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INTRODUCTION

Precise wiring of cortical circuits during development depends upon axon extension, guid-
ance, and branching to appropriate targets. Motile growth cones at axon tips navigate
through the nervous system by responding to molecular cues, which modulate signaling
pathways within axonal growth cones. Intracellular calcium signaling has emerged as a
major transducer of guidance cues but exactly how calcium signaling pathways modify the
actin and microtubule cytoskeleton to evoke growth cone behaviors and axon branching
is still mysterious. Axons must often pause their extension in tracts while their branches
extend into targets. Some evidence suggests a competition between growth of axons and
branches but the mechanisms are poorly understood. Since it is difficult to study growing
axons deep within the mammalian brain, much of what we know about signaling path-
ways and cytoskeletal dynamics of growth cones comes from tissue culture studies, in
many cases, of non-mammalian species. Consequently it is not well understood how guid-
ance cues relevant to mammalian neural development in vivo signal to the growth cone
cytoskeleton during axon outgrowth and guidance. In this review we describe our recent
work in dissociated cultures of developing rodent sensorimotor cortex in the context of the
current literature on molecular guidance cues, calcium signaling pathways, and cytoskele-
tal dynamics that regulate growth cone behaviors. A major challenge is to relate findings in
tissue culture to mechanisms of cortical development in vivo. Toward this goal, we describe
our recent work in cortical slices, which preserve the complex cellular and molecular envi-
ronment of the mammalian brain but allow direct visualization of growth cone behaviors
and calcium signaling. Findings from this work suggest that mechanisms regulating axon
growth and guidance in dissociated culture neurons also underlie development of cortical
connectivity in vivo.

Keywords: axon outgrowth, axon guidance, axon branching, calcium signaling, Wnt5a, CaMKIl, corpus callosum,
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direct visualization of cortical axons branching within the cor-

The development of appropriate connections is essential for the
nervous system to function correctly. To achieve this motile growth
cones at axon tips guide growing axons along appropriate path-
ways and into targets by responding to environmental guidance
cues (Dickson, 2002). Thus intense interest has focused on the
signaling mechanisms within the growth cone that link activation
of surface guidance cue receptors to the actin and microtubule
cytoskeleton that regulates growth cone motility and guidance
behaviors (Dent and Gertler, 2003; Lowery and Van Vactor, 2009).
It is well established, particularly in the mammalian central ner-
vous system, that axons establish connections not only by activity
of their growth cones but also by extending collateral branches
from the shaft of the primary axon into the target (Kalil et al.,
2000). This mechanism of interstitial branching (O’Leary et al.,
1990) is especially important for the wiring of the cerebral cortex to
distant targets in the spinal cord and contralateral cortex by effer-
ent corticospinal and callosal axons. In cortical slice preparations

pus callosum (Halloran and Kalil, 1994) and corticopontine tract
(Bastmeyer and O’Leary, 1996) revealed that interstitial branch-
ing occurs from the axon shaft after the growth cone has extended
past the target. Defining the signaling mechanisms that regulate
axon growth, guidance, and branching is essential for understand-
ing how the cerebral cortex becomes wired to appropriate targets
during development. To address this question our laboratory used
in vitro preparations of developing hamster sensorimotor cortex,
which, in vivo, gives rise to the major efferent corticospinal and
callosal pathways that contribute to motor, sensory, and cogni-
tive functions. We identified guidance cues that promote cortical
axon outgrowth, guidance, and branching, the intracellular cal-
cium signaling pathways that evoke these axonal responses and
the cytoskeletal mechanisms that regulate them. This review will
focus on recent work from our laboratory and others showing how
these cellular mechanisms shape the wiring of cortical connectivity
during development.
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GUIDANCE CUES PROMOTE OR INHIBIT CORTICAL AXON
BRANCHING BY CYTOSKELETAL REORGANIZATION

Cortical axons navigate over long distances by responses of their
motile growth cones to attractive and inhibitory guidance cues
in their environment. However, the growth cone at the tip of the
primary axon does not typically grow directly into cortical and
spinal targets. Instead branches arise interstitially from the axon
shaft and then enter targets where they then form terminal arbors.
Axon branching may be mechanistically linked to pausing behav-
iors of growth cones, which leave behind remnants on the axon
at sites of future branching (Kalil et al., 2000; Dent et al., 2003).
Growth cones consist of a central region which contains bundled
microtubules and a thin expanded peripheral region dominated by
actin filaments that form a meshwork in veil-like lamellipodia and
bundles in fingerlike filopodia that protrude from highly motile
lamellipodia (Figure 1). The growth cone responds to attrac-
tive cues by turning toward the source of the positive guidance
cue whereas inhibitory guidance cues repel axons away from the
repulsive guidance cue (Huber et al., 2003).

