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Local Arp2/3-dependent actin assembly 
modulates applied traction force during 
apCAM adhesion site maturation

ABSTRACT  Homophilic binding of immunoglobulin superfamily molecules such as the Aply-
sia cell adhesion molecule (apCAM) leads to actin filament assembly near nascent adhesion 
sites. Such actin assembly can generate significant localized forces that have not been char-
acterized in the larger context of axon growth and guidance. We used apCAM-coated bead 
substrates applied to the surface of neuronal growth cones to characterize the development 
of forces evoked by varying stiffness of mechanical restraint. Unrestrained bead propulsion 
matched or exceeded rates of retrograde network flow and was dependent on Arp2/3 com-
plex activity. Analysis of growth cone forces applied to beads at low stiffness of restraint re-
vealed switching between two states: frictional coupling to retrograde flow and Arp2/3-de-
pendent propulsion. Stiff mechanical restraint led to formation of an extensive actin cup 
matching the geometric profile of the bead target and forward growth cone translocation; 
pharmacological inhibition of the Arp2/3 complex or Rac attenuated F-actin assembly near 
bead binding sites, decreased the efficacy of growth responses, and blocked accumulation of 
signaling molecules associated with nascent adhesions. These studies introduce a new model 
for regulation of traction force in which local actin assembly forces buffer nascent adhesion 
sites from the mechanical effects of retrograde flow.

INTRODUCTION
Developing neurons extend neuritic processes tipped with motile 
growth cones into the embryonic environment to establish connec-

tivity. As growth cones migrate, extracellular spatial information is 
relayed via transmembrane receptors and cell adhesion molecules 
to intracellular signaling pathways that modulate the cytoskeletal 
dynamics underlying growth cone motility and generation of trac-
tion forces (Lowery and Van Vactor, 2009). In growth cones, actin 
filaments (F-actin) are organized into filopodial bundles and a net-
work of branched filaments, referred to as lamellipodia or actin veils, 
in the peripheral (P) domain (Goldberg and Burmeister, 1986; Lewis 
and Bridgman, 1992) while the central (C) domain contains organ-
elles, microtubules, and nonmuscle myosin II-dependent contractile 
F-actin arcs. These actin arcs form at the base of recycling filopodia 
in the transition zone (T zone) between the P and C domains (Zhang 
et al., 2003). Other F-actin–containing structures termed intrapodia 
form on the “dorsal” plasma membrane and can dynamically ex-
plore the proximal P domain and T zone via spreading waves of 
motility driven by actin polymerization (Forscher et al., 1992; Rochlin 
et al., 1999). While filopodia and lamellipodia increase surface area 
and enable the growth cone to explore its environment, the physi-
ological role intrapodia play in growth cone motility is not well 
understood.
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podial/intrapodial activity for axon outgrowth remains poorly 
understood.

Growth cones of Aplysia bag cells are normally slow growing 
(1–2 μm/h) when plated on polylysine substrates that do not specifi-
cally engage adhesions. However, they exhibit dramatic motile re-
sponses after contacting attractive physiological targets such as 
neurites of other bag cells (Lin and Forscher, 1993) or mechanically 
restrained apCAM beads (Suter et al., 1998). Growth responses to 
apCAM beads have two well-characterized phases: 1) an initial “la-
tency period” that involves clustering of endogenous apCAM, ac-
cumulation of active Src family kinase, and assembly of new actin 
filaments into a cuplike structure around the target site (Lin and 
Forscher, 1993; Thompson et al., 1996; Suter and Forscher, 2001); 
and 2) a later advance period characterized by attenuated retro-
grade actin flow and generation of traction force applied to the ap-
CAM bead that depends on myosin II–dependent contractility of 
actin arc structures (Suter et al., 1998, 2004; Schaefer et al., 2008). 
Vertebrate hippocampal growth cones exhibit similar F-actin accu-
mulation in response to N-cadherin beads, (Lambert et al., 2002; 
Bard et al., 2008). Furthermore, retrograde flow continues at similar 
rates near the target site during the latency period and slows in the 
axis of interaction between the bead and C domain during the ad-
vance period (Lin and Forscher, 1995; Suter et al., 1998; Schaefer 
et  al., 2008). These findings led to the proposal of a “molecular 
clutch” model wherein the rate of advance is inversely proportional 
to the rate of retrograde flow (Suter and Forscher, 2000; Giannone 
et al., 2009).

In this study, we apply apCAM beads to growth cones at variable 
stiffnesses of restraint and show that branched actin assembly at 
apCAM adhesions drives formation and motility of inductopodia 
and reorientation of force from tractive to propulsive mode. Arp2/3 
and Rac activity are required for building an extensive F-actin struc-
ture during the latency period and for growth responses to apCAM 
targets. Site-directed actin assembly adds a new force component 
to the traditional molecular clutch model that can buffer nascent 
adhesions from the normal mechanical drag of retrograde flow dur-
ing adhesion site maturation.

RESULTS
Inductopodial movement is driven by Arp2/3-dependent 
actin assembly
To study site-directed actin assembly evoked by apCAM, we used 
800 nm silica beads functionalized with an antibody (4E8) that spe-
cifically binds the extracellular domain of apCAM. A suspension of 
4E8 beads was applied to growth cones; 4E8 beads landed ran-
domly on the P domain and their unrestrained motion was recorded 
by differential interference contrast microscopy (DIC) time-lapse im-
aging (Figure 1). Most beads that landed on the P domain coupled 
to retrograde flow and were carried centripetally toward the C do-
main; however, some beads formed inductopodia and moved in 
other directions (Figure 1B and Supplemental Movie 1). In agree-
ment with our previous findings, (Forscher et al., 1992), inductopo-
dial tails contained F-actin (Figure 1, B–C). Costaining with an anti-
body for the Arp2/3 complex (anti-p34Arc/ARPC2; Machesky et al., 
1997) showed punctate labeling of actin tails (Figure 1C), prompting 
further investigation into the role of the Arp2/3 complex in inducto-
podial motility.

Site-directed actin assembly can propel beads associated with 
inductopodia: 1) against retrograde flow toward the leading edge, 
2) laterally across the P domain, or 3) toward the C domain at veloci-
ties that can exceed retrograde flow (Forscher et  al., 1992). To 
directly test a role for Arp2/3 activity in propulsive motility, we 

The life cycle of actin filaments is defined by stereotyped events 
in space and time within the growth cone. Actin polymerization pref-
erentially occurs in a band at the leading edge, with some polymer-
ization distributed throughout the P domain, while depolymeriza-
tion is distributed throughout the growth cone (Yang et al., 2012). 
Formation of new actin filaments from monomers is unfavorable 
unless actin-nucleating proteins such as the Arp2/3 complex (here-
after referred to as “Arp2/3”) and nucleation-promoting factors 
(NPFs) are present (Pollard and Cooper, 1986; Campellone and 
Welch, 2010). Pharmacological inhibition of Arp2/3 nucleation activ-
ity in growth cones decreases filament density at the leading edge, 
the integrity of actin veils, and activity of intrapodia (Yang et  al., 
2012). The combination of leading-edge polymerization, nonmuscle 
myosin II contractility in the T zone and ADF/cofilin-dependent actin 
turnover leads to the steady-state treadmilling of actin polymer in 
the P domain, a process commonly referred to as “retrograde actin 
flow” (Lin et al., 1997; Medeiros et al., 2006; Ohashi et al., 2011; 
Flynn et al., 2012; Van Goor et al., 2012). Arp 2/3 nucleation is spa-
tially regulated by the NPF Scar/WASP-family verprolin-homologous 
protein (WAVE) regulatory complex (WRC), the small GTPase Rac, 
and acidic phospholipids (Lebensohn and Kirschner, 2009); Rac sig-
naling is known to be important for guided neurite outgrowth (Yuan 
et al., 2003; Woo and Gomez, 2006; Tahirovic et al., 2010).

