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Guidance of Axons by Local Coupling of Retrograde Flow to
Point Contact Adhesions

Robert H. Nichol IV,! Kate M. Hagen,? Derek C. Lumbard,? Erik W. Dent,'2 and Timothy M. Gomez'-?

"Neuroscience Training Program and 2Department of Neuroscience, University of Wisconsin, Madison, Wisconsin 53706

Growth cones interact with the extracellular matrix (ECM) through integrin receptors at adhesion sites termed point contacts. Point
contact adhesions link ECM proteins to the actin cytoskeleton through numerous adaptor and signaling proteins. One presumed function
of growth cone point contacts is to restrain or “clutch” myosin-II-based filamentous actin (F-actin) retrograde flow (RF) to promote
leading edge membrane protrusion. In motile non-neuronal cells, myosin-II binds and exerts force upon actin filaments at the leading
edge, where clutching forces occur. However, in growth cones, it is unclear whether similar F-actin-clutching forces affect axon outgrowth
and guidance. Here, we show in Xenopus spinal neurons that RF is reduced in rapidly migrating growth cones on laminin (LN) compared
with non-integrin-binding poly-p-lysine (PDL). Moreover, acute stimulation with LN accelerates axon outgrowth over a time course that
correlates with point contact formation and reduced RF. These results suggest that RF is restricted by the assembly of point contacts,
which we show occurs locally by two-channel imaging of RF and paxillin. Further, using micropatterns of PDL and LN, we demonstrate
that individual growth cones have differential RF rates while interacting with two distinct substrata. Opposing effects on RF rates were
also observed in growth cones treated with chemoattractive and chemorepulsive axon guidance cues that influence point contact adhe-
sions. Finally, we show that RF is significantly attenuated in vivo, suggesting that it is restrained by molecular clutching forces within the
spinal cord. Together, our results suggest that local clutching of RF can control axon guidance on ECM proteins downstream of axon
guidance cues.
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Here, we correlate point contact adhesions directly with clutching of filamentous actin retrograde flow (RF), which our findings
strongly suggest guides developing axons. Acute assembly of new point contact adhesions is temporally and spatially linked to
attenuation of RF at sites of forward membrane protrusion. Importantly, clutching of RF is modulated by extracellular matrix
(ECM) proteins and soluble axon guidance cues, suggesting that it may regulate axon guidance in vivo. Consistent with this notion,
we found that RF rates of spinal neuron growth cones were slower in vivo than what was observed in vitro. Together, our study
provides the best evidence that growth cone-ECM adhesions clutch RF locally to guide axons in vivo. j

ignificance Statement

disorders, including tuberous sclerosis complex, fragile X syn-
drome, and other autism spectrum disorders (Weitzdoerfer et al.,

Introduction
The proper function of the adult nervous system depends on

accurate guidance of axons to their correct synaptic targets dur-
ing early development. Inaccurate neural network wiring may be
an underlying cause of a number of severe neurodevelopmental
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2001; Antar et al., 2006; Nie et al., 2010). Axon guidance involves
stabilizing leading edge membrane protrusions of axonal growth
cones to the extracellular matrix (ECM). Membrane protrusions
are stabilized at growth cone adhesion sites, termed point con-
tacts (Woo and Gomez, 2006; Myers et al., 2011). Point contacts
form after integrin receptors bind ECM ligands, leading to recep-
tor clustering and recruitment of adhesion proteins such as talin,
paxillin, and vinculin (Woo and Gémez, 2006; Myers and G6-
mez, 2011; Myers et al., 2011), which link integrins to the actin
cytoskeleton. The formation and turnover of point contacts at the
growth cone periphery is regulated by the cell substratum and
soluble growth factors and strongly correlates with growth cone
advance (Woo and Goémez, 2006; Myers et al., 2011). In non-
neuronal cells, the formation and stabilization of adhesions
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Figure 1. The rate of axon outgrowth is inversely proportional to actin retrograde flow (RF) rates. A—D, Actin RF in motile growth cones was visualized by TIRF microscopy using TMR-KabC, a
barbed-end binding actin probe. Kymographs were generated from 2 min time-lapse sequences of TMR-KabC-labeled growth cones cultured on indicated substrata. Dashed yellow lines indicate
example lines used to calculate flow rates. E, The rate of RF (left axis) and axon outgrowth (right axis) is inversely related for spinal neurons plated on different substrata: PDL (n = 16 growth cones,
68 axons), 10 wg/ml LN (n = 15 growth cones, 95 axons), PDL plus LN (n = 16 growth cones, 185 axons), 10 rg/ml FN (n = 16 growth cones, 70 axons), and 5 ug/ml TN (n = 8 growth cones,
37 axons). F, Rate of RF (left axis) and axon outgrowth (right axis) axis is inversely related for neurons plated on increasing concentrations of LN: 1 ig/ml (n = 11 growth cones, 80 axons), 5 wg/ml
(n = 9 growth cones, 101 axons), 10 wg/ml (n = 10 growth cones, 63 axons), and 25 g/ml (n = 12 growth cones, 249 axons). G, 2D image of a GFP-actin-expressing growth cone on PDL with
kymograph sample line through leading edge (redline). Scale bar, 5 um. H—I, Kymographs were created from growth cones on PDL (H) and 10 ug/mI LN (/). J, Growth cones labeled with TMR-KahC
and GFP-actin exhibited significantly lower RF rates on LN (n = 17 growth cones) relative to PDL (n = 20 growth cones). K, Coefficient of variation (SD/mean) of TMR-KabCRF is significantly greater
for growth cones plated on 10 pg/ml LN (n = 137) versus PDL (n = 105). L, Kymographs generated from 2 min time-lapse sequences of TMR-KabC-labeled growth cones captured at the indicated
times before and after 50 wum blebbistatin treatment. M, Rate of RF after blebbistatin treatment was significantly attenuated on PDL (n = 9 growth cones) and LN (n = 8 growth cones) (***p <<
0.001), but the percentage reduction (data not shown) was more significantly reduced in growth cones on PDL (p << 0.001). ***p < 0.001; *p << 0.05.

provides traction forces necessary to oppose both rearward
myosin-motor-dependent actin filament contractility and actin
filament polymerization, which drives leading edge protrusion
(Choi et al., 2008; Gardel et al., 2008; Yamashiro and Watanabe,
2014). However, interactions between growth cone point con-
tacts and the actin cytoskeleton during axon extension and guid-
ance remain poorly understood.

Complex mechanisms regulate filamentous actin (F-actin) in
the growth cone peripheral domain to influence growth cone
morphology and movement. The F-actin network is governed

by a balance between F-actin barbed-end polymerization and
pointed-end depolymerization (Lowery and Van Vactor, 2009;
Dent et al., 2011). Leading edge actin polymerization pushes
membranes forward with some resistance (Symons and Mitchi-
son, 1991; Lin et al., 1996; Mogilner and Oster, 2003; Carlier and
Pantaloni, 2007). The resistive force of the membrane on F-actin
polymerization, together with barbed-end directed myosin-II
contractility, powers F-actin retrograde flow (RF) from the
growth cone periphery to the central domain (Bamburg, 1999;
Forscher and Smith, 1988; Lin and Forscher, 1995; Brown and
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Movie 1.
on PDLand LN labeled with TMR-KabC. Images were captured at 2 s intervals for 2 min. Playback is 7 frames/s. Scale bar, 5 um.