Guidance cues influence growth cone behaviors through
cytoskeletal reorganization (Dent and Gertler, 2003; Kalil and
Dent, 2005). Netrins, such as netrin-1, promote outgrowth of a
wide variety of axons (Manitt and Kennedy, 2002) and attract
growing cortical axons in explant cocultures (Metin et al., 1997;
Richards et al., 1997). In contrast semaphorin 3A repels cortical
axons in vitro (Bagnard et al., 1998; Polleux et al., 1998, 2000).
However, little is known about effects of these attractive and
repulsive guidance cues on cortical axon branching or the under-
lying cytoskeletal mechanisms. We therefore investigated effects
of netrin-1 and semaphorin 3A on axon branching of cortical

FIGURE 1 | Fluorescence image of a cortical axon and its growth cone.
Actin filaments (indicated in red) are stained with phalloidin and occupy the
lamellipodium and the spiky filopodia that protrude from its periphery.
Microtubules (indicated in green) are stained with anti-tubulin antibodies
and occupy the axon and central region of the growth cone. Dynamic
microtubules can extend from the central region into the growth cone
periphery to interact with actin filaments.

neurons in dissociated culture (Dent et al., 2004) and found that
netrin-1 increased branching by almost 60%. Branches began as
filopodia that grew to form stable branches within a few hours.
Thus the effect of netrin-1 was to accelerate and increase branch
formation. Local application of netrin-1 pulsed onto cortical axons
evoked branching de novo from the axon shaft within minutes but
had no effect on outgrowth of the primary axon, suggesting that
axon outgrowth and branching are differentially regulated. Sem-
aphorin 3A had opposing effects, reducing axon branching and
branch length without affecting axon length. Using live cell imag-
ing of cortical neurons microinjected with fluorescent markers
for actin filaments or microtubules, we investigated the cytoskele-
tal mechanisms underlying increased branching by netrin-1 or
decreased branching by semaphorin 3A. In growth cones and at
branch points along the axon shaft of cortical neurons interac-
tions between dynamic microtubules (i.e., those able to grow and
shrink in dynamic instability) and actin filaments are necessary
for branch formation (Dent and Kalil, 2001). Netrin-1 increased
actin filament bundles in the growth cone and axon shaft thereby
increasing the number of filopodia along the axon shaft. Dynamic
splayed microtubules interacted with the newly polymerized actin
bundles to initiate new directions of growth by axon branches. In
growth cones treated with semaphorin 3A bundled actin filaments
in the growth cone depolymerized, which reduced the motility and
protrusion of filopodia and decreased microtubule exploration
in the growth cone periphery. In collateral branches semaphorin
3A caused collapse of splayed microtubules and disappearance of
actin bundles leading to a decrease in cortical axon branching.
These results demonstrate that axon outgrowth and branching
may in some cases be differentially regulated since netrin-1 and
semaphorin 3A increased or decreased cortical axon branching
respectively without affecting axon length. Moreover, development
of axon branches involves changes at the growth cone as well as
the axon shaft in cytoskeletal organization and dynamics. When
actin/microtubule interactions are inhibited by guidance cues that
depolymerize the cytoskeleton or inhibit their dynamics growth
cones collapse and branching is inhibited.

CALCIUM SIGNALING PATHWAYS MEDIATE NETRIN-1
INDUCED CORTICAL AXON BRANCHING

The intracellular mechanisms that regulate axon branching inde-
pendent of axon outgrowth are not well understood. Calcium is
an essential second messenger that transduces axon guidance sig-
nals to regulate growth cone motility and pathfinding (Gomez
and Zheng, 2006; Wen and Zheng, 2006; Zheng and Poo, 2007).
In cortical neurons spontaneous global calcium (Ca?™) fluctua-
tions (transients) regulate axon outgrowth in a frequency depen-
dent manner (Tang et al., 2003). Since netrin-1 induces extensive
axon branching (Dent et al., 2004) and elevates Ca®* levels in
growth cones during steering events (Hong et al., 2000; Ming
et al., 2002) we hypothesized that netrin-1 might promote axon
branching through Ca?* signaling events in the axon. Activa-
tion of specific signaling components is related to frequencies
of Ca??* transients. For example, calcium/calmodulin-dependent
protein kinase IT (CaMKII) functions as a spike-frequency detec-
tor (Hudmon and Schulman, 2002) and mitogen activated protein
kinases (MAPKs) are also sensitive to intracellular Ca®t changes
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(Cullen and Lockyer, 2002). Thus if repetitive Ca®* transients are
indeed involved in axon branching, CaMKII and MAPKs are likely
candidates as downstream targets of Ca®™ signaling.

We investigated the role of calcium signaling in netrin-1
induced axon branching (Tang and Kalil, 2005) by loading corti-
cal neurons with the membrane permeable calcium indicator dye
Fluo-4AM, which detects changes in Ca?™ activity by changes in
fluorescence intensity. Bath applied netrin-1 increased the average
frequency of calcium transients fourfold either locally or globally
in the axon. When netrin was withdrawn, Ca?* activity declined to
baseline levels. Reducing Ca** activity by blocking IP3 receptors
on the endoplasmic reticulum to inhibit Ca?* release from intra-
cellular stores severely reduced branching. Local application of
netrin-1 to the axon elicited large changes in Ca®* in local regions
of the axon. Remarkably, within minutes branches often protruded
de novo from these regions of netrin-1 induced Ca** activity.
Increased frequency of calcium transients by netrin-1 was strongly
correlated with activation of CaMKII (as shown by increased phos-
phorylation). Whereas CaMKII inhibitors reduced cortical axon
branching in the presence of netrin-1 and also reduced axon out-
growth, over expression of «CaMKII increased axon branching.
Conversely, RNAi knockdown of aCaMKII prevented netrin-1
induced axon branching. MAPK over expression increased axon
branching whereas MAPK inhibition prevented netrin-1 induced
branching but did not affect axon length. These results demon-
strate for the first time that the axon guidance cue netrin-1 evokes
rapid cortical axon branching through repetitive Ca?* transients
that activate the downstream kinases CaMKII and MAPK, which
are sensitive to changes in the frequency of Ca?* transients.