The relationship between cytoskeletal dynamics, adhesion, and 
cell migration has been assessed in various contexts. Growth cones 
and crawling cells such as keratocytes exert distributed traction 
forces through lamellipodial adhesions when migrating on two-di-
mensional surfaces (Lee et  al., 1994; Bard et  al., 2008; Fournier 
et al., 2010; Hyland et al., 2014; Nichol et al., 2016). Vertebrate cell 
adhesion molecules (CAMs) involved in neuronal adhesion, out-
growth and fasciculation include the N-cadherins and the immuno-
globulin superfamily of CAMs (IgCAMs) (Maness and Schachner, 
2007). Among the IgCAMs expressed in the nervous system are 
N-CAM; L-1, which interacts with the cytoskeletal adapter ezrin and 
Src-family kinases (Walsh and Doherty, 1997; Bard et  al., 2008; 
Sakurai et al., 2008); and the Aplysia homologue apCAM. We re-
cently characterized mechanical properties of nascent apCAM ad-
hesions forming at optically trapped beads applied to the P do-
main of Aplysia bag cell growth cones (Mejean et al., 2013). Release 
of beads from traps reveals stochastic switching between states 
dominated by: 1) simple viscous drag or 2) elastic coupling to flow, 
characterized by an elastic length scale of up to 1 μM and elastic 
modulus in the range of 45–350 Pa, consistent with an actin poly-
mer network bearing traction forces. In some cases, a third state is 
observed, in which restrained or unrestrained beads are associated 
with short bursts or sustained episodes of site-directed actin as-
sembly. Sustained actin polymerization results in formation of actin 
tails that propel beads on the growth cone surface (Forscher et al., 
1992; Thompson et al., 1996). The comet-like shape and motility of 
these “inductopodia” are reminiscent of the rocketing motility of 
intracellular pathogens such as Listeria (Welch et  al., 1997) or 
beads coated with actin nucleation-promoting factors in cell-free 
assays (Loisel et  al., 1999; van Oudenaarden and Theriot, 1999; 
Yarar et al., 1999), both of which use branched actin network as-
sembly for forward propulsion. Inductopodial movement in growth 
cones is driven by local actin assembly, since acute wash-in of the 
barbed-end capping agent cytochalasin results in immediate arrest 
of actin tail/inductopodial lengthening and resumption of flow-
coupling (Forscher et  al., 1992). In some cases, when assembly 
matches the rate of retrograde flow and is in the opposite direc-
tion, there is little net bead movement; if assembly stops, the bead 
resumes flow coupling. The physiological significance of inducto-
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recorded 4E8 bead movements under con-
trol conditions or after inhibition of Arp2/3 
activity and tracked their trajectories using 
a custom Matlab program. Tracks of 4E8 
beads over a 25 min period under control 
conditions are shown in Figure 1D and the 
left panel of Supplemental Movie 2. While 
most of the bead tracks aligned with retro-
grade actin flow, some beads exhibited 
bouts of inductopodial motility, resulting in 
deviations from simple centripetal flow tra-
jectories (e.g., arrow and dotted white line 
in Figure 1D). To test whether the nucleat-
ing activity of the Arp2/3 complex is re-
quired for this actin assembly–driven motil-
ity, we used the small molecule inhibitor 
CK-666, a specific small-molecule inhibitor 
of Arp2/3 (Nolen et  al., 2009) employed 
previously in Aplysia growth cones (Yang 
et  al., 2012). CK666 (50 μM) was applied 
to the same growth cone as in Figure 1D 
for 15 min before 4E8 beads + CK666 
were washed in and motility recorded. Un-
like control tracks, which exhibited a mixture 
of trajectories, all track trajectories in CK666 
aligned with centripetal flow (Figure 1E and 
right side of Supplemental Movie 2).

To quantify motility, it was necessary to 
distinguish between beads in flow-coupled 
versus inductopodium-driven states. To this 
end, we used thresholds for bead-velocity 
angle and speed to extract flow-coupled ve-
locities, then generated retrograde flow–ve-
locity maps for each growth cone (Figure 1, D 
and E, insets; also Supplemental Figure 1A 
and Supplemental Methods). This flow ex-
traction approach was validated by compar-
ing flow maps of 4E8 beads, which exhibit 
both flow-coupled and actin assembly–
driven movement, with those of ConA beads, 
which exhibit only flow-coupled movement 

FIGURE 1:  Site-directed actin assembly drives inductopodial motility and requires Arp2/3 
complex activity. (A) Inductopodia are induced by unrestrained beads derivatized with anti-
apCAM (4E8) antibody landing on the growth cone. Growth cone domains: P, P domain; T, T 
zone; C, C domain. (B) DIC image (left, cf. Supplemental Movie 1) taken immediately before 
fixation and confocal phalloidin-stained fluorescent image (right) showing the actin tail of an 
inductopodium (bracket and green arrow; bead positions in B and C: green circles). Direction of 
inductopodial movement is indicated by white arrow. (C) Multiple inductopodia with F-actin 
visualized with phalloidin (left) and Arp2/3 complex with p34Arc antibody (right). (D) 4E8 beads 
were applied to a growth cone in control conditions (cf. Supplemental Movie 2). Arbitrarily 
colored bead tracks are shown superimposed over DIC image of the growth cone. Scale bar: 
5 μm. Inset, Retrograde flow shown as a color map of flow speed |vflow| calculated from 
flow-coupled beads only, with arrows indicating flow direction. (E) Bead tracks for the same 
growth cone in the presence of 50 μM CK666 (cf. Supplemental Movie 2). Inset, Map of |vflow| in 
50 μM CK666. (F) Bead-velocity classification scheme. Beads are classified as being flow coupled 
when the flow-subtracted bead/inductopodial speed |vind| is below a threshold of 2 μm/min 
(blue), or when |vind| is above threshold, as retrograde, lateral, or anterograde (purple, yellow, or 
green, respectively) according to flow-subtracted bead-velocity angles relative to flow, θrel (light 
blue arrow). The latter three classifications can be grouped into a nonflow or “propulsive” 
velocity classification category (red). (G) Track corresponding to the dotted white track indicated 
by arrow in D with color coding for classified motility states. Local flow direction is indicated by 
black arrows. Scale bar: 1 μm. (H) Plot of observed positions, bead velocities (white arrows), and 
flow-corrected velocities (red arrows) of the initial portion of the track (orange box in G) shown 
at 5 s intervals with color-coded motility classification (circles). Velocities are also color coded: 
flow velocity vflow in black, uncorrected bead velocity vtot in white, and flow-corrected bead/
inductopodial velocity vind in red. Scale bar: 1 μm. (I) Kinematic analysis of bead track shown in 
G and H. Kymograph of bead position relative to leading edge (dotted line) vs. time (top panel) 
showing color-coded motility states, with retrograde flow (solid black lines); velocity vs. time 