Bridgman, 2003; Marsick et al., 2010; Flynn et al., 2012; Zhang et
al., 2012). The balance among actin polymerization, myosin-II-
driven RF, and ADF-cofilin depolymerization controls F-actin
treadmilling in the growth cone peripheral domain (Mogilner
and Oster, 2003; Turney and Bridgman, 2005; Zhang et al., 2012).
In non-neuronal cells, focal adhesions slow actin treadmilling by
linking rearward F-actin flow to adhesion receptors (Smilenov et
al., 1999; Giannone et al., 2009; Thievessen et al., 2013). Slowing
or “clutching” of RF at focal adhesions increases the ability of
F-actin polymerization to generate membrane protrusion and
forward cell translocation (Smilenov et al., 1999; Giannone et al.,
2009; Thievessen et al., 2013). Clutching of RF is thought to reg-
ulate the rate of axon extension (Bard et al., 2008; Shimada et al.,
2008; Toriyama et al., 2013), but it is not known whether local
regulation of RF also directs axon guidance. Recent evidence
from us and others has shown that the rate of RF has an inverse
relationship with the rate of growth cone advance (Lin and
Forscher, 1995, Santiago-Medina et al., 2013, Shimada et al,,
2008, Toriyama et al., 2013, Kubo et al., 2015). However, it is
unclear how RF rate depends on cell substratum or whether local
differences may be responsible for axon guidance behaviors.

Here, we show that RF is reduced in rapidly migrating growth
cones on laminin (LN) compared with less motile, non-integrin-
binding poly-D-lysine (PDL). Moreover, acute stimulation with
LN leads to accelerated axon outgrowth over a time course that
correlates with point contact formation and reduced RF. We
confirm that integrin receptor binding is both necessary and
sufficient to slow RF through gain- and loss-of-function manip-
ulations. Moreover, we show that RF can be locally restrained
within growth cones at integrin adhesion sites. We also suggest a
role for RF in regulating axon guidance using a substratum stripe
assay. Finally, we show that soluble guidance cues that promote
assembly or disassembly of point contacts regulate RF accord-
ingly. These data suggest that regulation of clutching at point
contacts is an important mechanism in axon guidance. Local
differences in clutching forces at point contact adhesions may
guide growth cone movements by slowing retrograde flow
locally.

Materials and Methods

Plasmid constructs and reagents. GFP-y-actin (rat) was provided by Andrew
Matus (Friedrich Miescher Institute). Paxillin-GFP (chicken) was provided

KabC-labeled growth cones on PDLand LN. Time-lapse TIRFimage sequence acquired with a 100 X objective of growth cones
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by A.F. Horwitz (University of Virginia, Char-
lottesville).  Yellow fluorescent protein-Src
homology-2 domain (dSH2) was provided by
Benjamin Geiger (Weizmann Institute, Rehovot,
Israel) and converted to GFP-dSH2 (Robles et al.,
2005). Td-Tomato tractin was provided by Erik
Dent (University of Wisconsin, Madison). Most
expression constructs were subcloned into the
Xenopus-preferred pCS2+ vector for mRNA
synthesis using Gateway (Dave Turner, Univer-
sity of Michigan, Ann Arbor). To visualize
actin retrograde flow, neuronal cultures were
incubated in 100 pm tetramethylrhodamine-
conjugated kabiramide-C (TMR-KabC, kind gift
from Gerard Marriott, University of California,
Berkeley) for 3 min, then washed with 1X mod-
ified Ringer’s solution. Blebbistatin (Sigma-
Aldrich) was used as a selective inhibitor of
non-muscle myosin-II. Heparin (Sigma-Ald-
rich) was used to block binding of soluble LN to
PDL (Sigma-Aldrich)-coated coverslips.

Embryo injection and cell culture. Xenopus
laevis embryos were obtained as described pre-
viously (Goémez et al., 2003) and staged accord-
ing to Nieuwkoop and Faber (1994). For protein expression experiments,
two dorsal blastomeres of 8-cell-stage embryos were injected with 0.25—
0.5 ng of GFP-dSH2 in vitro-transcribed, capped mRNA (mMessage Ma-
chine; Ambion), or 60—80 pg of paxillin-GFP (PXN-GFP), GFP-vy-actin,
or Td-Tomato tractin DNA. Neural tubes were dissected from 1-d-old
embryos and explant cultures containing a heterogeneous population of
spinal neurons were prepared as described previously (Gomez et al.,
2003). Explants were plated onto acid-washed no. 1.5 glass coverslips
coated with 50 ug/ml PDL, 10 ug/ml LN (Sigma-Aldrich), 10 pg/ml
fibronectin (FN; Sigma-Aldrich), and 5 ug/ml tenascin (TN; Millipore).
To visualize LN adsorption to the substratum, PDL-coated coverslips
were treated with 25 ug/ml fluorescent LN (HiLyte 488; Cytoskeleton)
for 15 min and then washed with PBS (Sigma-Aldrich) before imaging.
To block LN adsorption, coverslips were pretreated with 2 ug/ml heparin
(Sigma-Aldrich) for 15 min, followed by 25 wg/ml fluorescent LN with
heparin for 15 min. Cultures were imaged or fixed 1624 h after plating.
All methods were approved by the University of Wisconsin School of
Medicine Animal Care and Use Committee.

Stripe assay. Silicone masks (Karlsruhe Institute of Technology,
Karlsruhe, Germany) with 90-um-wide parallel lanes were attached to
acid-washed coverslips. A solution of 10 ug/ml LN with 50% HiLyte 488
LN (to detect border in live cultures) was passed through the channels
and allowed to bind for 1 h, and then rinsed with excess PBS to remove
unbound protein. After the mask was removed, 50 ug/ml PDL was ap-
plied to the entire coverslip for 45 min. Patterned substrata were used
immediately for spinal explant cultures. After 18—24 h, cultures with
explants near the LN-PDL border were loaded with TMR-KabC. Alexa
Fluor-546 phalloidin (1:100; Invitrogen) to label F-actin.

Image acquisition and analysis. For both live and fixed fluorescence
microscopy, high-resolution images were acquired using either a 60X/
1.45 numerical aperture (NA) objective lens on an Olympus Fluoview
500 laser-scanning confocal system mounted on an AX-70 upright mi-
croscope or a 100X/1.5 NA objective lens on a Nikon total internal
reflection fluorescence (TIRF) microscope. For in vivo imaging, high-
resolution images were acquired using a 60X/1.1 NA water-immersion
objective lens on the confocal. On the confocal microscope, samples were
imaged at 2-2.5X zoom (pixel size = 165-200 nm). Images were col-
lected on the TIRF with a Coolsnap HQ2 camera (Roper Scientific) using
2 X 2 binning (pixel size = 127 nm). For bright-field time-lapse micros-
copy, low-magnification phase-contrast images were acquired using a
20X objective on a Nikon microscope equipped with an x—y motorized
stage for multipositional imaging. Multipositional images were captured
at 1 min. intervals. Live explant cultures were sealed within perfusion
chambers as described previously (Gémez et al., 2003) to allow rapid
exchange of solutions. Images were analyzed using Image] software.
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Acute LN stimulation accelerates axon outgrowth overa time course that correlates with point contact formation and reduced retrograde flow. A—A", Confocal images of a growth cone expressing

PXN-GFP on PDL before and at indicated times after addition of 25 rog/ml LN. Within 10 min of LN addition, many point contact adhesions form (red arrowheads). Scale bar, 5 um. B, Low-magnification phase
contrastimages showing that most axons accelerate (color-matched arrowheads) after 15 min of treatment with 25 r.g/ml LN. Scale bar, 50 um. €, Kymographs generated from 2 min time-lapse sequences of
TMR-Kab(-labeled growth cones captured at indicated times before and after LN addition. Dashed yellow lines indicated the calculated example flow rates. D, Average rate of axon outgrowth (n = 56) versus
retrograde flow (n = 10 growth cones) at times before and after LN stimulation shows an inverse relationship. ***p << 0.001; **p << 0.01; *p << 0.05.

