlimbs have shortened
stride lengths, which then recover to the baseline length by day 5.
The dynamics of this recovery were very similar in the control
(operated and unoperated) and Limk] mutant (unoperated only)
limbs. In contrast, the stride length on the operated Limkl mu-
tant hindlimb was slightly worse than either control or unoper-
ated Limkl '~ hindlimbs, suggesting that the mutants were
more compromised in their ability to move after the crush injury.
However, the rate of recovery was twofold faster for the
Limkl ~'~ mice compared with controls (Fig. 7F), such that they
returned to baseline stride length between day 4 and 5, slightly
before the control mice (Fig. 7E).

We also assessed recovery of sensory function by determining
the time course over which the animals recovered heat sensitivity
in the Plantar test (Hargreaves’ method) (Hargreaves et al.,
1988). Using a Plantar analgesia meter, we measured the time
taken for a mouse to withdraw its operated versus unoperated
hindpaw from a focused beam of radiant light. Both control and
Limk] mutant mice had lost significant sensitivity the day after
injury, which gradually returned toward the baseline times over
the course of a month. Control mice first recovered levels of heat
sensitivity that were not significantly different from the baseline
time at day 21 (Fig. 7G). However, this recovery was not robust:
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Figure 6.  Cofilinis endogenously inactivated in regenerating peripheral axons in a Limk1-dependent manner. A—F, The sciatic
nerves of Limk1 ™" (control, A-C; n = at least 39 sections from 10 mice) or Limk7 ~/ ~ (mutant, D, E;n = at least 30 sections
from 5 mice) 6- to 8-week-old mice were crushed and the mice permitted to recover for 2 d. Contiguous longitudinal sections of
both injured and uninjured sciatic nerves were labeled with antibodies against NF (red, 4, D), (p)-cofilin (green, 4, B, D, E), and
GAP43 (C), and the intensity of (p)-cofilin staining quantified on the uninjured side, the site of the crush lesion and distal to the
lesion (F). By 2 d of recovery, (p)-cofilin levels were higherin the lesionssite (4, B, F) compared with uninjured controls (probability
of similarity p << 2.3 X 10 ~"", Student’s ¢ test) and in regenerating GAP43 * axons (B, €, arrows; B and C are serial sections).
Significantly reduced (p)-cofilin levels were observed in the uninjured or distal region in Limk7 mutant peripheral nerves compared
with controls (F, similarity with control lesion: proximal, p << 3.9 X 10 ~7; distal, p << 6.3 X 10 ~*). While cofilin was inactivated
by ~25% at the lesion site in Limk7 mutants (D, E), this level was significantly less than observed in control lesions (F, similarity
with control lesion, p << 1.7 X 10 ~). 61, T, We examined the level of cofilin activity in the lesion site 8 h (G, ¥, n = 16 sections,
from 3 mice), 16 h (H, T, n = 14 sections, from 3 mice), 24 h (I, T, n = 10 sections, from 3 mice), and 48 h (T, n = 7 sections, from
5mice) after injury. Phosphorylated cofilin levels were quantified in the regions immediately proximal and distal to the lesion, as
well as at three levels within the lesion (for position, see /): proximal (L-P), middle (L-M), and distal (L-D). By 8 h, the first
regenerating axons have reached the proximal edge of the crush site (L-P) where they start to upregulate (p)-cofilin levels (G,
arrowheads; p << 0.081 significantly different from the 8 h proximal region, Student’s ¢ test). This process is robust by 16 h (H,
arrowheads; p << 0.005 different from the 8 h proximal region), with regenerating axons reaching L-M by 24 h (I, arrowheads; p <
510 ~%)and L-Dby 48 h (T, p << 6 X 10 ~°).J-R, We assessed total cofilin levels in large diameter Chat * NeuN ™ MNsin the
13—L6 spinal cord in control (J=M) and injured (N-Q) animals. While there was little deviation in cofilin levels in control MNs on
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heat sensitivity levels clearly improved but
were consistently significantly different
from baseline levels between days 23-30.
In contrast, Limkl '~ mice recovered
faster, returning to the baseline times for
paw withdrawal at day 19, ~2 d earlier
than the control littermates. Moreover,
their recovery was more robust, with the
heat sensitivity times remaining close to
or at the baseline for the next ~10 d (Fig.
7G). These results suggest that Limkl ~/~
mice can recover sensory function both
faster and putatively more profoundly
than the controls.