graph (bottom panel) with uncorrected 
(white) and flow-corrected (red) speed traces. 
(J) The P domain of each growth cone was 
subdivided into four annular zones for 
analysis of motility (cf. Supplemental Figure 
S1). Probabilities of the four velocity states in 
the front one-fourth (zone 1) or rear 
three-fourths (zones 2/3/4) of the P domain 
of the growth cone in D and E are shown as 
stacked histograms in control vs. 50 μM 
CK666 conditions. (K) Changes in flow-
coupled (blue) vs. propulsive (red) state 
probabilities resulting from Arp2/3 complex 
inhibition are shown for multiple growth 
cones. Each line represents paired 
probabilities for control vs. CK666; solid lines, 
experiments in which [CK666] = 50 μM; 
dashed lines, [CK666] = 20 μM. ngc = 9 paired 
growth cones; total number of beads nb = 
592 (control), 247 (20 mM CK-666), and 342 
(50 mM CK 666).
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bead application, forces applied by the growth cone were initially 
negligible. After ∼2.5 min of optical restraint, traction force on the 
bead increased (Figure 2, D and F, cf. Supplemental Movie 5) and 
then returned to near zero (Figure 2D, asterisk). Interestingly, small 
DIC-refractive structures consistent with bursts of actin assembly 
were observed near the bead coincident with force reduction (white 
arrowheads). Later, retrograde forces again increased (Figure 2Dii); 
this was followed by forces reorienting to an anterograde direction 
and formation of a DIC-refractive inductopodium/tail behind the 
bead (Figure 2Diii, bracket). Outward forces associated with actin 
tail formation matched the maximal trapping force threshold of ∼30 
pN, propelling the bead toward the leading edge for a period of 
∼1.5 min (Figure 2Diii). For the rest of the recording, force magni-
tude and direction continued to fluctuate (Figure 2Div), until the 
bead became coupled to retrograde flow and was pulled consis-
tently toward the C domain (Figure 2Div and Supplemental Movie 5, 
asterisk). To further characterize these events, we classified apCAM 
bead forces >5 pN as anterograde or retrograde according to their 
orientation (Figure 2, E and F) and plotted all force measurements 
using polar coordinates (Figure 2G). Under control conditions, a 
broad distribution of angular trajectories was observed as a result of 
the generally random nature of inductopodium-based bead propul-
sion (Forscher et al., 1992; Thompson et al., 1996; Figure 2, G and 
M). These results show that the net cellular force applied to apCAM 
beads fluctuates in magnitude and direction as a function of local 
actin polymerization dynamics.

Inductopodial motility was dependent on Arp2/3 activity (Figure 
1); thus we investigated whether propulsive forces were Arp2/3 de-
pendent as well. Following the control experiment above, the same 
growth cone was treated with 20 μM CK666 and a second optically 
restrained apCAM bead was applied (Figure 2, H–J, and Supple-
mental Movie 6). Traction forces were now consistently oriented in 
the direction of retrograde flow, and force reorientations to antero-
grade were absent. Under these conditions, no actin tail structures 
were observed (compare Figure 2H with Figure 2B). Washout of CK-
666 into a solution containing the inactive drug analogue (CK869) 
resulted in reappearance of actin tail structures near apCAM beads 
and resumption of dynamic fluctuations in force amplitude and di-
rection (Figure 2, K–M, and Supplemental Movie 7). Similar Arp2/3-
dependent propulsive force measurements are shown for another 
growth cone in Supplemental Figure 2. Together these data strongly 
suggest that local Arp2/3-dependent actin assembly at apCAM 
bead binding sites leads to production of propulsive forces associ-
ated with inductopodial activity. Subsequently propulsive forces re-
orient and convert to traction as the bead again becomes coupled 
to flow.

An extensive F-actin cup forms in response to stiffly 
restrained apCAM beads
The limited stiffness regime of optical trapping is not sufficient to 
elicit full-blown growth responses; stiffer restraint is required to re-
sist the strong (>1 nN) forces generated during neurite elongation 
(Dennerll et al., 1989) and generate larger actin structures at the 
apCAM bead (Suter et al., 1998). To this end, we employed larger 
beads (5 μm diameter) restrained with a glass needle (Figure 3A), as 
previously described (Suter et al., 1998). We have referred to this 
approach as the “RBI” (restrained bead interaction) assay; here we 
will refer to these responses simply as “evoked growth.” We ap-
plied known external loads to measure the spring constant κ of 
glass needles, which was approximately 18 μN/μm. A typical ap-
CAM bead–evoked growth response is shown in Figure 3, B and C, 
and Supplemental Movie 8. The growth cone C domain (dotted line 

and do not form inductopodia, despite the continued presence of 
intrapodia (Supplemental Figure 1, B and C). Inductopodial velocities 
(vind) over time were calculated by subtracting retrograde flow veloci-
ties (vflow) from total bead velocities (vtot); then motility states were 
classified and color coded (Figure 1F). Analysis of the bead track indi-
cated by the dashed white line in Figure 1D (arrow) is shown in Figure 
1, G–I, and Supplemental Movie 3. Under control conditions, beads 
often switched between flow-coupled states (blue) and propulsive 
states, exhibiting sustained bouts of anterograde (green) or lateral 
(yellow) movement (Supplemental Movie 3). Initially, the bead pas-
sively couples to flow (blue). Total bead velocity (Figure 1H, white 
vectors) was similar to the local flow velocity (black vectors) and vind 
was low (red vectors). Subsequently the bead transitioned to an active 
motile state, moving first laterally (yellow) and then toward the lead-
ing edge (green). As the bead moved laterally and deviated from the 
local flow trajectory, vtot slowed and vind continued to increase, even-
tually matching and exceeding local retrograde flow and resulting in 
net movement toward the leading edge. Note the continued pres-
ence of an actin tail in Supplemental Movies 2 and 3 associated with 
propulsive behavior. Finally, the bead became coupled to retrograde 
flow again and moved toward the transition zone (Figure 1, G and I, 
blue). Motility classifications for all tracked beads under control condi-
tions are depicted in the left panel of Supplemental Movie 4. After 
Arp2/3 inhibition with CK666, beads exhibited predominantly flow-
coupled motility, and sustained bouts of anterograde movement 
were absent in the P domain (Supplemental Movie 4, right panel).

We analyzed the probability of each classified motile state in the 
growth cone from Figure 2, A and B, as a function of its location 
(zones in Figure 1F) and Arp2/3 activity. The probability of observing 
non–flow coupled anterograde or lateral motility, that is, inductopo-
dial movement, was highest in the most distal region (zone 1) under 
control conditions. Arp2/3 complex inhibition strongly decreased 
the probability of observing inductopodia (Figure 1J). Comparing 
inductopodial motility in control versus Arp2/3 inhibition with 20 or 
50 μM CK666 in multiple growth cones revealed significantly re-
duced probability of active motility in zone 1, with a corresponding 
increase in flow-coupling probability (Figure 1K). Motility in the 
more proximal zones 2/3/4 did not exhibit a clear trend. Thus induc-
topodial formation and speed (vind) are dependent on branched 
actin network polymerization. These results suggest Arp2/3-depen-
dent F-actin assembly is generating forces that drive inductopo-
dium-based bead motility, particularly toward the leading edge in 
opposition to retrograde flow.

Forces associated with actin assembly near nascent apCAM 
adhesion sites depend on Arp2/3 complex activity
To measure forces generated by inductopodia, we used optical 
trapping, also referred to as optical tweezers, to apply and restrain 
apCAM beads and induce actin tail formation (Figure 2A). This tech-
nique provides low stiffness of restraint and force readout in the 
10–70 pN/μm range (Block et al., 1989). After initial small fluctua-
tions in the trap, likely reflecting transient coupling to flow, an induc-
topodium formed, and eventually the bead moved past the trap 
(Figure 2B). At this point, the cell was fixed and stained with phal-
loidin. As expected, the inductopodium evoked by optical restraint 
contained F-actin (Figure 2B, green arrow). To analyze the mechani-
cal effects of site-directed actin assembly, we measured force devel-
opment over time using closed-loop feedback that iteratively ad-
justs trap position to provide continuous force readout up to a 
maximum force threshold (Mejean et  al., 2013). Cell-generated 
forces are plotted as color-coded vectors in the time-lapse image 
montages in Figure 2 and Supplemental Movies 5–7. Upon apCAM 
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in Figure 3C) and leading edge remained 
largely unchanged in shape during the initial 
latency period, which lasted 6 min. During 
this time, intrapodia (Rochlin et  al., 1999) 
could be observed to propagate from the 
transition zone outward into the P domain 
(Figure 3B, arrow). In some cases, obvious 
actin tail-like structures formed on the proxi-
mal side of restrained beads (Figure 3C, 
green arrowheads). Actin tails were quite 
dynamic and often transient during the la-
tency. Transition from the latency to the ad-
vance period was characterized by rapid 
advance of the central organelle-rich do-
main toward the restrained bead target 
(Figure 3C, right, and Supplemental Movie 
8). Note that, after the 6.5 min time point, 
the leading edge of the P domain started to 
advance in front of the bead target (Figure 
3C, white arrows).