Point contacts were identified as discrete areas containing PXN-GFP or
GFP-dSH2 that were at least two times brighter than the surrounding
background and remained fixed in place for a minimum of 30 s. (Woo
and Gémez, 2006). For display purposes, some images were pseudocol-
ored. TMR-KabC-labeled growth cones were imaged at 2 Hz by TIRF
microscopy for 2 min to measure actin RF. TMR-KabC RF rates were
quantified by kymography by sampling three to seven lines per growth
cone along filopodia and radiating equally around the axis of outgrowth.
We find that kymography is the most accurate method to measure RF,
but recognize that it is limited to linear F-actin movements. Whereas
off-axis flow may slightly influence our absolute rate values, we expect
that these movements will be consistent across experimental groups, so

we believe that kymography does provide accurate relative differences.
Moreover, RF measurements made in vivo were performed on relatively
flat growth cones with the confocal pinhole aperture set to one Airy unit,
which provides an optical section of 600—700 nm, depending on the
fluorophore. At this optical section depth, axial position changes of actin
puncta will have a minimal effect on RF rate calculations. Statistical
analysis was performed using Prism software. Analysis was completed
with an unpaired Student’s ¢ test for comparison of two experimental
groups or a one-way ANOVA with a Bonferroni’s multiple-com-
parison test for comparison of three or more experimental groups. For
comparisons of the percentage change in RF, SE was calculated as post-
treatment SD divided by pretreatment mean.
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Movie 2.  PXN-GFP-expressing growth cone on PDL with acute LN stimulation. Time-lapse
confocalimage sequence acquired with a 60X objective with 2.5 zoom of a growth cone on PDL
expressing PXN-GFP acutely stimulated with LN, whichinduces the formation of stable PXN-GFP
labeled point contacts (red arrows). Images were captured at 15 s intervals for 5 min before LN
stimulation and 30 min after LN stimulation. Playback is 7 frames/s.

Dynamic adhesion maps. Dynamic adhesion map images were pre-
pared from image stacks as detailed previously (Santiago-Medina et al.,
2012). Briefly, an image stabilization algorithm was applied if necessary
and, to improve edge detection, an unsharp mask routine was applied,
followed by thresholding to highlight the puncta of interest. Next, an
8-bit binary filter was applied to equalize point contact intensities. Image
stacks were then converted to 16-bit and user-defined subsets were
summed so that intensity encoded pixel lifetime. Final images were con-
trast enhanced and pseudocolorized.

Results

Rates of axon outgrowth and actin retrograde flow are
inversely proportional and substratum-dependent

We have shown previously that growth cone point contact
adhesion dynamics regulate the rate and direction of axon
outgrowth (Woo and Gémez, 2006; Myers et al., 2011). Point
contacts are thought to support forward axonal translocation
in part by stabilizing leading edge protrusions. However, point
contacts contain a number of adaptor proteins that link integ-
rin receptors to the actin cytoskeleton (Woo and Gémez, 2006;
Myers et al., 2011; Myers et al., 2011), which may further
support axon extension by clutching RF. To test whether point
contacts correlate with RF, we first determined the rates of RF
in Xenopus spinal neuron growth cones on different substrata.
We have shown previously that the culture substratum gov-
erns point contact assembly and dynamics in Xenopus spinal
neuron growth cones (Robles and Gémez, 2006), which may
correlate with clutching of RF. We cultured spinal neurons on
50 pg/ml PDL; 1, 5, 10 and 25 pwg/ml LN; PDL plus 10 wg/ml
LN; 10 wg/ml FN; or 5 ug/ml TN, which are conditions that
support point contact adhesion formation to varying degrees
(Robles and Gomez, 2006) and associated axon outgrowth
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rates (Fig. 1). Axon outgrowth rates were quantified over a
30 min time period using low-magnification phase contrast
imaging.

To investigate the effect of substratum adhesion on RF, we
used TMR-KabC (Petchprayoon et al., 2005), a small, cell-
permeable molecule that binds to the barbed ends of F-actin
and has been used previously at low doses to track RF (Keren et
al., 2008; Santiago-Medina et al., 2012, 2013). To speckle the
barbed ends of actin filaments, we treated neurons for 3 min
with 100 pm TMR-KabC, which partially labels actin barbed
ends, but does not affect the basal rate of neurite outgrowth or
growth cone morphology (Santiago-Medina et al., 2013). Im-
mediately after TMR-KabC labeling, we imaged growth cones
on each substratum at 2 Hz by TIRF microscopy for 2 min.
F-actin RF rates were quantified by kymography by sampling
three to seven lines per growth cone radiated equally from the
axis of outgrowth (Fig. 1A-Dj; see Materials and Methods).
This analysis showed a substratum-dependent, inverse rela-
tionship between RF rates and axon outgrowth. Growth cones
on LN, which assemble many point contacts and extend rap-
idly (Robles and Gomez, 2006), have significantly lower RF
rates compared with growth cones plated on PDL, FN, and
TN, which assemble few or no point contacts and extend
slowly (Fig. 1E, Movie 1). We also found that RF and axon
outgrowth rates varied with LN substratum concentration
(Fig. 1F), suggesting that higher ligand density, which pro-
motes point contact assembly (data not shown), clutches RF to
enhance axon outgrowth. We confirmed the differential RF
rates on PDL versus LN by imaging GFP-actin speckles in
Xenopus spinal neurons (Fig. 1G-I). It is noteworthy that the
rates of RF measured with GFP-actin were slightly but signif-
icantly slower compared with RF measured using TMR-KabC
for neurons on PDL (Fig. 1]), which may be due to partial
inhibition of actin polymerization by fluorescent actin fusion
proteins (Riedl et al., 2008). In addition to rates of RF, we also
found that RF on LN was significantly more variable com-
pared with RF on PDL (Fig. 1K). These results suggest that
dynamic and local clutching during point contact formation,
stabilization, and turnover may regulate the rate of RF differ-
entially within growth cone subdomains. Adhesion proteins
such as talin, a-actinin, paxillin, and vinculin likely contribute
to these linkages (Woo and Gémez, 2006; Myers et al., 2011;
Myers et al., 2011). Together, these results suggest that point
contacts within the growth cone periphery serve two func-
tions: (1) point contacts stabilize new protrusions to prevent
retraction mediated by contractile forces (previous data) and
(2) point contacts clutch RF to allow actin polymerization to
drive further membrane protrusion (this work).