Discussion

Neural circuits are established in a con-
stantly changing embryonic environment.
If circuits are to form in synchrony with
the rest of the developing embryo, axonal
growth must be regulated temporally, as
well as spatially, for axons to reach and
innervate the correct targets at the right
time in development. In contrast, regen-
erating axons in the adult nervous system
grow back to their targets in a relatively
static environment, such that it is unclear
whether the rate of regrowth needs to be
actively regulated. We have assessed these
questions by examining the role of the co-
filin/Limk1 pathway in spinal motor cir-
cuitry development and sciatic nerve
regeneration.

We have found that the cofilin/Limk1
pathway regulates the rate of developing
and regenerative axon growth in strik-
ingly similar ways. High levels of cofilin,
much of it in its inactive, phosphorylated

<«

the left and right side of the spinal cord (R, n = 30 MNs, from
3'mice), there was an average 15% increase in cofilin levels in
MNs on the injured side, 4 h after injury (R, n = 36 MNs, from
3mice, p < 5.0 X 10 ~*significantly different from control)
with up to twofold increases observed in some MNs. Thereis a
corresponding ~14% decrease in cofilin levels in MNs 8 h af-
terinjury (R,n = 24 MNs, from 2 mice, p > 0.068 significantly
different from control), with cofilin levels normalizing at 16 h
frominjury (R, n = 33 MNs, from 3 mice, p > 0.38 that injured
side is significantly different from the uninjured side). S, There
was also an increase in total cofilin in the injured nerve (S). By
4 h after the injury, cofilin levels are elevated distal to the
lesion (p << 0.0001 significantly different from 0 h, Mann—
Whitney test); this elevation is robust by 8 h (p < 0.0001
significantly different from 0 h, Mann—Whitney test). For n,
see Figure 5G, H. U, Model for the timeline over which the rate
of peripheral axon regeneration is requlated. After a sciatic
nerve crush injury (1; ¢ = 0), a putative retrograde signal (2)
increases cofilin levels first in injured spinal MNs (3;t = 4 h)
and then in regenerating nerves (3; t = 4—8 h). Cofilin is
inactivated in axons, which controls the rate at which they
regenerate across and past the lesion site (4; t = 816 h).
Scale bars: A—E, 300 pum; F-H, 225 m; J-Q, 100 wem. Prob-
ability of similarity, ***p < 0.0005, Student’s t-test.
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Figure 7.  Promoting peripheral axon growth enhances recovery of motor and sensory function. A, B, The sciatic nerves of
Limk1™* (control, A) or Limk1 ~/~ (mutant, B) 6- to 8-week-old mice were crushed and permitted to regenerate for 2 d.
Transverse sections of the sciatic nerves were labeled with antibodies against GAP43, which labels regenerating axons. C, After 2d
of recovery, axons had grown ~15% further in the mutants (36 sections from 18 mice, 6 experiments) than the controls (33
sections from 17 mice, p << 4 X 10~ "3, Student’s t test). D, The length of individual regenerating axons was compared
with the average (ave) axon length for each experiment. Each bin represents a given axon length in =20 pm increments
with respect to the average length. Dotted lines indicate the normal distributions for the control and Limk1 mutant axon
lengths and show that there is ~3-fold increase in the number of longest axons in the Limk7 mutant compared with
controls. E, Gait analysis (recovery of motor function). Stride length was measured from the footprints of operated (con-
tinuous line) versus unoperated (dotted lines) hindpaws painted different colors. Control (n = 9 mice from three experi-
ments) and mutant mice (n = 8) were tested from day 0 (baseline) to day 5, immediately before and after the sciatic nerve
crush injury. The crush injury more severely compromises the movement of the mutant mice; however, their rate of
recovery (the gradient of the slope from day 1to day 5) is apparently faster. F, The rate of recovery is ~2-fold faster for the
Limk1 mutant mice compared with control littermates (p << 0.032, Mann—Whitney test). G, Plantar test (recovery of
sensory function). Sensitivity to heat was tested over a 30 d period using the Hargreaves methods by measuring the time
taken for the mice to withdraw their operated (continuous line) versus unoperated (dotted line) hindpaws from a focused
beam of radiant heat. Neither the control nor mutant unoperated paws showed a statistical difference compared with the
day 0 baseline (data not shown). In contrast, the control (n = 6 mice from two experiments) and mutant (n = 6) operated
paws lost sensitivity to heat. However, the Limk7 mutant mice more rapidly recovered sensitivity compared with control
littermates returning and staying at the baseline level for paw withdrawal ~2 d earlier. Although the controls returned to
baseline levels of heat sensitivity at ~3 weeks, unlike the mutants, they did not consistently stay there, suggesting that
they may require >30 d to fully recover their preoperation withdrawal response to heat. Probability of similarity, ***p <
0.0005, *p < 0.05, Student’s t-test or Mann Whitney test. Scale bar, 300 um.
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form, is a feature of developing circuits
that is rapidly recapitulated in injured
nerves, presumably to facilitate the re-
growth of nerves and/or regulate the en-
dogenous rate of axon regeneration (~1
mm/d). Together, our data suggested a
model in which severing the nerve (Fig.
6U, 1) initiates a retrograde signal (Fig.
6U, 2) that directs spinal MNs to make
more cofilin protein (Fig. 6U, 3). Cofilin is
then transported into the injured nerve
and inactivated in regenerating axons, in a
Limk1-dependent mechanism, as they ex-
tend across the lesion site (Fig. 6U, 4).