How are these findings relevant to cortical axon branching by
netrin-1 in vivo? Netrin-1 is not expressed in the developing rodent
cortical plate. Instead, the DCC ligand netrin-4 (Qin et al., 2007)
is expressed in sensorimotor cortex at P6 (Takemoto et al., 2011)
when mouse layer 23 axons are first extending branches into this
region (Wang et al., 2007). Strong netrin-1 expression is observed
in the cortical plate of the developing human fetus by 14 weeks
of gestation (Harter et al., 2010), the time when callosal axons
cross the midline and project to the contralateral cortex (Ren
et al., 2006). This suggests that netrin-1 may have a larger role
in human cortical development compared to rodents. In addition,
DCC-expressing cortical axons extend collateral branches into the
striatum (Sheth et al., 1998), which expresses netrin-1 at high lev-
els throughout development (Livesey and Hunt, 1997; Takemoto
et al., 2011). Taken together with our results on netrin-1 induced
axon branching (Dent et al., 2004; Tang and Kalil, 2005), these
data strongly suggest that during embryonic development netrins
may direct the extension of collateral branches into the targets of
cortical projection neurons.

CALCIUM TRANSIENTS DIFFERENTIALLY REGULATE
CORTICAL AXON OUTGROWTH AND BRANCHING

In vivo and in vitro outgrowth of axons and the extension of
branches are independently regulated such that branches can
extend while their axons stall or retract (Luo and O’Leary, 2005).
Thus, during the formation of corticospinal and callosal branches,
axons have already completed their extension into efferent path-
ways (reviewed in Kalil et al., 2000). The mechanisms that regulate

differential rates of outgrowth by axons and branches are poorly
understood. One possibility, a competitive activity-dependent
mechanism, regulates synaptic innervation at target sites. For
example (Uesaka et al., 2006) in organotypic cocultures of thal-
amus and cortex neural activity enhanced the branch dynamics
of thalamocortical axons that were biased toward more branch
addition and elongation of branches in specific cortical target lay-
ers. The importance of electrical activity was further demonstrated
in vivo where reducing neuronal activity in cortical neurons inhib-
ited their morphological maturation including neurite elongation
and branch development (Cancedda et al., 2007). Competition
among neighboring axon arbors for synaptic space in the zebra
fish visual system also favored arbors with higher levels of neural
activity (Hua et al., 2005). Since electrical activity is reflected by
changes in intracellular Ca?* (Spitzer, 2006), we hypothesized that
differences in levels of Ca?T activity could also be a mechanism for
regulating the differential growth of several processes of the same
axon. Thisidea is supported by experiments with sympathetic neu-
rons grown in divided chambers (Singh and Miller, 2005) which
showed that one axon branch depolarized to increase Ca®* activity
grew longer at the expense of unstimulated branches in another
chamber. This competition was dependent on calcium influx and
downstream activation of CaMKII. However, these experiments
could not distinguish between branches vs. axons from another
cell and further investigation (Singh et al., 2008) suggested the
involvement of neighboring axons.

To determine whether cortical neurons regulate axon out-
growth and branching by different levels of Ca?t activity we
measured spontaneous activity or manipulated calcium levels in
an axon and its branches (Hutchins and Kalil, 2008). The fre-
quencies of spontaneous Ca?* transients were often different in a
region of an axon vs. a branch or in one branch vs. another branch
of the same axon (Figure 2). Higher frequency Ca?* transients
were correlated with more rapid outgrowth. Interestingly, differ-
ences in rates of outgrowth between processes of the same axon
were dependent on relative differences in their Ca?* transient fre-
quencies. Processes with higher frequency transients were favored
for growth while those with lower frequencies not only grew more
slowly but retracted, suggesting a competitive effect. Moreover,
the greatest differences in rates of outgrowth of two different
processes of the same axon occurred when differences in frequen-
cies were the highest. Global transients contributed relatively little
to differential process outgrowth. To induce Ca?* transients we
applied BayK, which opens L-type voltage gated Ca?* channels.
BayK evoked localized calcium transients in cortical axons, which
exhibited significant differences in outgrowth of processes belong-
ing to the same axon. Over a 24-h time course both extension
and retraction occurred in axons and their branches (Figure 3).
Ca** imaging during the last 10~15 min revealed that higher fre-
quency Ca** transients were associated with increased rates of
outgrowth vs. association of lower frequency Ca* transients with
retraction or slower rates of outgrowth. We also used photoly-
sis of caged calcium to evoke repetitive transients in restricted
regions of axons and their branches (Hutchins and Kalil, 2008).
This approach releases caged calcium in a region restricted to a
small spot (12—50 jum) and permits the choice of an optimal Ca**
transient frequency by repetitive pulses of UV light. In most cases
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FIGURE 2 | Localized calcium transients occur in restricted regions of
primary axons or their collateral branches. (A) DIC image at left and
fluorescence images of calcium activity in a cortical neuron in which calcium
transients are localized to the primary axon (at 9:45) or its collateral branch
(7:20). At 1:05 there is no calcium activity. Black and red arrowheads
correspond to regions of localized calcium activity. Panels F/FO show
fluorescence change from baseline rather than raw fluorescence (lower
panels). Pseudocolor calibration bars for images of raw fluorescence (F) and
fluorescence normalized to baseline (F/FO) are shown at right. The graph at
left shows calcium activity in the primary axon (black), branch (red), and cell
body (green) during calcium transients shown in the fluorescence images at
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7:20 (red arrow) and 9:45 (black arrow). (B) DIC image (left) and fluorescence
images of localized calcium activity indicated by black arrowheads in the
primary axon of a cortical neuron (right panels). As shown in the graph of
calcium activity (far right), localized calcium transients occurred only in the
primary axon (black), and not in the branch (red). One global calcium transient
occurred at the beginning of the imaging session. (C) Both the primary axon
(black arrowheads) and branch (red arrowheads) show localized calcium
transients but the branch has a higher frequency (graph at right). (D)
Distribution of total cortical neurons with different types of calcium activity.
Times are in minutes and seconds. Scale bar, 10 um. (Reprinted from
Hutchins and Kalil, 2008; with permission from the Society for Neuroscience).