Leading edge RF in growth cones is believed to be significantly
powered by myosin-II-motor-mediated F-actin contraction,
with some contribution by actin polymerization-mediated push-
ing forces against the leading edge plasma membrane (Lin et al.,
1996; Bridgman et al., 2001; Brown and Bridgman, 2003; Mogil-
ner et al., 2003; Medeiros et al., 2006; Craig et al., 2012). Consis-
tent with this notion, treatment of Aplysia growth cones with the
myosin ATPase inhibitor blebbistatin slows the rate of RF by
one-half, which is further attenuated by actin depolymerization
with cytochalasin D (Medeiros et al., 2006). However, myosin-II
also contributes to point contact formation in growth cones on
LN because blebbistatin reduces growth cone point contact size
and number (Woo and Gémez, 2006). Therefore, we hypothe-
sized that myosin-II inhibition would affect RF less on LN com-
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pared with PDL because inhibition of
myosin-II would be counterbalanced by
loss of point contacts on LN. We exam-
ined the effects of myosin-1I inhibition
by imaging TMR-KabC-labeled growth
cones on PDL (Fig. 1L) and LN (data not
shown) for 2 min intervals every 5 min
after acute treatment with 50 um blebbi-
statin over a 15 min period. Inhibition of
myosin-II in growth cones on PDL re-
duced RF to <50% of basal rates after 15
min (Fig. IM). As hypothesized, the ef-
fects of blebbistatin were more modest
in growth cones on LN (Fig. 1M), con-
sistent with the counteracting effects
of reduced clutching by point conta-
cts. This analysis also validates TMR-
KabC as an accurate probe to measure
myosin-II-mediated RF.

Acute LN stimulation accelerates axon
outgrowth over a time course that
correlates with point contact formation
and reduced retrograde flow

To link point contact assembly temporally
with clutching of RF and acceleration of
axon outgrowth, we acutely stimulated
neurons on PDL with LN. We have shown
previously in neurons cultured on PDL
that growth cone point contacts form and
neurite outgrowth accelerates rapidly in
response to acute LN stimulation over a
time course that follows LN binding to
the substratum (Woo and Goémez, 2006).
To confirm this, we imaged PXN-GFP-
expressing neurons on PDL by TIRF mi-
croscopy and observed the assembly of
point contacts and accelerated axon out-
growth after 15 min of treatment with 25
ng/ml LN (Fig. 2A, Movie 2). The time
course for the increased rate of neurite
outgrowth was quantified with low-
magnification phase contrast imaging
(Fig. 2B). Next, Xenopus spinal neurons
loaded with TMR-KabC were treated
acutely with 25 ug/ml LN and imaged for
2 min at 2 Hz every 5 min after LN treat-
ment (Movie 3). Analysis of the rate of RF
in growth cones by kymography (Fig. 2C)
shows that RF slows within 5 min after LN
treatment in a temporal pattern that mir-
rors the de novo assembly of point con-
tacts and accelerated neurite outgrowth (Fig. 2D). This temporal
correlation supports the notion that mechanical coupling be-
tween point contact adhesions and actin filaments, through a
molecular clutch, slows retrograde flow and promotes axon
elongation.

To confirm that the assembly of point contacts is necessary to
reduce RF in response to an immobilized LN substratum, we used
coapplication of heparin to block adsorption of LN to the culture
surface. This experiment dissociates the effects of soluble LN ver-
sus an immobilized LN substratum. Heparin is a negatively
charged, heavily sulfated glycosaminoglycan that has been used

Movie3.
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TMR-KabC

KabC-labeled growth cones on PDL with acute LN stimulation. Time-lapse TIRFimage sequence acquired with a 100 X
objective of agrowth cone on PDLIabeled with TMR-KabCacutely stimulated with LN. Growth cones wereimaged 5 min pre-LN and
at5, 10, and 15 min post-LN. This image sequence includes the growth cone used to generate kymographs depicted in Figure 2C.
Images were captured at 2 s intervals for 2 min. Playback is 7 frames/s.

to prevent nonspecific adsorption of Netrin to surfaces, but not
specific interactions of Netrin with its cell surface receptors
(Moore et al., 2012). Because LN contains a heparin-binding site
localized to the B-chain and the integrin binding region is local-
ized to the a-chain, we hypothesized that pretreatment of neu-
rons with heparin would not inhibit LN activation of integrin
receptors (Beck et al., 1990). We first tested whether we could
block the adsorption of LN to a PDL substratum with pretreat-
ment of 2 pg/ml heparin. When not preblocked, we found that
soluble LN binds rapidly to a PDL substratum and approaches
saturation within 10-15 min (Fig. 3A) (Woo and Gémez, 2006).
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Figure 3.

Point contact formation is required for LN induced axon outgrowth. A, A’, TIRF images of PXN-GFP expressing growth cone on PDL before (4) and 15 min after addition of LN (4"). B,

Mean intensity of fluorescent LN on PDL-coated glass coverslips treated for 15 min with 25 ug/ml LN alone, 2 r.g/ml heparin alone, and LN plus heparin. €, Axon outgrowth on PDL (n = 80) is stimulated
by 15 min treatmentwith LN (n = 52), butisstronglyinhibited by soluble LN (LN plus heparin, n = 25). D, D", TIRF images of PXN-GFP expressing growth cone on PDL before (D) and 15 min after (D') the addition
of LN plus heparin. E, F, Kymographs generated from 2 min time-lapse sequences of TMR-KabC-labeled growth cones on PDL before (E, F) and after stimulation with LN (E”) and LN plus heparin (F’). Dashed
yellow lines indicate example lines used to calculate flow rates. G, Average rates of TMR-KahC retrograde flow (RF) in growth cones plated on PDL before and 15 min after indicated stimulations. Adsorbed LN
significantly slows RF, whereas soluble LN significantly accelerates RF (n = 9 growth cones). Scale bar, 5 um. ***p < 0.001; **p << 0.01; *p << 0.05.

Conversely, pretreatment with 2 ug/ml heparin significantly in-
hibits LN binding (Fig. 3A). Next, we sought to determine how
bound versus soluble LN affected axon outgrowth, point contact
formation, and RF. As described previously, stimulation with LN
for 15 min strongly promotes point contact formation (Fig.
3 B,C) and axon extension (Figs. 3D). However, 15 min of treat-
ment with soluble, nonadsorbed LN (heparin cotreatment; Fig.
3E) does not support point contact formation (Fig. 3C,E) nor
axon extension (Fig. 3D) and often leads to axon stalling or re-

traction (Fig. 3E, Movie 4). Therefore, soluble, nonabsorbed LN
could activate cell signals that increase RF. For example, active Src
is linked to actin polymerization (Tehrani et al., 2007), which
may contribute to “pushing” of actin filaments rearward from
the leading edge. Moreover, integrin receptors can activate RhoA
(Woo and Goémez, 2006; Vicente-Manzanares et al., 2009)
and downstream Rho-associated coiled coil-containing kinase
(ROCK), which phosphorylates the myosin regulatory light
chain at Ser19, resulting in myosin-II-mediated contractility of
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GFP
PXN

Heparin
25 ug/mi
LN

1800 sec

Movie4.  PXN-GFP-expressing growth cone on PDL with acute LN stimulation and pretreat-
ment with Heparin. Time-lapse confocal image sequence acquired with a 60X objective with
2.5z00m of a growth cone on PDL expressing PXN-GFP acutely stimulated with LN and heparin.
Thisimage sequence includes the growth cone used to generate kymographs depicted in Figure
3D. Images were captured at 15 s intervals for 5 min before LN stimulation and 30 min after LN
and heparin stimulation. Playback is 7 frames/s.

the actin network. Therefore, to determine how soluble LN influ-
ences RF, TMR-KabC-labeled neurons were first treated with 2
pg/ml heparin, which alone does not significantly change RF.
Interestingly, whereas RF significantly slows in response to sub-
stratum immobilized LN (Fig. 3 F, H), the addition of soluble LN
applied with heparin significantly increased RF (Fig. 3G,H).
Consistent with the activation of RF without increased adhesion,
addition of LN with heparin resulted in a robust retraction of

Figure4.
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many axons (Fig. 3D). To verify that soluble LN leads to down-
stream activation of myosin-II, we repeated the heparin and LN
cotreatment experimental paradigm in the presence of 50 ug/ml
blebbistatin and found that myosin-II inhibition blocked the in-
crease of RF elicited by soluble LN (Fig. 3G). These data suggest
that soluble LN activates actin network contractility. This result is
in sharp contrast to bound LN, suggesting that, without clutching
by point contacts, soluble LN strongly stimulates RF and induces
axon retraction.