For characterization of the structure of 
the nascent apCAM adhesion site, growth 
cones were fixed during the latency period, 
and actin filament structure was visualized 
by phalloidin labeling (Figure 3D, right 
panel). A remarkably dense actin filament 
network was associated with the side of the 
bead, and a tail-like actin projection ex-
tended proximally (green arrow). The bot-
tom panel of Figure 3D is a y-z projection of 
the same field; note that the actin filament 
structure associated with the bead has a ver-
tical dimension similar to the 5 μm bead and 
is an order of magnitude thicker than the 
nearby P domain. Three-dimensional (3D) 
reconstruction revealed the actin filament 
structure associated with the bead is cup 
shaped, conforming to the spherical shape 
of the apCAM coated bead (Supplemental 
Movie 9) and that the proximal actin filament 

FIGURE 2:  Analysis of Arp2/3-dependent forces during apCAM adhesion formation using 
optical trapping. (A) Schematic of optical trapping approach to apply apCAM-coated beads. 
(B) DIC image (left) taken immediately before fixation and confocal phalloidin-stained fluorescent 
image (right) showing the actin tail of an inductopodium (green arrow) at an optically restrained 
bead. The direction of inductopodial movement is indicated by white arrow. Scale bar: 5 μm. 
(C) DIC image of growth cone at beginning of experiment (cf. Supplemental Movie 5). 
Retrograde and anterograde directions are noted and apply to subsequent panels. (D) Time 
montages of force vectors overlaid on DIC images from Supplemental Movie 5, control 
sequence. Each sequence corresponds to time periods highlighted in yellow in F denoted by 
roman numerals. The montage frames are displayed at 1 s intervals progressing downward in Di 
and Dii, and at 5 s intervals in Diii and Div. Asterisk in panel Di denotes breakage when the bead 
snapped to the center of the trap; white arrowheads, actin structure detaching from bead with 
flow. Bracket in Diii indicates inductopodium/tail. Asterisk in Div denotes protrusive advance of 
intrapodium in front of the bead as it becomes stably coupled to flow. (E) Scheme showing 
classification of forces (low, anterograde, retrograde) and color coding for subsequent panels. 
Force vector angles (θ) are relative to retrograde flow, defined as 0°; force vectors with 
magnitudes below a threshold of 5 pN (of all vector angles) are classified as low (gray). Force 
vectors with magnitudes > 5 pN are classified as anterograde (90° < θ < 270°, green) or 
retrograde (270° < θ < 90°; purple). (F) Force magnitude vs. time plot in control, color coded 

according to classification in E. (G) Polar plot 
distribution of force vector angles (θ) and 
magnitude (in pN) from the entire control 
recording. (H) Time montages of force 
vectors/DIC images in Arp2/3-inhibited 
(20 μM CK666) conditions (cf. Supplemental 
Movie 6). Each sequence (v, vi, vii, shown at 
1 s intervals) corresponds to time periods 
highlighted in yellow. (I) Force magnitude vs. 
time plot in 20 μM CK666. (J) Polar plot 
distribution of force vectors in 20 μM CK666. 
(K) Time montage of force vectors/DIC 
images in the inactive analogue CK689 
(20 μM; cf. Supplemental Movie 7). Time 
montage of 1 s (vii) and 5 s (ix) intervals 
corresponding to yellow highlighted areas of 
L. Asterisk, continued inductopodial 
protrusion during coupling. (L) Force vs. time 
plot of 20 μM CK869 recording. (M) Polar 
plot distribution of force vectors in 20 μM 
CK689. Scale bars (B, C, D, H, and K): 5 μm.
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“tail” extends from the bead into the transi-
tion zone (Figure 3D, arrow). Actin tail for-
mation during the latency and associated 
bead propulsion has been correlated with 
longer latency periods during RBI experi-
ments (Suter et al., 1998). We confirmed the 
presence of Arp2/3 complex in the actin cup 
by immunostaining (Figure 3H, top right 
panel); the Arp 2/3 complex displayed much 
higher intensity near the bead than any-
where else, including the leading edge. 
These results suggest that Arp2/3 nucle-
ation of branched actin filaments is involved 
in actin cup formation during the latency 
period.

Arp2/3 activity is required for actin cup 
generation during apCAM-evoked 
growth responses
To investigate a role for Arp2/3 complex 
activity in evoked growth, we challenged 
growth cones with needle-restrained ap-
CAM beads in various Arp2/3 backgrounds. 
The top row of Figure 3E shows the begin-
ning (0 min) and end (6.25 min) of an ap-
CAM-evoked growth response under control 
conditions; the latency period was 5 min, 
and the advance phase was 1.25 min, during 
which time the P domain advanced distal to 
the bead (Figure 3E, arrow). After a recovery 
period, cells were pretreated with 50 μM 
CK666 for 20 min, and then a second re-
strained bead was applied to the same 
growth cone (Figure 3E, bottom row). There 
was no evidence of C- or P-domain advance 
observed during the 12 min test period—
more than double the duration of the latency 
period observed in the control. Supplemen-
tal Figure 3A shows C-domain boundaries 
for multiple growth cones under control con-
ditions (left), in the presence of an inactive 
CK666 analogue (CK689; center), and dur-
ing Arp2/3 inhibition by CK666 (right). Note 
the absence of C-domain narrowing and ad-
vance toward the apCAM bead in CK666. 

FIGURE 3:  (A) Schematic of evoked growth assay elicited using stiff restraint of apCAM bead 
with glass needle. (B) DIC image taken from the beginning of evoked growth assay 
(cf. Supplemental Movie 8) showing 5 μm apCAM-functionalized bead being restrained by a 
glass needle. White arrow, intrapodium extending in the P domain. (C) Time montage of 
apCAM-evoked growth response of growth cone in B. Red dashed line outlines the shape of the 
C-domain; arrowheads indicate site-directed actin cup; dotted white line indicates original 
extent of P domain. Forward protrusion of P domain toward end of advance period is indicated 
by white arrow in front of bead. (D) F-actin accumulation at restrained apCAM target site. A 
growth cone was fixed at the end of the latency period (DIC, left panel) and stained with 
phalloidin (average projection of confocal z-stack, right panel; cf. Supplemental Movie 9). 
Bottom, y-z view of 3D confocal reconstruction taken from Supplemental Movie 9 showing 
height of F-actin cup in relation to 5 μm bead (outlined by dashed green circle). (E) CK-666 
blocks apCAM-evoked growth. Top row, DIC images of the same growth cone in control 
conditions at the beginning (0 min) and end (6.25 min) of the evoked growth response. Bottom 
row, the same growth cone in the presence of 50 mM CK666 Arp2/3 inhibitor, at the beginning 
(0 min) and end (12 min) of the recording. Red dashed line indicates outline of the C domain. 
Scale bar: 5 μm. (F) Pictogram of evoked growth response times. Responses of individual growth 
cones in different conditions are shown in horizontally aligned groups showing the control 

latency (blue diamonds) and latency in 50 μM 
CK666 (filled red squares); for experiments in 
which no C-domain targeting or peripheral 
advance was observed, the length of the 
recording is noted (empty squares with 
arrows). A subset of growth cones were also 
challenged with restrained apCAM beads in 
the presence of the inactive analogue CK689 
(green triangles). (G) The data from F are 
shown normalized to control latency times. 
(H) F-actin and Arp2/3 complex localization in 
control (top row) vs. 50 μM CK666 (bottom 
row). Growth cones were fixed at 0.5× 
latency and stained for F-actin with phalloidin 
(left panels) or Arp2/3 complex (right panels, 
anti Arp-3).
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ing force during the latency period increases Rac protein recruit-
ment to apCAM–bead interaction sites. It should be noted that un-
restrained beads are in the P domain for only ∼3 min before being 
cleared by retrograde flow; thus they do not have as long to interact 
with the grown cone as restrained beads. On the basis of these find-
ings, we further investigated the role of Rac activity in apCAM-
evoked neurite growth.