the stimulated process was favored for growth while unstimu-
lated processes often retracted. Thus results from spontaneous
and induced Ca?* activity revealed similar competitive effects on
the growth of one axonal process at the expense of another by
differential frequencies of Ca®* transients.

How do results from these in vitro experiments shed light on
mechanisms of cortical axon branching in vivo? Cortical axons in
pathways such as the corpus callosum vs. their branches project-
ing into cortical target regions could encounter different guidance
cues such as netrin-1 at varying concentrations that evoke different
levels of Ca®* activity. This could lead to competition among dif-
ferent processes of the same axon for growth such that the primary
axon could stall or retract while a branch of the same axon could
extend into targets. In living cortical slices (Halloran and Kalil,
1994), we observed these events directly in the developing corpus

callosum. Different frequencies of Ca?* transients could regulate
the differential outgrowth of an axon vs. its branch by activation of
calcium frequency dependent effectors such as CaMKII and MAPK
in each axonal process. Effectors such as CaMKI and CaMKII pro-
mote neurite outgrowth (Borodinsky et al., 2003; Wayman et al.,
2004, 2006) and CaMKII is preferentially activated in cortical axon
branches with higher frequency Ca?* transients (Tang and Kalil,
2005). CaMKIIB binds to actin filaments and increases filopodial
dynamics (Fink et al., 2003), consistent with the observation that
direct elevation of Ca?* activity by photolysis of caged calcium can
rapidly evoke protrusion of new axonal filopodia by actin filament
polymerization (Lau et al., 1999). Calcium transients of different
frequencies may target different kinases and phosphatases such as
CaMKII and calcineurin in the cytoplasm to evoke different cellu-
lar responses (Tomida et al., 2003). Events, such as extension and
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FIGURE 3 | BayK induced calcium transients, which persist throughout
long term treatments, are correlated in their frequencies with process
outgrowth. (A) Phase images of a cortical neuron treated with BayK in the
bath for 12 h. At the end of the imaging session the process at right (black
arrowhead) had extended, whereas the process at left (red arrowhead)
retracted. (B) After phase imaging, cortical neurons were loaded with Fluo-4
and calcium activity was measured. The extending process in (A) (black)
showed high levels of calcium activity compared with the retracting process
(red). (C) Quantifications from 16 experiments imaging calcium activity after
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long term BayK treatments revealed correlations between BayK induced
differential calcium activity and process outgrowth. At left comparisons
between processes from the same axon showed that those with higher
frequency calcium transients had higher rates of outgrowth, whereas those
with lower frequencies retracted (n =22 comparisons; ***p < 0.001, paired t
test). At right processes that extended faster had higher frequencies of
calcium transients (n =26 comparisons; **p < 0.01, paired t test). Scale bar,
20 wm. (Reprinted from Hutchins and Kalil, 2008; with permission from the
Society for Neuroscience).

retraction of axonal processes, may be regulated by Ca?* tran-
sients at optimal frequencies (Eshete and Fields, 2001). For rapid
extension of cortical axons and branches the optimal frequencies
of spontaneous and induced localized Ca?* transients were simi-
lar across experiments (Hutchins and Kalil, 2008). Thus, one role
for localized Ca®* signaling may be to restrict Ca®* transients at
optimal frequencies to local regions of the axon. Local Ca** sig-
naling would thereby regulate extension and retraction of axonal
processes in response to environmental growth and guidance cues.

Although competition between different branches of a single
axon has now been well-documented (Ruthel and Banker, 1999;
Singh and Miller, 2005; Hutchins and Kalil, 2008), the competi-
tive signaling mechanisms initiated by localized calcium activity
remain mysterious. An early hypothesis of the mechanism of com-
petitive axon growth proposed that actin ruffles flowing distally
along the axon mediated competition among axonal processes
(Ruthel and Banker, 1999). These actin-rich axon waves are impor-
tant in promoting axon outgrowth and branching (Flynn et al.,
2009). However, while disrupting actin dynamics with cytocha-
lasin reduced rates of axon growth, the competition between
processes remained intact (Ruthel and Hollenbeck, 2000). An
alternative hypothesis that branches compete for mitochondria
transported along the axon arose from the observation that mito-
chondria selectively invade axons showing robust growth (Morris
and Hollenbeck, 1993). However, subsequent investigation showed