Local clutching modulates actin retrograde flow at growth
cone point contacts

Growth cones are more dynamic and motile on LN compared
with PDL and undergo cyclical periods of robust membrane
protrusion and retraction. Leading edge protrusions are sta-
bilized by new adhesion formation (Woo and Gomez, 2006;
Myers et al., 2011; Myers et al., 2011; Santiago-Medina et al.,,
2013), whereas membrane retractions often occur in response
to adhesion disassembly. Therefore, we investigated whether
differences in rates of RF correlate with sites of leading edge
protrusion versus retraction. As predicted, we found that the
rate of RF was significantly slower during membrane protru-
sion (Fig. 4A) compared with a stationary leading edge (Fig.
4B), but significantly faster during leading edge retraction
(Figs. 4C,D). These results suggest that clutching of RF to
point contact adhesions may direct axon outgrowth through
local regulation of protrusion.

Growth cones on LN exhibit more variable RF rates com-
pared with PDL (Fig. 1G), suggesting that local clutching by
point contact adhesions may have a stronger influence on RF
near adhesions. To determine whether RF rates differ near
point contacts, we simultaneously imaged point contact adhe-
sions with PXN-GFP or GFP-dSH2 (Robles and Gémez, 2006)
together with TMR-KabC in Xenopus spinal neurons on
LN (Fig. 4E, Movie 5). F-actin bundles that colocalized with
stable point contacts (>1 min in duration) were used to gen-
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F-actin retrograde flow rates correlate with leading edge protrusion/retraction and is reduced at adhesion sites. A-C, Representative kymographs generated from regions of protruding

(A), stationary (B), and retracting (C) leading edge membrane. Dashed yellow lines indicated calculated example flow rates. Yellow line indicates growth cone leading edge. D, Rate of retrograde
flow (RF) s significantly slower in protruding relative to stationary and retracting membranes (n = 15 growth cones). £, 2D TIRFimage of a growth cone expressing PXN-GFP (green) and labeled with
TMR-Kab( (red). Note the strong TMR-Kab( labeling at the leading edge where F-actin barbed-ends are concentrated. F, G, Kymographs generated from 2 min time-lapse sequences of TMR-KabC
and PXN-GFP double-labeled growth cones using sampling lines over adhesions (F) and off adhesions (G). Horizontal green lines in F represent stable PXN-containing adhesions. H, Average RF rates
over adhesions (n = 38) are significantly slower than off adhesions (n = 25) and compared with randomly sampled (n = 63) RF rates. Scale bar, 5 m. ***p << 0.001; **p < 0.01; *p << 0.05.
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Movie5.

dSH2-GFP- and KahC-labeled growth cone on LN. Time-lapse confocal image sequence acquired with a 60X objective with 2.5 zoom of a growth cone on LN coexpressing dSH2-GFP and

TMR-KabC. This image sequence includes the growth cone depicted in Figure 2£. Images were captured at 15 s intervals for 12.5 min. Playback is 7 frames/s. Scale bar, 5 m.
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Figure 5.

erate “on” point contact kymographs (Fig. 4F). Areas within
the leading edge devoid of point contacts were used to gener-
ate “off” point contact kymographs (Fig. 4G). F-actin bundles
on point contacts showed a significant attenuation of RF ve-
locity relative to F-actin bundles not associated with point
contacts (Fig. 4H ). These data suggest thatleading edge RF can
be locally restrained at point contact adhesions in growth
cones on LN and is not simply regulated as an ensemble con-
tractile actin network.

Because RF can be modulated differentially within growth
cones on homogenous LN, it is possible that changes in the
adhesive substrata encountered by growth cones directs axon
extension through local differences in clutching of RF. To test
this as a possible mechanism of axon guidance, we cultured
neurons on substratum patterns of PDL and LN (Fig. 5A-C),
which we have shown previously promotes growth cone turn-

Homogenous PDL/LN
substratum Border

F-actin retrograde flow is locally regulated within growth cones at PDL/LN substrata borders. A-C, Low-
magnification images of Xenopus spinal cord explants labeled for F-actin using Alexa Fluor 546 —phalloidin (4) cultured on a
patterned substratum of alternating lanes of PDL and LN (B). Borders were visualized using fluorescent (HiLyte 488) LN (green).
Pseudocolored image merge (C) shows strong preference for LN. Scale bar, 50 wm. D, E, High-magnification TIRF image of a
growth cone labeled with TMR-KahC (D) spanning a PDL/LN border (E). LN was-labeled with succinimidyl ester 647 (SE-647). F,
Merged image of TMR-Kab(-labeled growth cone (magenta) spanning the border between LN (green) and PDL (unlabeled) with
representative lines used to generate kymographs. G, Average rates of retrograde flow (RF) in growth cones spanning a PDL/LN
border are significantly faster over PDL compared with LN (n = 27 growth cones). However, differences between LN (n = 15
growth cones) and PDL (n = 10 growth cones) are more dramatic on homogenous substrata (note that RF rates on homogenous
substrata are data duplicated from Fig. 1 for comparison). Scale bar, 5 pm. ***p << 0.001; *p << 0.05.

EPDLELN ing (Gémez et al., 2001). Similar to che-

motropic turning assays, patterned
substrata have been used to elucidate
mechanisms of chemical and mechani-
cal guidance responses (Walter et al.,
1987; Gomez and Letourneau, 1994; Ev-
ans et al., 2007; Knoll et al., 2007; Tre-
loar et al., 2009; San Miguel-Ruiz and
Letourneau, 2014). Xenopus spinal cord
explants were cultured on striped pat-
terns of PDL and LN created using a sil-
icone mask as described previously (San
Miguel-Ruiz and Letourneau, 2014). As
expected, a clear preference for growth
on LN was evident at low magnification
(Fig. 5A—C). Growth cones spanning the
PDL/LN border were loaded with TMR-
KabC and imaged by TIRF microscopy
(Fig. 5D—F). Growth cones were se-
lected if three kymograph lines could be
generated within individual growth
cones partially on each substrata. There-
fore, F-actin RF velocities were com-
pared from individual growth cones
interacting with two distinct substrata (Fig. 5F). Using this
experimental paradigm, we found that RF was significantly
slower within local regions of growth cones on LN compared
with PDL (Fig. 5G). It is interesting that, for growth cones
spanning borders, the average rate of RF on PDL was signifi-
cantly slower compared with homogenous PDL (10.35 * .22
vs 12.11 * 0.23, p < 0.0001). These data suggest that F-actin
clutching can be locally controlled at sites of ECM attachment,
but that clutching of the entire F-actin network also contrib-
utes globally to rates of RF.