Rac activity is required for apCAM-evoked growth
To address the role of Rac signaling, we assessed the kinetics of 
apCAM bead interactions under control conditions and in the pres-
ence of NSC23766, a small-molecule inhibitor that disrupts Rac in-
teractions with GEFs Tiam1 and Trio (Gao et al., 2004). Figure 4D 
shows a growth cone at the beginning (0 min) and completion 
(5 min) of a control growth response with a latency phase of 2.9 min. 
After incubation with 100 μM NSC23766, apCAM beads became 
coupled to retrograde flow; however, no advance of the C (red 
dashed line) or P domains was observed during 6.9 min of bead re-
straint, which is more than twice the control latency time (Figure 4D, 
bottom row). Although growth cone retrograde flow and morphol-
ogy were not perturbed by Rac inhibition, consistent with observa-
tions of growth cones injected with dominant negative Rac (Zhang 
et al., 2003), evoked growth responses were strongly suppressed 
(Figure 4, E and F, and Supplemental Figure 3B). In 22 out of 25 tri-
als, the growth response was delayed or absent after Rac inhibition. 
In NSC23766, no growth cones responded faster than controls, and 
less than 30% of growth cones responded in two to three times the 
normalized latency period (Table 1). Similar results were obtained 
with EHT 1864, a biochemically distinct Rac inhibitor that displaces 
GTP and inhibits nucleotide exchange (Shutes et al., 2007; Table 1). 
These results demonstrate a requirement for Rac activity during 
growth responses to apCAM substrates.

To test whether Rac activity is required for formation of the F-actin 
cup around restrained apCAM beads, we compared F-actin levels in 
growth cones fixed during the latency period under control condi-
tions or in the presence of NSC-23766 (Figure 4G). Site-directed ac-
tin assembly near the bead binding site (Figure 4G, top left) was 
strikingly absent after Rac inhibition (Figure 4G, bottom left). Similar 
results were observed using EHT 1864 (unpublished data). Active Rac 
targets to the plasma membrane, where it can activate Arp2/3 via 
binding WRC (Lebensohn and Kirschner, 2009). We found that Rac 
inhibition blocked accumulation of both Rac and WRC at restrained 
apCAM beads (Figure 4G, center and right columns). Thus Rac activ-
ity plays an instructive role at the apCAM adhesion to activate WAVE 
and Arp2/3 to build the actin cup during the latency period.

DISCUSSION
Mechanistic scenarios for apCAM bead targets interacting with ret-
rograde actin flow are shown in Figure 5. When an unrestrained 

Figure 3F is a latency period plot for multiple individual growth cones 
under control conditions (blue diamonds) or CK689 (green triangles). 
After Arp2/3 inhibition with CK666, no targeting response/advance 
was observed by the times indicated (red open squares) for the ma-
jority of trials; in the other cases observed, the latency period was 
longer (filled squares). Normalizing responses to the control latency 
period (Figure 3G) shows that while latencies in inactive CK869 were 
similar to control, most growth cones failed to mount growth re-
sponses in CK-666, even when bead restraint times were extended 
to more than twice the control latency period. Beads released from 
restraint in CK-666 conditions immediately coupled to retrograde 
flow (unpublished data), indicating drug treatment did not interfere 
with apCAM binding. The probability of growth responses at various 
latency times under the various treatment conditions used are sum-
marized in Table 1.

In parallel experiments, we investigated the effects of Arp2/3 
inhibition on Arp2/3 complex distribution and actin structure near 
restrained bead binding sites by fixing growth cones at the end of 
the latency period and using retrospective immunocytochemistry. 
Normal accumulation of F-actin near the bead binding site (Figure 
3H, top left panel) was strongly suppressed in the presence of 
50 mM CK666 (bottom left panels). Similarly, CK666 blocked accu-
mulation of Arp2/3 complex (Figure 3H, compare top and bottom 
right panels).

Rac is enriched at apCAM target sites
Given the presence of Arp2/3 and actin networks at apCAM beads 
and the well-known roles of Rho GTPase family proteins in subcel-
lular control of F-actin structures, we investigated whether Rho, Rac, 
and Cdc42 accumulate near bead target sites during the latency 
period. High levels of Rac immunofluorescence were observed near 
restrained beads, consistent with a possible role for Rac in actin cup 
formation (Figure 4A). In contrast, Rho protein was observed pre-
dominantly in the C domain but did not appear to be enriched at 
bead target sites. Similarly, Cdc42 protein did not exhibit accumula-
tion at target beads during the latency (Figure 4A).

Actin polymerization occurs near the target site early in the la-
tency period. For testing whether Rac activity is important for this 
process, apCAM beads were applied to growth cones, and the neu-
rons were fixed early in the latency period after 1–3 min of bead 
restraint. Unrestrained apCAM beads that underwent retrograde 
movement were used as force-free controls. For assessing local Rac 
protein enrichment and account for path length differences, which 
can vary by more than an order of magnitude (Grzywa et al., 2006), 
Rac intensities were divided by that of a fixable fluorescent dextran 
volume marker, and local enrichment was quantified relative to non-
bead areas in the P domain. Rac enrichment was ∼30% higher at 
restrained bead sites when compared with unrestrained control 
beads (Figure 4C). These results suggest that application of restrain-

Normalized time (t)

Perturbation 1.0× 1.5× 2.0× 2.5× 3.0× 3.5×

50 μM CK666 0% (n = 13) 0% (n = 13) 8% (n = 13) 17% (n = 12) 25% (n = 12)

100 μM CK689 38% (n = 8) 100% (n = 8)

100 μM NSC23766 0% (n = 25) 13% (n = 24) 16% (n = 19) 21% (n = 14) 30% (n = 10) 44% (n = 9)

5 μM EHT 1864 12% (n = 17) 25% (n = 17) 53% (n = 17) 59% (n = 17) 59% (n = 17)

Each column indicates normalized time (t). Responses are noted as probability at normalized time, P(t) (see Materials and Methods).

TABLE 1:  Inhibition of apCAM-evoked growth responses in the presence of Arp2/3 or Rac inhibition.
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creased bead–membrane contact area. 
Classical integrin adhesions have been ob-
served to undergo similar rotational mo-
ment under contractile stress in fibroblasts 
(Legant et al., 2013). An interesting conse-
quence of the increased contact area is that 
local actin assembly will also be spatially bi-
ased, later resulting in propulsion of beads 
in the opposite direction with respect to 
retrograde flow (green arrow, Figure 5iii) 
through a thermal ratchet mechanism 
(Peskin et al., 1993). This is consistent with 
previous observations of a directional bias 
in inductopodial formation during restrained 
apCAM bead–target interactions (Suter 
et  al., 1998) and our observation that the 
highest probability of propulsive movement 
is in the anterograde direction (Figure 1J). 
Thus viscoelastic coupling to retrograde 
flow promotes symmetry breaking and a 
sense of directionality to the nascent adhe-
sion. One emergent theme from studies of 
cell migration is the “chemical compass” 
(Weiner, 2002), in which locally regulated 
molecular activities/states provide “front” 
versus “back” cell polarization during mi-
gration in response to gradients of extracel-
lular chemokines. We propose that, by bi-
asing actin assembly toward the proximal 
bead surface (Figure 5, ii and iii), retrograde 
flow acts as a kind of “mechanical com-
pass” that informs the nascent adhesion of 
directionality.