The role of temporal guidance cues

in development

While much is known about the mecha-
nisms by which axons interpret spatial in-
formation (Butler and Tear, 2007), the
means by which temporal information is
decoded by growth cones have remained
unclear. We have identified a key role for
cofilin controlling the extension of axons
in the developing spinal cord, presumably
by regulating the rate at which actin po-
lymerizes (Bamburg and Bernstein, 2008)
(Fig. 1A). Many canonical axon guidance
cues, such as netrinl (Marsick et al.,
2010), slit2 (Piper et al., 2006), sema-
phorins (Aizawa et al., 2001), and the
bone morphogenetic proteins (Wen et al.,
2007; Phan et al., 2010), can regulate the
cofilin pathway and the pathways that
control the local orientation of the cyto-
skeleton. Thus, a growth cone could use
sequentially encountered guidance cues
to establish the relevant rate of growth and
orientation needed to extend along a par-
ticular segment of its trajectory. While the
identity of the extrinsic cues that establish
growth rate of motor axons are not
known, our studies have shown that the
bone morphogenetic proteins both orient
(Augsburger etal., 1999; Butler and Dodd,
2003; Perron and Dodd, 2011) and slow
(Phan et al., 2010; Yamauchi et al., 2013)
the rate of commissural axon growth away
from the dorsal midline.

Disrupting the process of temporal
axon guidance results in axons being at
the wrong place at a particular develop-
mental time. Upregulating Limk1 in MNs
results in defects in motor axon growth
and pathfinding, which mimic the human
clubfoot phenotype (Collinson et al.,
2018). In contrast, downregulating Limk1
activity results in commissural axons
reaching the floor plate too early (Phan et
al.,, 2010) and precocious motor axon
growth (this study). These latter guidance
phenotypes are relatively modest; how-
ever, guidance defects are often transient
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(Serafini et al., 1996) and/or subtle (Lin et al., 1994) because the
process of axon guidance tends to be regulative, or self-
correcting. Nonetheless, Limkl may be required to more finely
sculpt motor circuits. Although the early branching pattern of
motor nerves is grossly normal, and the adult mice walk relatively
normally by eye, Limkl ~'~ mice have been reported to be hy-
peractive, showing increased rearing behaviors (Meng et al.,
2002). Moreover, Limk1 is one of a number of key genes uncov-
ered by the William’s syndrome deletion, which leads to many
cognitive and motor deficits (Scott and Olson, 2007). Thus, de-
fects in the process of temporal guidance may lead to subtle
changes in executive motor circuits and/or spinal motor circuits,
including the regulatory interneurons that regulate MNGs.