that mitochondria follow, rather than precede, competitive out-
growth among axonal processes (Ruthel and Hollenbeck, 2003).
More recently, it was shown that cAMP and ¢cGMP promote
or inhibit, respectively, axon formation and that these signals
mutually inhibit one another (Shelly et al., 2010). This cAMP sig-
naling in one neurite initiates a long-distance cGMP signal that
hydrolyzes cAMP in all other neurites, leading to competition
and the establishment of a single axon. Since calcium signal-
ing can activate cCAMP signaling (Gorbunova and Spitzer, 2002),
one possibility is that the localized calcium transients that ini-
tiate competition among axonal processes (Hutchins and Kalil,
2008) do so through long-distance cyclic nucleotide signals. Sup-
porting this possibility, recent experiments demonstrated that
netrin-evoked calcium transients, of the type that promote growth
cone advance, drive cAMP signals in the growth cone center (Nicol
et al., 2011). Despite this promising avenue of research, it is still
not known how such long-distance signals propagate or whether
competitive outgrowth reflects competition for scarce resources
or a purely signaling-based mechanism for restricting growth to
certain branches. One possible mechanism for propagating long-
distance signals is an inhibitory autocrine signal similar to that
which mediates competition between neighboring axons (Singh
et al,, 2008). This mechanism could lead to signaling-based com-
petition through mutual inhibition of growth between different
branches from the same axon (Hutchins, 2010). However, another
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possibility is that these signaling events direct the transport of
rate-limiting resources such as tubulin to the “winning” branch
and thereby deprive other branches of the opportunity to grow
(Butz et al., 2009; van Ooyen, 2011). The selective growth and
retraction of branches is a fundamental mechanism of establishing
connectivity in the mammalian CNS (McLaughlin and O’Leary,
2005). Elucidating the mechanisms of competitive axon growth
will therefore be crucial for our understanding of the wiring
principles of the cerebral cortex.

Wnt5a PROMOTES CORTICAL AXON OUTGROWTH AND
REPULSION BY DIFFERENTIAL SIGNALING
In addition to positive guidance cues that attract cortical axons
and promote their branching, repulsive guidance cues that repel
growing axons are equally important in shaping the formation of
cortical connections. Recently, the morphogen Wnt5a was identi-
fied as an axon guidance cue (Salinas and Zou, 2008) that repels
growing cortical axons during development (Zou and Lyuksyu-
tova, 2007). Wnts play important roles in embryogenesis such
as determination of cell fate, patterning, migration, and differ-
entiation (Ciani and Salinas, 2005). Wnt5 was first identified in
Drosophila as a repulsive guidance cue for commissural axons
(Yoshikawa et al., 2003). In the mouse corticospinal pathway a
high to low gradient of Wnt5a in vivo acts as a repulsive cue for
cortical axons (Liu et al., 2005) through the Wnt5a receptor Ryk
(an atypical tyrosine kinase receptor). In vitro a source of secreted
Wnt5a inhibited axon outgrowth from cortical explants facing a
Wnt5a gradient. Since Wnt5a is expressed in a high to low gradient
surrounding the corticospinal tract, these results (Liu et al., 2005)
suggested that cortical axons must navigate down the spinal cord
through a high to low inhibitory Wnt5a gradient. In the embryonic
mouse corpus callosum Keeble et al. (2006) also demonstrated the
repulsive effects of Wnt5a on cortical axon outgrowth. In vitro
axons extending from cortical explants were repelled away from a
source of Wnt5a but this repulsive effect was abolished in cortex
from mutant mice lacking the Ryk receptor. In vivo the corpus cal-
losum is surrounded by a gradient of Wnt5a secreted by midline
glial structures, the indusium griseum, and glial wedge (Keeble
et al., 2006; Lindwall et al., 2007). In Ryk knockout mice callosal
axons, which normally express Ryk receptors during development,
were able to cross the midline but became misrouted after the
midline and were thus unable to project away from it and formed
abnormal bundles on the contralateral side. How a repulsive axon
guidance cue could promote the growth of cortical axons down
the spinal cord and across the corpus callosum was still a mystery.
To elucidate the mechanisms by which Wnt5a could regulate
axon outgrowth of developing cortical pathways (Li et al., 2009) we
bath applied Wnt5a to dissociated cortical neurons. This doubled
axon outgrowth rates over 3 day in culture and in 1h increased
axon outgrowth fourfold. To determine whether a point source of
Wnt5a could repel cortical axons, we used a turning assay in which
axons were exposed to a gradient of Wnt5a. Control axons in BSA
gradients showed no preference in turning toward or away from
the BSA source. In contrast (Figure 4), axons consistently turned
away from a source of Wnt5a by reorienting their growth cones
in as little as 20 min. However, growth cones remained motile
with no obvious collapse. Surprisingly, axons turning away from

the Wnt5a source also increased their growth rates by 50%. This
simultaneous repulsion and increased axon outgrowth in response
to Wnt5a could explain how a Wnt5a gradient in vivo propels the
extension of cortical axons by a repulsive mechanism.