The above direction sensing leads the 
anterograde bias of inductopodial propul-
sion we observed (Figures 1J and 2F) and a 
significant mechanical effect: local actin as-
sembly forces will tend to cancel out tradi-
tional traction forces. Specifically, when the 
rate of actin polymerization (Figure 5iii, vpoly) 
is greater than retrograde flow speed (vflow), 
a net propulsive force (fpoly) results; more-
over, the adhesion site is isolated from the 
normal effects of traction force. Measure-
ments of protrusive forces powered by actin 
polymerization in advancing lamellipodia 
and filopodia have been reported (Cojoc 
et al., 2007; Shahapure et al., 2010); but, to 
our knowledge, this is the first study to as-
sess how propulsive forces associated with 
site-directed actin assembly (inductopodia) 
could modulate traction force production at 
adhesion sites. Note that propulsive forces 
associated with in vitro actin assembly can 
be significant, extending into the nanonew-
ton range (Marcy et al., 2004); thus it is not 

surprising that inductopodium-associated forces often exceeded 
the 30 pN optical trapping–force restraint limit used in this study.

How do the current findings affect interpretation of our previ-
ous results? We previously provided evidence that growth cone 
advance is inversely related to retrograde flow rates and involves 
engagement of a “molecular clutch” to generate traction forces 

apCAM bead is initially placed in the growth cone P domain, viscous 
coupling to actin flow via apCAM-apCAM interactions results in ret-
rograde bead transport (Figure 5i; Lin and Forscher, 1995). If the 
bead is mechanically restrained, the resulting traction force ftraction 
causes elastic deformation of the bead–actin linkage and bead rota-
tion (curved arrow in Figure 5ii; Mejean et al., 2013), leading to in-

FIGURE 4:  Rac accumulates at apCAM target sites, and its activity is required for evoked 
growth responses. (A) Growth cones were challenged with needle-restrained apCAM beads, 
fixed at the end of the latency period, and stained for F-actin (phalloidin) or with antibodies to 
Rac, Rho, or Cdc42 and fluorescent secondary antibodies. (B) Rac1 enrichment at apCAM target 
adhesions is enhanced by force restraint. Bag cells were injected with fixable Texas red–dextran 
before apCAM target assay, then fixed during latency and probed with monoclonal Rac1 
antibody and fluorescent secondary antibodies for volume-corrected ratio imaging. Positions of 
restrained and unrestrained beads are noted. (C) Rac enrichment is enhanced at force-restrained 
beads. Rac enrichment factor is calculated by dividing the Rac/volume ratio of either a 
restrained bead or unrestrained bead by the Rac/volume ratio of nonbead P-domain region of 
interest. Numbers in parentheses denote number of experiments. Error bars are SEM. (D) Top 
row, DIC images of control-evoked growth assay at beginning (0 min) and end (5 min) of the 
evoked growth response. Bottom row, DIC images of the same growth cone subjected to 
restrained apCAM bead in media containing 100 μM NSC23766 Rac inhibitor. Red dashed line 
outlines the C domain. (E) Pictogram of evoked growth responses of individual growth cones in 
control and Rac-inhibited conditions, plotted as in Figure 3F, showing control latency period 
(blue diamonds), latency of growth cone responses in 100 μM NSC23766 (filled orange squares), 
or length of recordings in which no growth response was observed (empty squares). 
(F) Responses from E shown normalized to control latencies. (G) Rac activity is required for 
F-actin cup and localization of Rac and WRC protein. Growth cones were fixed at 0.5× latency 
and stained for F-actin (phalloidin), Rac, or WRC (WAVE2 antibody) in the absence (top row) or 
presence of 100 mM NSC23766 (bottom row). Scale bars: 10 μm (A and B); 5 μm (D and G).
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In the presence of stiff mechanical re-
straint, the actin structure at the bead grows 
much more extensive as the adhesion site 
matures (Figures 1 and 5iv and Supplemen-
tal Movie 9). Eventually, strong traction 
forces develop, retrograde actin flow slows, 
and growth cones advance (Lin and 
Forscher, 1995; Schaefer et  al., 2008). We 
speculate that the temporary mechanical 
isolation from traditional traction forces we 
describe here is a normal part of IgCAM ad-
hesion site maturation that facilitates assem-
bly of actin structures robust enough to 
handle the nanonewton-level forces typical 
of growth cone–axon towing (Dennerll 
et  al., 1989). Site-directed actin assembly 
has also been observed at clustered ICAM-1 
docking sites during transendothelial migra-
tion of neutrophils (van Rijssel et al., 2012) 
and in vertebrate neurons at restrained 
beads engaging N-cadherin (Bard et  al., 
2008), suggesting that this phenomenon 
may be more widespread. Potential me-
chanical effects of local actin assembly in 
these systems and the mechanical and/or 
signaling mechanism(s) involved in switch-
ing from mechanical buffering to molecular 
clutch engagement are interesting ques-
tions for future studies.

Rac and Arp2/3 complex activity are nec-
essary for formation of the robust actin cups 
characteristic of mature apCAM adhesion 
sites (Figures 3 and 4). Rac, WAVE, and 

Arp2/3 complex activity has also been extensively characterized in 
the context of lamellipodial extension (Weiner et al., 2007; Millius 
et  al., 2012) and neurite outgrowth and pathfinding (Yuan et  al., 
2003; Woo and Gomez, 2006; San Miguel-Ruiz and Letourneau, 
2014). When bag cell growth cones maintained on a flat surface are 
presented with an apCAM-coated bead, they initiate vertical actin-
based protrusions that track the bead surface (Figure 3D and Sup-
plemental Movie 9). The protrusive forces that drive formation of the 
resulting cuplike actin structure may be analogous to those used by 
growth cones for exploration of 3D space in situ. At the very least, 
our results show that the entire growth cone P domain is capable of 
generating robust 3D actin-based protrusive activity when pre-
sented with the appropriate signal.

Peripheral actin networks in growth cones exhibit dynamics 
based not only on the constant flux and turnover of polymer that 
constitutes retrograde flow but also, as we have shown here, on 
their ability to initiate a new structure, the inductopodium, whose 
dynamics are superimposed on underlying actin network flow. The 
presence of Arp2/3-dependent branched actin structures within in-
ductopodia could endow them with useful biomechanical proper-
ties. For example, increasing branching and/or capping of Arp2/3 
networks increases network stiffness without large changes in fila-
ment density (Pujol et al., 2012), and local curvature of actin fila-
ments under compressive load has been shown to bias branch for-
mation in the direction of compression, leading to local reinforcement 
and adaptation (Risca et al., 2012). In related studies, application of 
nanonewton-level pulling forces on polymerizing branched F-actin 
comets increased comet elongation rates, whereas compressive 
forces reduced but did not halt elongation, even at 4.3 nN force 