Soluble axon guidance cues modulate the rates of F-actin RF

Growth-promoting and growth-inhibiting axon guidance cues
can influence actin polymerization (Vitriol and Zheng, 2012) and
point contact formation (Woo and Gémez, 2006; Myersetal., 2011),
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but it is not known how soluble cues regu-
late RF. We showed previously that, on
LN, brain-derived neurotrophic factor
(BDNF) promotes point contact formation
and enhances neurite outgrowth (Myers
and Gémez, 2011), whereas Semaphorin3A
(Sema3A) had the opposite effect (Woo and
Gomez, 2006; Bechara et al., 2008). There-
fore, we investigated how BDNF and
Sema3A affect RF rates on PDL and LN in
growth cones labeled with TMR-KabC. We
found that treatment with 100 ng/ml BDNF
for 15 min did not significantly affect the RF
rates in growth cones on PDL, but caused
a marked decrease in RF on LN (Fig.
6A—D,M, Movie 6). This effect was ob-
served specifically in the subpopulation of
growth cones that exhibited protrusive re-
sponses to BDNF because unresponsive
growth cones showed little change in RF in
response to BDNF (data not shown). Be-
cause BDNF promotes point contact forma-
tion and strongly enhances axon extension
on LN, but not PDL (Myers et al., 2011),
these data suggest that point-contact-
induced F-actin clutching is a key regulatory
mechanism for attractive growth cone
responses.

In contrast to BDNF, Sema3A is a re-
pulsive axon guidance factor that disrupts

.. . Figure6.
existing growth cone point contacts and
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Solubleaxon guidance cues modulate therates of actinretrograde flow (RF). 4, B, 2D TIRFimages ofa TMR-KahC-labeled growth cone

prevents new point contact formation
(Woo and Goémez, 2006; Bechara et al.,
2008). Therefore, if clutching of RF depends
on point contacts, we expected that RF rates
on LN, but not PDL, will be potentiated in
response to Sema3A treatment. To test this,
we imaged TMR-KabC-labeled growth

on LN before (4) and 15 min after (B) BDNF treatment. Note that this growth cone expands in response to BDNF. €, D, Kymographs generated from 2
min time-lapse sequences of TMR-KabC-labeled growth cones captured before (C) and after (D) BDNF treatment. Dashed yellow lines indicated
clculated example flow rates. E, F, 2D TIRF images of a TMR-KabC-labeled growth cone on PDL before (E) and 15 min after (F) Sema3A treatment.
Note that this growth cone retracts slightly in response to Sema3A treatment. G, H, Kymographs generated from 2 min time-lapse sequences of
TMR-KabC-labeled growth cones captured before (G) and after (H) Sema3A treatment. /,J, 2D TIRF images of a TMR-KabC-labeled growth cone on
LNbefore (/)and 15 minafter (/) Sema3A treatment. Note that this growth coneretractsslightlyin response to Sema3A treatment. K, L, Kymographs
generated from 2 min time-lapse sequences of TMR-KabC-labeled growth cones captured before (K) and after (£) Sema3A treatment. M, BDNF has
little effect on the rate of RF of growth cones on PDL (n = 5 protruding growth cones), but RF significantly slows in growth cones on LN (n = 16
protruding growth cones). Sema3A accelerates RF of growth cones on LN (n = 11 growth cones) moresignificantly compared with growth cones on

cones plated on PDL or LN before and after
treatment with a subcollapsing dose of
Sema3A (400 ng/ml) for 15 min. Growth
cones that stalled in response to Sema3A were analyzed for changes
in RF. At this dose, growth cone morphology was only modestly
altered, indicating that Sema3A did not depolymerize F-actin. In
contrast to the LN-specific effects of BDNF on RF, Sema3A in-
creased RF in growth cones on both PDL (Fig. 6E-H ) and LN (Fig.
61,], Movie 7). However, Sema3A treatment caused a greater in-
crease in RF rates in growth cones on LN (Fig. 6M ). The partial effect
of Sema3A treatment on growth cones on PDL may be due to acti-
vation of both actin polymerization (Jurney et al., 2002) and RhoA-
dependent myosin contraction (Wu et al., 2005; Brown and
Bridgman, 2009). In addition to activation of contraction, the stron-
ger stimulation of RF for growth cones on LN may be due to acute
disruption of point contacts, which would release the clutching
forces normally restraining RF. Therefore, in coordination with
ECM-mediated adhesion, attractive and repulsive axon guid-
ance cues such as BDNF and Sema3A may regulate axon out-
growth and guidance by modulating rates of RF locally.

Axonal growth cones exhibit slower actin retrograde flow

in vivo

Our in vitro assays suggest that clutching leading edge RF may
control neurite outgrowth and guidance within developing

PDL (n = 11 growth cones). Scale bar, 5 rem. ***p << 0.001.

embryos. To begin to investigate the role for RF as a potential
regulator of axon guidance in vivo, we expressed Td-Tomato
tractin, a peptide that specifically binds F-actin (Johnson and
Schell, 2009; Saengsawang et al., 2012), in Rohon—Beard sen-
sory neurons and commissural interneurons within the devel-
oping Xenopus neural tube by targeted blastomere injection
(Fig. 7A). Specific classes of tractin-labeled neurons were
identified via cell body position and axonal projection pat-
terns in the exposed spinal cord preparations (Santiago-
Medina et al., 2012) viewed at low magnification (Fig. 7B).
Growth cones of Rohon-Beard sensory neurons extending
along the dorsal fascicle of the neural tube, as well as growth
cones of commissural interneurons extending ventrally to-
ward the floor plate, were imaged at high speed and resolution
to measure RF (Fig. 7C, Movie 8). Confocal optical sections
were collected at a single focal plane (~700 nm) from growth
cones that remained in focus for the duration of the imaging
sequence, allowing us to track linear movements of GFP-actin
puncta accurately. Quantification of kymographs revealed
that growth cones in vivo exhibit significantly slower RF com-
pared with growth cones cultured on both PDL and LN (Fig.
7D). Although the rate of RF in vivo could be slower due to
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15 min Post BDNF

Movie 6.

captured at 2 s intervals for 2 min. Playback is 7 frames/s. Scale bar, 5 pm.

15 min Post Sema3A

Movie 7.
100X objective of agrowth cone on LN labeled with TMR-KabCacutely stimulated with Sema3A. Growth cones were imaged 5 min
pre-Sema3A and 15 min post-Sema3A. Images were captured at 2 s intervals for 2 min. Playback is 7 frames/s. Scale bar, 5 pm.

reduced myosin-II activity, it is possible that strong F-actin
clutching within the 3D space of the developing embryo con-
tributes to slow RF rates. Clutching of RF in vivo may occur
through growth cone receptor interactions with ECM or cell
adhesion molecule ligands present in the spinal cord (Myers et
al., 2011). We confirmed that RF measurements made in vivo
depend on myosin-II activity by treating embryos with bleb-
bistatin (Fig. 7F—H ), which reduced RF. However, the effects
of blebbistatin on RF in vivo were less pronounced than we
observed on LN in vitro (Fig. 1), which may be due to limited
access to blebbistatin in vivo. Alternatively, adhesion com-
plexes that clutch RF in vivo may also be disrupted by inhibi-

KabC-labeled growth cones on LN with acute BDNF stimulation. Time-lapse TIRF image sequence acquired with a
100X objective of a growth cone on LN labeled with TMR-KabC acutely stimulated with BDNF. Growth cones were imaged 5 min
pre-BDNF and 15 min post-BDNF. This image sequence includes the growth cone depicted in Figure 6, A and B. Images were

KabC-labeled growth cones on LN with acute Sema stimulation. Time-lapse TIRF image sequence acquired with a
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tion of myosin-II, which would oppose
the effects of inhibition of myosin-II
on RF. Td-Tomato tractin was specifi-
cally used in these experiments because
488 nm excitation light photo-inactiv-
ates blebbistatin, precluding use of
GFP-actin.