What signaling pathways mediate responses of cortical axons to
Wnt5a? Wnts exert their effects through both Ryk and Frizzled (Fz)
receptors (Salinas and Zou, 2008) which are expressed on develop-
ing hamster cortical neurons (Li et al., 2009) at PO-P3 when axons
are projecting into corticospinal and callosal pathways (Reh and
Kalil, 1981; Norris and Kalil, 1992). Early postnatal mouse cerebral
cortex also expresses seven different Fz receptors (Shimogori et al.,
2004). In Fz3 knockout mice cortical axon tracts including the cor-
pus callosum and corticospinal pathway failed to develop (Wang
et al., 2002) providing the first evidence that Fz signaling plays
an important role in cortical axon development. We blocked or
knocked down Ryk receptors which prevented increased cortical
axon outgrowth by Wnt5a (Li et al., 2009). In contrast, block-
ing Wnt/Fz interactions (Rodriguez et al., 2005), did not prevent
increased axon outgrowth (Figure 5). These results showed that
Wnt5a increases in axon outgrowth are mediated by Ryk but not Fz
receptors whereas knocking down Ryk and blocking Fz receptors
prevents Wnt5a repulsive turning (Figure 5). Thus both Ryk and
Fz receptors mediate repulsive cortical axon guidance by Wnt5a.
Fz receptors are involved in Wnt/calcium signaling during mor-
phogenic events and in cell motility (Kohn and Moon, 2005) but
the involvement of Wnt/calcium signaling in axon growth and
guidance are unknown. Further, the downstream components of
Ryk signaling have not been identified. Wnt5a induced global or
local Ca?* transients involving both Ryk and Fz receptor types
(Li et al., 2009). The source of intracellular calcium is impor-
tant for its function (Henley and Poo, 2004; Gomez and Zheng,
2006) and Ca?* release from intracellular stores regulates axon
growth and guidance (Ooashi et al., 2005; Jacques-Fricke et al.,
2006). To determine the role of this Ca?* signaling mechanism
in effects of Wnt5a we blocked IP3 receptors on the endoplasmic
reticulum which blocked calcium release from intracellular stores.
This partially attenuated Wnt5a induced Ca?* activity. Calcium
influx through TRP (transient receptor potential) channels also
plays an important role during axon growth and guidance (Li
et al., 2005; Shim et al., 2005; Wang and Poo, 2005). We there-
fore blocked TRP channels, which also partially inhibited Wnt5a
induced calcium activity. Simultaneously blocking calcium release
from stores and calcium influx through TRP channels virtually
silenced Wnt5a induced calcium activity. Blocking Ca?* release
from stores prevented Wnt5a induced increase in axon outgrowth
but the same axons showed repulsive turning away from the source
of Wnt5a (Li et al., 2009). In contrast, blocking TRP channels pre-
vented both increased axon outgrowth and repulsion by Wnt5a.
As in netrin-1 calcium signaling (Tang and Kalil, 2005) CaMKII is
an essential downstream component of Wnt5a/calcium signaling.
These results suggest a model (Figure 6) in which increased axon
outgrowth induced by Wnt5a involves activation of Ryk recep-
tors, calcium release from intracellular stores and activation of
CaMKII signaling. Growth cone repulsion by a gradient of Wnt5a
is mediated by both Ryk and Fz receptors and requires calcium
entry through TRP channels but not calcium release from intra-
cellular stores. In support of our results that different calcium
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signaling mechanisms (perhaps in different regions of the growth
cone) mediate Wnt5a axon growth vs. guidance behaviors, a recent
study (Nicol et al., 2011) showed that in Xenopus spinal neurons
different calcium and cyclic AMP signaling localized to central
vs. filopodial growth cone regions mediate netrin-1 evoked axon
outgrowth vs. steering. Thus Wnt5a can simultaneously activate
different receptors and different calcium signaling pathways at the
growth cone to elicit growth and guidance behaviors required for
wiring of cortical circuits during development.

AXON GROWTH AND GUIDANCE IN THE CORPUS CALLOSUM
IS REGULATED BY Wnt/CALCIUM SIGNALING

Thus far we have discussed mechanisms of axon growth and guid-
ance in dissociated cortical neurons. However, it is important to
test the relevance of these mechanisms in a more complex cellu-
lar environment that mimics development in vivo. For example,
in dissociated cultures knocking down CaMKI decreased hip-
pocampal and cortical axon elongation (Ageta-Ishihara et al,

2009; Davare et al., 2009; Neal et al., 2010) whereas knockdown
of CaMKI in vivo during activity-dependent cortical wiring
decreased callosal axon branching into cortex without affecting
rates of callosal axon elongation (Ageta-Ishihara et al., 2009). To
test the in vivo function of Wnt/calcium signaling mechanisms
we used living slices of developing hamster sensorimotor cor-
tex that contained the entire callosal pathway (Hutchins et al,,
2011). This permitted live cell imaging of intact callosal axons
extending along their entire trajectory (Halloran and Kalil, 1994).
We electroporated plasmids, encoding the cytoplasmic fluores-
cent marker DsRed2, into one hemisphere of cortical slices from
PO brains and after 48 h used confocal microscopy to image
fluorescently labeled callosal axons (Figure 7), which exhibited
continual growth cone motility and forward advance during the
90-min imaging sessions. Importantly, axons before the mid-
line (precrossing) advanced more slowly than those that have
crossed the midline (postcrossing). To determine whether cal-
losal axons expressed Ca** transients correlated with rates of
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axon outgrowth we electroporated a genetically encoded calcium
indicator (GCaMP2) into one hemisphere and measured frequen-
cies of Ca* transients in pre- and post-crossing axons for up to
30 min. (Figure 8). Calcium transients were expressed in axons
and growth cones (Figure 8) in frequencies closely related to
rates of callosal axon outgrowth. Thus higher frequencies of Ca**
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FIGURE 5 | Fz receptors mediate Wnt5a induced axon repulsion but not
outgrowth, but Ryk receptors mediate both outgrowth and repulsion.
(A) Tracings of trajectories of axons exposed to \Wntba gradients in the
presence of sFRP2 showing increased axon outgrowth but not repulsion.
(B) Tracings of trajectories of PO axons exposed to Wntba gradients
following Ryk knockdown, which prevents increased axon outgrowth as
well as repulsion by Wntba. (C) Bar graphs quantifying turning angles (top)
and outgrowth rates (bottom) of axons in (A) and (B). Scale bar, 5um. In all
histograms *p < 0.05, **p < 0.01; n.s., not significant. (Reprinted from Li

et al., 2009; with permission from the Society for Neuroscience).

transients are well correlated with higher rates of callosal axon
outgrowth, similar to our results for dissociated cortical neurons
(Hutchins and Kalil, 2008).