(Lin and Forscher, 1995; Suter et  al., 1998; Suter and Forscher, 
2000). Frictional coupling between retrograde actin flow and cell 
adhesion complexes has been the mechanistic focus in studies 
that invoke the molecular clutch model of substrate–cytoskeletal 
coupling (Mitchison and Kirschner, 1988; Jay, 2000; Suter and 
Forscher, 2000; Nishimura et al., 2003; Bard et al., 2008; Chan and 
Odde, 2008; Shimada et al., 2008; Giannone et al., 2009; Myers 
and Gomez, 2011; Thievessen et  al., 2013; Gomez and Letour-
neau, 2014; San Miguel-Ruiz and Letourneau, 2014; Yamashiro 
and Watanabe, 2014; Garcia et  al., 2015; Nichol et  al., 2016). 
Here we show that apCAM adhesions can fluctuate between 
states dominated by traditional traction forces and forces derived 
from site-directed actin assembly. We provide evidence that in-
ductopodial motility depends on Arp2/3 complex activity local-
ized to bead target sites (Figure 2, G–M) that can buffer the adhe-
sion site from the mechanical effects of traction force. It follows 
that a possible mechanism for increasing traction force (ftraction) 
would be to attenuate local Arp2/3-dependent actin assembly 
(Figure 5iv) and/or move the locus of actin assembly away from the 
mature apCAM adhesion site (Figure 2, Div and Kix). Attenuation 
of local actin assembly may be a normal part of the apCAM matu-
ration process and may be analogous to what occurs at the end of 
the latency phase in a restrained bead–target interaction. Attenu-
ation of actin assembly would also result in cessation of mechani-
cal buffering effects and traction force generation as adhesion 
sites mature (Figure 5iv). We speculate that growth cones moving 
on extended apCAM substrates, such as those found in vivo, use 
site-directed actin assembly to generate protrusive forces when 
vpoly > vflow.

FIGURE 5:  Schematic depicting apCAM bead interactions with retrograde flow and site-
directed actin assembly events. See Discussion for details.
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serum addition/withdrawal, FBS was maintained at all times at a con-
centration of 0.01%. Nickel-NTA/apCAM beads were stored at 1% 
(wt/vol) in an excess of his-apCAM (300 μM, in PBS); immediately 
before evoked growth assay, beads were diluted 1:400 in 0.5x PBS 
and rinsed twice by spinning 3 min at ∼1000 x g in a tabletop centri-
fuge; this was followed by two to three rinses in culture medium 
before being added to culture chambers. For manipulating beads, a 
glass microneedle was made from a glass capillary microdispenser 
(Drummond Scientific) using a PB-10 two-stage puller (Narishige 
International, East Meadow, NY). The needle was secured to a hy-
draulic XYZ micromanipulator (Siskiyou Devices, Grants Pass, OR) that 
was mounted onto the microscope stage. For estimation of typical 
needle stiffness, a micromanipulator was used to depress the needle 
onto an electronic balance, and the force versus displacement rela-
tionship was fitted for seven needles and averaged.

Video microscopy was performed on a Zeiss Axiovert 10 with a 
63×/1.40 NA objective as previously described (Forscher and Smith, 
1988; Lin and Forscher, 1993, 1995). Video-enhanced DIC images 
were acquired at 5 s intervals, background subtracted and averaged 
on-the-fly by a 151-AT video processor (Image Technologies), and 
recorded on optical media. Video output was captured and digi-
tized onto a PC equipped with a video-capture card (MiroVideo). 
Alternatively, background-subtracted, time-lapse DIC images were 
acquired from a CoolSnap charge-coupled device (CCD) camera 
(Photometrics) via a PC running Micromanager (micromanager.org; 
Edelstein et al., 2014) or a custom Matlab (MathWorks) function and 
stored as TIFF stacks.

Inductopodial motility assay
Before experiments, 22 mm square coverslips with bag cells were 
mounted in imaging chambers, and the medium was replaced with 
filtered imaging media, consisting of LIS-ASW supplemented with 
2 mg/ml BSA, 2 mg/ml carnosine, and 0.01% FBS. The 800 nm 4E8 
beads were diluted 1:10, and ConA beads were diluted 1:100 in im-
aging medium and washed by spinning at 4000 x g for 5–10 min and 
sonicated briefly with a probe sonicator for 5–10 min, resuspended 
and sonicated briefly with a probe sonicator (VirTis, Gardinier, NY) 
with 10–20 short pulses at low power (setting 2) prior to washing 
150 µl (approximately one chamber volume) of resuspended beads 
into the chamber. Imaging was performed on a Nikon microscope 
equipped with 100× oil objective, a zoom lens set to 1.0 or 1.5×, and 
a CoolSnap CCD camera (Photometrics). After beads started landing 
on the growth cone, DIC images were acquired using Micromanager 
at 1 frame/s for ∼1500 frames/25 min (the recording length was ad-
justed depending on the landing rate of beads). Experiments were 
recorded first in control conditions (media containing 0.005% di-
methyl sulfoxide [DMSO]); this was followed by wash-in and incuba-
tion of 20 or 50 μM CK-666 for 15–20 min before addition of beads 
and recording. Tracking and computational analysis of bead tracks 
are described in the Supplemental Methods.

Force profiling with holographic optical tweezers (HOT)
To increase the probability of inductopodial formation in optical 
trapping experiments with single beads, we added 1.25 μg/ml mu-
rine laminin (Sigma) to the medium after cell attachment overnight 
to coat the surface, and unbound laminin was washed out the fol-
lowing morning. Arp2/3-complex branched actin networks and in-
trapodial formation are enhanced when growth cones are cultured 
in the presence of laminin (our unpublished observations). Before 
experiments, 22 mm square coverslips were mounted in imaging 
chambers, and the medium was replaced with filtered imaging me-
dium, consisting of LIS-ASW supplemented with 2 mg/ml BSA, 

levels (Marcy et al., 2004). Taken together, these observations sug-
gest that the presence of branched actin networks in IgCAM adhe-
sion sites may endow them with unique biophysical attributes, in-
cluding the ability to adapt to changes in internal force and substrate 
compliance.

MATERIALS AND METHODS
The following reagents with catalogue numbers were acquired 
from the indicated vendors: EHT1864 #E1657 (Sigma-Aldrich, St. 
Louis, MO); monoclonal mouse anti-Rac1 #ARC-03, polyclonal rab-
bit anti-Rac #ARC-01, polyclonal rabbit anti-Rho #ARH-02, mono-
clonal mouse anti-Cdc42 #ACD-03 (Cytoskeleton, Denver, CO); 
Alexa Fluor 594 Phalloidin #A12381, Alexa Fluor 488 Phalloidin 
#A12379 (ThermoFisher Scientific, Waltham, MA); monoclonal 
mouse anti-apCAM clone 4E8 (gift from E. Kandel, Columbia 
University); CK666 #182515, CK689 #182517, polyclonal rabbit 
anti-p34 Arc/ARPC2 #07-227, monoclonal mouse anti-cortactin 
(p80/85, clone 4F11) #05-180 (EMD Millipore, Billerica, MA), rabbit 
monoclonal anti-WAVE2 (clone D2C8) XP #3659 (Cell Signaling 
Technology, Danvers, MA).

Cell culture
Bag cell ganglia were dissected from adult Aplysia (obtained from 
National Resource for Aplysia at University of Miami, FL, or Marinus 
Scientific, Garden Grove, CA) as previously described (Forscher 
and Smith, 1988; Suter et  al., 1998). Individual bag cells were 
plated on acid-washed, round 25 mm diameter #1 glass coverslips 
(VWR, Radnor, PA; for evoked growth assays) or 22 mm square #1 
coverslips (ThermoFisher Scientific; for inductopodia and optical 
trapping assays) coated with 30–70 kDa molecular-weight polyly-
sine (Sigma) and kept at 14°C overnight before experiments the 
next day. Laminin (Gemini Bio-Products, West Sacramento, CA) was 
added to cultures for trapping experiments (see section Force pro-
filing with holographic optical tweezers (HOT) below). Bag cells 
were maintained in Leibowitz's L-15 medium supplemented with 
ASW, pH 7.9 (L15-ASW; Forscher and Smith, 1988), or a 50:50 mix-
ture of L15-ASW:low ionic strength ASW (LIS-ASW, composed of 
100 mM NaCl, 10 mM KCl, 5 mM MgCl2, 15 mM HEPES, 5 mM 
CaCl2, 628 mM Betaine, pH 7.9); both formulations were supple-
mented with 0.01% heat-inactivated fetal bovine serum (FBS; 
Gemini Bio-Products).