The role of the cofilin pathway in peripheral

nerve regeneration

Both cofilin and (p)-cofilin are present throughout the spinal
cord in late postnatal mice, with particularly high levels of cofilin
observed both in MNss and dorsal sensory afferents. The function
of cofilin/(p)-cofilin in postnatal mice is unclear, although it is
notable that the mouse learns to walk during the final weeks of
postnatal development. A regulated level of cofilin activity may
be required to refine motor circuits as the mouse adjusts its gait,
such that it may be informative to determine whether modulating
cofilin affects the ability of mice to learn motor tasks.

Unexpectedly, we found that the levels of cofilin are rapidly
upregulated after a sciatic crush injury, consistent with returning
the nerve to a “younger,” more dynamic state. The timeline, pro-
posed in Figure 6U, suggests that crushing the nerve initiates a
retrograde signal, which directs MN's to make more cofilin pro-
tein, by regulating transcription and/or translation. The nature of
this signal is unknown: possibilities include the loss of electrical
connectivity, or the immediate influx of calcium known to occur
after injury (for review, see van Niekerk et al., 2016). The surge in
somal cofilin appears to result in increased levels of cofilin being
transported into regenerating axons. The ratio of active to inac-
tive cofilin is then calibrated by Limk1, putatively controlling the
rate at which axons start to regenerate. The mechanism by which
cofilin is specifically inactivated in axons regenerating across the
lesion remains to be identified.

Our previous studies (Phan et al., 2010; Yamauchi et al., 2013)
and those of others (Endo et al., 2003) suggest that the conse-
quence of locally inactivating cofilin would be to slow the growth
of axons through the lesion site and into the distal nerve. What is
the biological role for regulating axon growth rate during axon
regeneration? One possibility is that cofilin also regulates sprout-
ing: the overexpression of cofilin leads to more complex filamen-
tous growth cones (Phan et al., 2010), and the loss of Limkl
induces abnormalities in spine morphology and enhanced LTP
(Meng et al., 2002). Many species tightly regulate axonal sprout-
ing in the adult nervous system; it is observed during the induc-
tion of plasticity (Trachtenberg et al., 2002) but is limited under
normal situations, given the potential for deleterious side effects.
The benefit/risk of increased sprouting during the process of re-
generation has not been fully investigated. However, it may be
informative to compare how the levels or activity of cofilin are
regulated in animals that show limited regenerative capacity
compared those that regenerate neural circuitry more effectively.

Extent of behavioral recovery after injury in accelerated mice

Previous studies have demonstrated that the overexpression of the
regeneration-associated protein Heat shock protein 27 (Hsp27) after
a sciatic nerve transection increases the length of regenerating
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GAP43 " axons and improves motor, but not sensory, recovery
times (Ma et al., 2011b). We find that the loss of Limk1 also acceler-
ates both developing and regenerating axons by ~15%, suggesting
that there is conservation between the mechanisms that control axon
growth rate at different ages. This relatively modest increase in axon
growth rates also can have a modest, but significant, effect on the
ability of the mouse to recover both motor and sensory function
after injury. In the short term, we observed a more rapid improve-
ment in the gait of Limkl ~/~ mouse compared with controls. This
analysis was complicated by the observation that the Limkl /'~
mice were more negatively impacted by the crush injury than age-
matched control littermates. The basis for this effect is not clear;
however, given that the effect of the injury on the Limkl ~'~ unop-
erated side is indistinguishable from the controls, it is unlikely to
result from generally compromised motor circuitry in the
LimkI ~'~ mice.

These studies are the also first to show that accelerating periph-
eral axon regeneration can result in the faster recovery of sensory
function. These longer-term experiments were not complicated by
any initial side effects in the Limkl ~/~ mice; rather, we observed
that they more stably recover the ability to detect radiant heat ~30%
faster than control littermates. This result is significant because sen-
sory function can take longer to recover than motor function after a
traumatic injury, yet it is required for patients to recover their quality
of life and protect themselves from noxious stimulus.

In conclusion, these studies have provided further insight into
the role of the cofilin pathway during the establishment of motor
circuitry and reveal that regulation of cofilin is an early response in
the regeneration of peripheral nerves. They suggest that monitoring
the effects of manipulating cofilin during development may be pre-
dictive of the effect of that manipulation during regeneration. It is
now critical to determine whether the other modulations of cofilin
activity/levels, which more effectively accelerate growth during de-
velopment, are similarly more effective in a regenerative context.
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