The corpus callosum is surrounded by a Wnt5a gradient
secreted by midline glial structures (Keeble et al., 2006). Since cal-
losal axons express Ca®* transients correlating with rates of axon
outgrowth we reasoned that in the corpus callosum the Wnt5a
gradient could mediate axon growth and guidance by calcium
signaling mechanisms. To determine whether Ca?* release from

Axon outgrowth Growth cone repulsion

© Wnt5a Frizzled e IP3 17 1p3 receptor
receptor
o a2+ Ryk Endoplasmic TRP
U receptor % reticulum l

FIGURE 6 | Schematic summary showing Wnt receptors and calcium
signaling components involved in cortical growth cone behaviors in
response to Wnt5a. At left, increased cortical axon outgrowth is induced
by Wntba, which involves activation of Ryk receptors, calcium entry through
TRP channels, calcium release from intracellular stores via IP3 receptors on
the endoplasmic reticulum, and activation of PLC and CaMKII signaling. At
right, growth cone repulsion by a Wntba gradient is mediated by both Ryk
and Fz receptors and requires calcium entry through TRP channels.
Symbols in the growth cone are shown in the box. (Reprinted from Li et al.,
2009; with permission from the Society for Neuroscience).

FIGURE 7 | Imaging of individual callosal axons and their growth
cones extending through the corpus callosum. (A) A low power
confocal image of a cortical slice at 3DIV, after electroporation of cortical
neurons with DsRed2 in the slice from PO sensorimotor hamster cortex.
Individual efferent axons are clearly visible. Arrow indicates location of

the cortical growth cone imaged at higher power in the time lapse
sequence in (B) which shows filopodia and lamellipodia of growth cones
during outgrowth and turning. Times are in minutes and seconds. Scale
bar, 10 wum. Symbols show reference points. (Reprinted from Hutchins
etal., 2011).
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FIGURE 8 | Callosal axons express spontaneous calcium transients
positively correlated with rates of axon outgrowth. (A) A coronal cortical
slice electroporated with GCaMP2 plasmids into the left cortex. Arrow
indicates postcrossing (contra) position of the growth cone imaged in (D).
Borders of the callosum (cc) and the midline are outlined in red. (B) Tracing of
calcium activity measured by changes in GCaMP2 fluorescence over baseline.
Calcium activity increases after a few min. (C) Tracing of calcium activity from
(B) zoomed in to the time shown in the bracket. (D) Fluorescence images of
the growth cone measured in (B,C) at time points indicated by the
arrowheads in (C). (E) Within 20 min of the onset of calcium activity shown in
(B) the axon begins to advance rapidly through the contralateral callosum. (F)
Examples of single calcium transients measured by ratiometric imaging of
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growth cones co-expressing DsRed2 and GCaMP2. (G) Plot of frequencies of
calcium transients in pre- or post-crossing callosal axons, **p < 0.01, t test.
All frequencies are in transients/h. (H) Scatter plot of the frequency of calcium
transients vs. the rate of axon outgrowth in individual callosal axons. The line
represents the least-squares linear regression (slope significantly non-zero,

p <0.01). (I) An example of spontaneous calcium transients (top row) which
are attenuated by application of SKF at time 0.00 (bottom row). (J) Tracing of
calcium activity in the growth cone shown in (I) before and after application of
SKF. Scale bars 10 um except (I) which is 5 um. Pseudocolor calibration bars
indicate fluorescence intensity (D) or ratio of GCaMP2 to DsRed2
fluorescence intensities (F) in arbitrary units. (Reprinted from Hutchins et al.,
2011).

stores plays a role in regulating callosal axon outgrowth we blocked
IP3 receptors (on the endoplasmic reticulum) pharmacologically
to inhibit calcium release from stores. Using live cell imaging,
we measured growth of postcrossing axons since a recent study

(Wang et al., 2007) showed that in vivo suppression of sponta-
neous electrical activity in mouse callosal axons decreased rates of
axon outgrowth on the postcrossing but not the precrossing side
of the callosum. Treatment with blockers to IP3 receptors slowed
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axon outgrowth of postcrossing axons but their normal rates were
restored after washout of the blocking reagent. However, blocking
Ca** release from stores had no effect on guidance of callosal axons
whose trajectories (measured from images obtained at the begin-
ning and end of the 3-h experiments) after crossing the midline
were similar to those of untreated controls. In contrast, pharma-
cologically blocking Ca?* entry through TRP channels not only
slowed axon outgrowth but also severely misrouted postcrossing
callosal axons, which turned prematurely toward the cortical plate
or turned ventrally toward the septum. We verified the involve-
ment of calcium activity by blocking TRP channels and then
measuring effects on Ca*" transients in individual postcrossing
callosal axons. As shown in Figure 8I, blocking TRP channels
attenuated frequencies of Ca?* transients to about 3 h compared
with 12 h for controls, showing directly that the growth and guid-
ance defects resulted from decreased Ca?* activity. Furthermore,
as we found in dissociated cultures, calcium signaling by store
release or by Ca®* entry through TRP channels respectively medi-
ates axon outgrowth or both axon outgrowth and guidance in the
corpus callosum.