Discussion

Mechanical forces produced within gro-
wth cones are coordinated by extracellular
factors to guide axon extension (Tyler,
2012; Kerstein et al., 2015). Protrusive
forces are thought to be directed largely by
regulated actin polymerization, but here
we show that modulation of F-actin RF by
clutching to point contact adhesion sites
may be an equally important determinant
for axon outgrowth and guidance (see
Model). Using TMR-KabC and GFP-
actin to measure RF, we show that RF in
growth cones depends on culture substra-
tum and varies inversely with the rate of
outgrowth (Model 1A,B). We find that
RF is slow and variable in highly motile
growth cones on LN and in vivo. The vari-
ability of RF rates locally within individual
growth cones on LN suggests that there is
local modulation of clutching, which we
demonstrate occurs at sites of paxillin-
containing point contact adhesions. Dif-
ferential rates of RF also correlate with
locations of leading edge protrusion and
retraction, suggesting that localized
clutching may regulate axon guidance
(Model 1C,D). Consistent with this no-
tion, we show that local differences in RF
rates occur within growth cones spanning
substratum boundaries. Finally, we show
that soluble axon guidance cues that mod-
ulate point contact adhesion assembly
and disassembly also affect RF rates on
LN, suggesting that axons associated with
ECM in vivo may be guided by local mod-
ulation of F-actin clutching.

Although clutching of RF has been hy-
pothesized as a guiding force for develop-
ing axons (Mitchison and Kirschner,
1988; Suter et al., 1998; Bard et al., 2008;
Shimada et al., 2008; Toriyama et al.,
2013; Garcia et al., 2015), our study
provides the first evidence of clutch-
dependent axon extension and guidance on an ECM substratum.
The clutch hypothesis was initially described by Mitchison and
Kirschner (1988) and has been largely examined for clutching to
cell adhesion molecules (CAMs). In Aplysia growth cones, a local
reduction in RF upon contact with immobilized Aplysia CAM
(apCAM)-coated beads correlates with the targeted invasion of
microtubules from the central domain toward the restrained
bead, suggesting preferential growth in the direction of clutched
RF (Suter et al., 1998). However, due to the slow growth rate of
Aplysia axons, studying the effect of clutching on overall out-
growth or local guidance is limited. In this study, we show that
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clutching to point contact adhesions is
necessary for LN, as well as BDNF- and
Sema3A-induced changes in RF, which
correlates with local protrusion and re-
traction. Similar to apCAM, L1 clutches
and attenuates RF through the adapter
protein shootin to promote axonal out-
growth downstream of Netrin-1 (Shi-
mada et al., 2008; Toriyama et al., 2013).
More recently, local coupling of F-actin to
N-cadherin through a-catenin was found
to clutch RF locally on N-cadherin mi-
cropatterns (Bard etal., 2008; Garcia et al.,
2015). Therefore, it appears that CAM
protein complexes function to link
F-actin and restrain RF to promote axon
outgrowth through distinct adaptor pro-
teins. However, whether integrin-ECM
adhesion complexes use similar mecha-
nisms has not been examined. Although
cell-cell adhesive interactions play key
roles in axon tract formation, pioneering
growth cones often navigate through a
complex ECM (Myers et al., 2011). Im-
mobilized ECM proteins form a rigid sub-
strata that enables traction forces
necessary for force generation (Gardel et
al., 2008; Moore et al., 2009; Koch et al.,
2012; Moore et al., 2012). In addition, pi-
oneering axons secrete matrix metallopro-
teases to remodel their local ECM, making
substratum interactions highly dynamic
(Santiago-Medina et al., 2015). Our study is
the first to show that modulation of clutch-
ing of F-actin RF at point contact adhesions
regulates local protrusion and retraction at
the growth cone leading edge downstream
of permissive and repulsive axon guidance
cues.

Experiments testing the effects of
soluble versus substratum-associated
LN suggest that signaling pathways reg-
ulate growth cone motility downstream
of integrin receptor activation and clus-
tering. Integrin clustering is known to
occur in response to immobilized but
not soluble ligands (Cluzel et al., 2005).
Integrin clustering leads to recruitment
and phosphorylation of adhesion adap-
tor proteins such as paxillin and FAK
(Robles and Gémez, 2006; Myers et al.,
2011). The additional downstream sig-
nals activated by substratum-bound LN
may be due to integrin receptor cluster-
ing that provides “mechanical” activa-
tion of growth cones. It is unclear how
integrin receptor clustering on immobi-
lized LN promotes additional signaling
in growth cones. However, clustered in-
tegrins do activate RhoA and ROCK
(Cluzel et al., 2005), which increases MLC2
phosphorylation at Ser19 (Woo and Go6-
mez, 2006) to promote F-actin contractile
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Figure 7.  Axonal growth cones exhibit slow actin retrograde flow (RF) in vivo. A, Schematic illustrating blastomere
injection of DNA plasmid encoding Td-Tomato tractin targeted to the dorsal spinal cord. Embryos were allowed to develop
to 24 h postfertilization (hpf) before exposing spinal cord for live imaging. B, Low-magnification and contrast stretched
confocal z-series projection showing F-actin-labeled Rohon—Beard neuron (red arrow) and commissural interneuron
(white arrow). An ascending RB axon is tipped by a growth cone (box). Scale bar, 30 wm. €, High-magnification image from
time series used to generate kymographs (yellow line) of growth cone from boxed region in B. Scale bar, 5 yum. D, Rate of
RF in vivo (n = 19 growth cones) is significantly slower than RF rates observed in cultured neurons on PDL and 10 pg/ml
LN. E, F, Kymographs generated from 2 min time-lapse sequences of a tractin-labeled growth cone before (E) and after (F)
inhibition of myosin Il with 50 um blebbistatin. Dashed yellow lines indicated example flow lines used to calculate rates. G,
ztate of RF after blebbistatin treatment is significantly reduced relative to pretreatment and DMSO control media. Scale bar,
10 wm. (¥**p < 0.001).

Td-Tom Tractin

Movie 8.
objective with 2.5 zoom of Xenopus spinal growth cones in vivo expressing Td-Tomato Tractin. Images were captured at 1sintervals
for 74 5. Playback is 7 frames/s.

Td-Tomato Tractin-expressing growth cones in vivo. Time-lapse confocal image sequence acquired with a 60X
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Model 1. Regulation of protrusion through modulation of integrin-dependent F-actin clutching by axon guidance cues. Actin filaments populating the leading edge of growth cones undergo constant
retrograde flow (RF) due to proximal myosin-ll mediated contractile forces (Fy;aqion) and distal actin polymerization, which pushes against the plasma membrane to propel filaments rearward (F oy merization)-
A, In the absence of integrin activation and clustering, the molecular clutch s disengaged and F acion @ Fygiymerizaton drive rapid actin RF. However, even under low clutching conditions, leading edge actin
polymerization can at times exceed RF, resulting in modest forward protrusion (Fqsen) and some forward translocation of the growth cone. B, In the presence of extracellular matrix (ECM) proteins, integrin
receptors areactivated and cluster and recruit adhesome-related adaptor and signaling proteins to form point contact adhesions, which link to actin filaments. Point contact adhesions form aslip clutch with actin
filaments (F, 4nesion), Which restricts RF and generates traction forces (F,,, ,n) 00 the ECM. Integrin activation also increases myosin-ll activity and actin polymerization, which should increase actin RF. However,
faster RF is overcome by point-contact-mediated dlutching, which promotes forward growth cone translocation. €, BDNF increases point contact formation and turnover (Myers and Gomez, 2011) and promotes
actin polymerization, as well as myosin-Il activation (Gehler etal., 2004). However, more point contact adhesions that are rapidly turning over further clutch RF to increase forward protrusion and accelerate axon

outgrowth. D, Sema3A, arepulsive axon guidance cue, promotes the disassembly of point contacts (Woo and Gémez, 2006), which disrupts F-actin clutching to minimize F, g oo and Fyra tion- In addition, Sema3A
activates RhoA and ROCK, resulting in phosphorylation of myosin-Il at Ser19, to increase F ;. yaction (Gallo, 2006). Loss of point contact clutching and increased £ iracion l6ads to strong activation of RF and

subsequent axon stalling and retraction.