Bead preparation
Nickel-NTA derivatized beads (Micromod) of diameter 5 μm (for RBI/
evoked growth assays) or 2 μm (for optical trapping assays) were 
functionalized with recombinant His-tagged apCAM protein as pre-
viously described (Suter et al., 2004). For inductopodia experiments, 
a 1% (wt/vol) stock of 800 nm silica beads coupled to protein A (Mi-
cromod) was functionalized in 0.5 mg/ml anti-apCAM antibody 4E8 
as previously described (Thompson et al., 1996); control beads with 
concanavalin A (ConA) surfaces were made by incubating 0.54 μm 
streptavidin silica beads (Bangs Labs) with 2.5 mg/ml biotin–ConA 
(Sigma-Aldrich) in 1x ASW. Beads were diluted in imaging medium 
containing a low concentration of FBS/bovine serum albumin (BSA) 
to block nonspecific binding, and washed as described below.

Evoked growth assay
RBI assays were performed as previously described (Suter et al., 1998) 
using 5 μm diameter Ni-NTA/his-apCAM beads. Before the experi-
ments, culture dishes were mounted into custom-machined cham-
bers and washed with culture medium supplemented with 2 mg/ml 
BSA to block nonspecific binding. To avoid potential acute effects of 
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100 μM CK689) and allowed to incubate for 20 min before a sec-
ond bead was restrained in the continued presence of drug and 
the experimental latency was measured. The experimental la-
tency was normalized by dividing by the control latency; if no 
growth response was observed, the recording length was normal-
ized in the same way. The probability of interaction in drug treat-
ments was calculated at different normalized times (t) (e.g., 1.0× 
latency, 1.5× latency) by the formula
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where P(t) is the probability of interaction at normalized time (t) ex-
pressed as a percentage, r(≤t) is number of growth cones exhibiting 
evoked growth responses with normalized latencies equal to or less 
than (t), and nr(≥t) is the number of quiescent nonresponding growth 
cones recorded for a normalized duration equal to or greater than 
(t). The denominator term, r(≤t) + nr(≥t), is equivalent to the total num-
ber of experiments N(t), performed at (t).

Immunofluorescence
Bag cells undergoing target interaction experiments were fixed by 
quick exchange with 3.7% formaldehyde in 1× ASW, 400 mM su-
crose. Cells were fixed for 20 min, permeabilized with 0.1% sapo-
nin in fixative 15 min, and washed three times with 0.01% saponin 
in phosphate-buffered saline (PBS; wash solution). For experiments 
with labeling of F-actin, Alexa Fluor 594– or 488–conjugated phal-
loidin (Invitrogen) was applied at 1 U/ml in PBS for 15 min. Follow-
ing three washes and blocking with 5% BSA in PBS/0.01% saponin 
for 30 min, primary antibodies were incubated at 1:100 for 1 h, 
washed three more times, and secondary antibodies conjugated 
to Alexa dyes were incubated an additional 1 h. After being rinsed, 
samples were mounted in 9% MOWIOL/90 mM Tris (pH 8.5) and 
imaged on a Nikon TE-200 microscope equipped with a 60×/1.3 
NA oil-immersion objective with a 1.5× zoom lens, CoolSnapHQ 
CCD camera (Photometrics), and epifluorescence illumination with 
appropriate excitation and emission filters for fluorescein isothio-
cyanate (FITC) and tetramethylrhodamine isothiocyanate (TRITC) 
(Chroma Technology). Image acquisition, background subtraction, 
and analysis were performed with MetaMorph. For purposes of 
comparison between conditions (pairs of control vs. NSC23766-
treated growth cones), the same acquisition parameters (magnifi-
cation, exposure time, neutral density) and image display (back-
ground subtraction, image scaling) were applied to both images in 
a pair. For volumetric correction, bag cells were injected with fix-
able Texas red–conjugated dextran (10 kDa molecular weight; In-
vitrogen) before experiments. Rac1 staining and volume images 
were background subtracted, and a cell mask was created from the 
volume channel before dividing the Rac1 signal by the volume sig-
nal to yield the corrected image.

2 mg/ml carnosine, and 0.01% FBS. Two-micrometer Ni-NTA–de-
rivatized polystyrene beads (Micromod) were functionalized with 
recombinant his-apCAM (as in Suter et al., 2004), washed, and sus-
pended in imaging medium. We used a custom-built system com-
bining holographic optical tweezers (HOT) with a Nikon Ti inverted 
microscope equipped with a confocal spinning disk (Yokogawa; 
described in Mejean et al., 2013). A 1064 nm laser was used to il-
luminate a spatial light modulator (SLM) to generate trap holo-
grams; holographic control of the SLM was provided by a com-
puter running gui_feedback, a custom Matlab graphical user 
interface (GUI). A second computer running iQ software (Andor) 
was used to acquire DIC images. A dichroic mirror was used to 
direct near-infrared brightfield images to a Marlin camera on the 
back port of the microscope (these images were used by gui_
feedback to track bead positions), while visible light was directed 
to the confocal head and an iXon camera for DIC time-lapse im-
ages of beads and cell morphology.

To monitor force development, we used a closed-loop feed-
back protocol (Mejean et al., 2009) in which the trapped beads 
were placed on the surface of growth cones by focusing the micro-
scope stage. Once the program detected that the tracked bead 
had moved beyond a threshold displacement (set by the user to 
be equivalent to the maximum linear extent of the trap), the trap 
positions were iteratively adjusted to maintain the trap-versus-
bead displacement, and hence the force, at the trap maximum. In 
the event the cytoskeletal linkage broke, the trap was moved back 
to its original position. By using a smaller region of interest for 
tracking and limiting the GUI display refresh rate, we were able to 
reduce loop cycles to ∼0.4–0.8 s. Recorded trap and bead posi-
tions were stored in a Matlab file; after completion of the experi-
ment, force-versus-time profiles were calculated and plotted as 
previously described (Mejean et al., 2009). For displaying vectors 
on DIC time-lapse movies or montages, position and force data 
time points were selected that were closest to the DIC acquisition 
frame rate. A frame offset was manually adjusted during analysis to 
synchronize the Matlab data to the DIC frames. Vectors encoding 
force magnitude and direction were overlaid on DIC TIFF images 
using a custom Matlab script. Time montages and movie files (.avi 
or .mp4 format) were created in ImageJ; vectors were redrawn in 
Canvas X for visibility/clarity on the montages. Movie files were 
converted to quicktime .mov format and compressed using 
MOVAVI video editor (www.movavi.com).

Pharmacological inhibition and quantification 
of inhibitory effects
For HOT experiments, one or multiple trapped beads were placed 
on the surface of growth cones by focusing the stage and were al-
lowed to contact and adhere to the surface while the force profile 
was measured over time. Following the control recording, approxi-
mately five chamber volumes of medium containing 20 or 50 μM 
CK666 was washed through the chamber and allowed to incubate 
20 min before addition of new beads and subsequent force-profil-
ing experiments. For some experiments, the active drug was washed 
out into control medium or into inactive analogue (CK689) for recov-
ery force profiling.

For evoked growth assay, growth cones were first subjected to 
the restrained beads in control conditions (DMSO) to determine 
the control latency time, defined by the elapsed time between 
the beginning of bead restraint to the start of concerted C-do-
main forward targeting. Following control recordings, drug was 
washed through the chamber to an appropriate final concentra-
tion (100 μM NSC23766, 5 μM EHT 1864, 50 μM CK666, or 
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