forces (Vicente-Manzanares et al, 2009). The RhoA-ROCK-
myosin-1I signaling cascade acts as a feedback control to further
stabilize and mature adhesions in the lamellipodia of migrating cells
(Chrzanowska-Wodnicka and Burridge, 1996; Vicente-Manzanares
et al,, 2009). Interestingly, previous work showed a similar require-
ment of immobilized Netrin and myosin contractile forces in the
activation of FAK and p130-Cas (Moore et al., 2012). Inhibition of
myosin-1I prevented activation of FAK and p130-Cas downstream
of stimulation with substratum-associated Netrin (Moore et al.,
2012). P130-Cas forms a complex with the adaptor molecule Crk to
induce downstream activation of Rho GTPases such as Racl and
Cdc42 (Liu et al, 2007). These data suggest the importance of
mechanosensitive signaling molecules in point contact adhesions.
The early targeting of adaptor proteins to activated and clustered
integrins may promote local myosin-II-mediated F-actin contractile
forces. These mechanical forces may promote further phosphoryla-
tion and clustering of putative mechanosensitive molecules (Moore
et al,, 2010; Ciobanasu et al., 2014). Several molecules that target to
growth cone point contacts have been shown to function as mecha-
nosensors, including talin (del Rio et al., 2009), FAK (Wang et al.,
2001), vinculin (Grashoff et al., 2010), and p130-Cas (Sawada et al.,
2006). These proteins are unfolded by “stretching” of the protein,
which is believed to expose cryptic protein binding and phosphory-

lation sites, leading to further maturation of adhesions (Vicente-
Manzanares et al., 2009; Moore et al., 2010).

In motile growth cones, actin treadmilling is believed to be driven
by both pulling forces from myosin-II-motor-mediated F-actin slid-
ing and pushing forces at the membrane from barbed-end actin
polymerization at the leading edge (Forscher and Smith, 1988; Lin
and Forscher, 1995; Brown and Bridgman, 2003). In contrast, the
distal lamellipodium of migrating, non-neuronal cells lacks myosin
II-mediated contractile forces and RF is largely powered by leading
edge actin polymerization (Ponti et al., 2004; Vicente-Manzanares et
al.,2009). In fibroblasts, myosin-1I islocalized proximal to the lamel-
lipodium within the lamellum region, where it organizes actin and
contributes to RF. However, actomyosin filaments in neuronal
growth cones are not such rigidly organized structures and are much
more dynamic. The unique morphology and dynamics of growth
cones suggest that they possess distinct mechanisms governing trac-
tion forces at the leading edge. Indeed, myosin-II is highly expressed
in the growth cone central domain, transition zone, and, to a lesser
extent, along F-actin bundles in the peripheral domain (Bridgman et
al.,, 2001; Medeiros et al., 2006; Burnette et al., 2008). Our findings
verify the function of myosin-II in the growth cone peripheral do-
main because blebbistatin treatment reduces RF rates at the leading
edge. Together with previous evidence (Bridgman et al., 2001), our
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findings suggest that chemotropic factors could target myosin-II to
regulate RF and direct growth cone motility.

It is important to note that we found that the rates of RF were
only partially reduced by inhibition of myosin-II (Fig. 1H,I).
Moreover, we found that the effects of myosin-II inhibition on
RF rates were greater for growth cones on PDL compared with
LN and compared with growth cones in vivo (Fig. 1I). This dif-
ference may be due to the disruption of point contact adhesions
of growth cones on LN and in vivo by myosin-II inhibition (Woo
and Gémez, 2006), which would balance the loss of myosin-II
motor activity. Interestingly, these data suggest that the rate of
actin polymerization is greater on LN compared with PDL be-
cause the rate of RF is higher on LN compared with PDL under
conditions in which adhesions are lost and myosin-II is inacti-
vated. Heightened actin polymerization on LN is consistent with
integrin-activated signals such as Src/FAK tyrosine kinase signal-
ing (Fig. 3) that can activate Cdc42 and Racl (Woo and Gémez,
2006; Myers et al., 2012).

Local differences in RF rates within growth cones at sites of
point contact adhesions (Fig. 4E-I) suggest that local clutching
can slow RF regionally within the actin filament network. Dis-
continuities of RF correlate with areas of leading edge protrusion
and retraction (Fig. 4A-D), suggesting that localized clutching
may influence the direction of outgrowth. Sites of local protru-
sion are associated with areas of increased actin polymerization
(Mallavarapu and Mitchison, 1999; Krause and Gautreau, 2014),
which is expected to increase RF (Van Goor et al., 2012). There-
fore, our observations of reduced RF at sites of membrane pro-
trusion suggest that clutching forces are highest in protrusive
areas, which is consistent with traction force microscopy showing
elevated traction forces at focal adhesions (Gardel et al., 2008)
and in the direction of cell migration (Munevar et al., 2001).

We have demonstrated previously that soluble axon guidance
cues modulate growth cone motility in part through modulation
of integrin point contact adhesion dynamics (assembly and turn-
over; Woo and Gémez, 2006; Woo et al., 2009; Myers et al., 2011).
Specifically, BDNF promotes axon outgrowth by stimulating ad-
hesion assembly and turnover (Myers et al., 2011), whereas
Sema3A destabilizes adhesions (Woo and Gémez, 2006). Consis-
tent with links between point contact adhesions and RF, we show
here that BDNF slows RF specifically in growth cones on LN (Fig.
6, Model 1C), whereas Sema3A increases RF most robustly in
growth cones on LN (Fig. 6, Model 1D). These results further
imply that soluble cues may affect axon guidance differentially
depending on the cell substratum. Growth cones use a variety of
insoluble protein substrata to support traction forces during
axon extension i1 vivo, including a variety of ECM proteins and
cell adhesion molecules. Actin RF is also restricted through asso-
ciations with cell adhesion molecules such as IgCAM and L1
(Suter et al., 1998; Shimada et al., 2008), which can be regulated
by axon guidance cues. We show here that RF occurs in vivo, but
is slower relative to RF observed on homogenous LN in vitro. The
identity of extracellular substrata and intracellular adaptor pro-
teins is unclear in vivo, but RF rates are closer to those observed
on cell adhesion molecules. It is known that combinatorial activ-
ities of permissive, attractive, and repulsive guidance cues en-
countered simultaneously in vivo are integrated by growth cones
to regulate axon pathfinding behaviors necessary to build com-
plex neural networks (Dudanova and Klein, 2013). Future studies
should attempt to interfere specifically with clutching forces in
vivo to determine whether modulation of RF plays a significant
role in axon pathfinding in vivo.
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