Although these results demonstrate the requirement for cal-
cium signaling in outgrowth and guidance of callosal axons, it
was important to show the specific involvement of Wnt5a sig-
naling. In vivo knockout mice lacking the Wnt5a Ryk receptor
showed guidance errors in callosal axons only after they crossed
the midline (Keeble et al., 2006). This is consistent with the find-
ing that mouse callosal axons do not respond to Wnt5a until the
age when they cross the midline (E 16) and begin to express the
Ryk receptor (Keeble et al., 2006). However, these experiments did
not address signaling mechanisms downstream of Ryk receptors.
Therefore, we knocked down the Ryk receptor by electropora-
tion of Ryk siRNA in a small number of axons and then analyzed
effects on DsRed2 labeled callosal axons in living cortical slices
(Hutchins et al., 2011). Ryk knockdown slowed the growth rate of
postcrossing callosal axons to half their normal growth rate, but
had no effect on precrossing axon growth rates, consistent with Ryk
expression on callosal axons only after they cross the midline (Kee-
ble et al., 2006). Importantly, Ryk knockdown also caused severe
guidance errors in about a third of labeled postcrossing axons
that deviated inappropriately toward the septum or prematurely
turned toward the overlying cortex. Since we found previously (Li
et al., 2009) that knocking down the Ryk receptor reduced the
proportion of neurons expressing Ca?* transients in response to
Wnt5a, we asked whether growth and guidance defects in callosal
axons in which Ryk was knocked down resulted from interference
with Wnt5a evoked calcium signaling. To address this question
we coelectroporated the calcium biosensor GCaMP2 with Ryk
siRNA to measure calcium activity in neurons in which RyK/Wnt
signaling was disrupted. In such neurons frequencies of Ca?* tran-
sients were reduced fourfold in postcrossing axons. Remarkably, in
growth cones projecting aberrantly toward the septum, Ca?* tran-
sients were undetectable. Taken together, these results suggest that
callosal axon growth and guidance errors caused by Ryk knock-
down result from attenuation of calcium activity. Since CaMKII is
also a component of the Wnt/calcium signaling pathway (Li et al.,
2009), we investigated its role in callosal axon growth and guid-
ance by cortical transfection of plasmids encoding an inhibitory

CaMKII protein (Tang and Kalil, 2005). For postcrossing but not
precrossing axons, this treatment slowed axon outgrowth by about
half and caused dramatic axon guidance errors in which some
axons projected aberrantly while others looped backward in the
corpus callosum. Do these defects represent a failure of axon repul-
sion mechanisms mediated by Wnt5a? Using turning assays in
which dissociated neurons were exposed to Wnt5a gradients, we
found that neurons transfected with the CaMKII inhibitor were
unable to increase their growth rates or show repulsive turning.
These results suggest that CaMKII, downstream of Wnt/calcium
signaling, is necessary for the outgrowth and repulsive guidance
mechanisms by which Wnt5a regulates development of callosal
axons.

Taken together these results, summarized in a cortical slice
model of the developing corpus callosum (Figure 9), show
that Wnt/calcium signaling pathways are essential for regulating
callosal axon outgrowth and guidance. Nevertheless, additional
growth and guidance factors are known to regulate development of
the corpus callosum (Lindwall et al., 2007). For example, in addi-
tion to Wnt5a, sources of netrins, semaphorins, and Slit 2 surround
the corpus callosum and their role in callosal axon guidance across
the midline has been well characterized (Shu and Richards, 2001;
Shu et al., 2003; Niquille et al., 2009; Piper et al., 2009). Although
direct evidence for netrins in guiding callosal axons to the midline
is lacking, callosal axons express the netrin-1 receptor DCC and
netrin-1 knockout mice lack all forebrain commissural projections
(Serafini et al., 1996). Slits are chemorepellent proteins expressed
in glial structures adjacent to the callosal midline in a pattern
similar to that of Wnt5a. Knockout mice lacking the Slit recep-
tor Robo 1 display aberrant projections of callosal axons that are
misdirected at the midline, suggesting that Slits may channel cal-
losal axons into the correct pathway (Lindwall et al., 2007). Mutant
mice whose axons are unable to bind semaphorins also show cal-
losal malformations. However, our finding that inhibiting calcium
signaling only affected growth of axons after but not before the
midline suggests the involvement of Wnt5a signaling because cor-
tical axons do not respond to Wnt5a until the age at which they
cross the midline (Keeble et al., 2006). Although Slit 2 affects both
pre- and post-crossing axons (Shu and Richards, 2001; Shu et al.,
2003) our results show that interfering with Wnt/calcium/CaMKII
signaling only affects postcrossing axon outgrowth.

MICROTUBULE DYNAMICS REGULATE Wnt5a EVOKED AXON
OUTGROWTH AND GUIDANCE

Growth cone behaviors are regulated by reorganization and
dynamics of the actin and microtubule (MT) cytoskeleton (Dent
and Gertler, 2003; Lowery and Van Vactor, 2009), which can be
modulated by extracellular guidance cues (Luo, 2002; Huber et al.,
2003; Kalil and Dent, 2005). Stable microtubules occupy the cen-
tral region of the growth cone while dynamic MTs that grow
and shrink in dynamic instability actively explore the periphery
(Dent et al., 1999; Dent and Kalil, 2001; Schaefer et al., 2002,
2008; Lowery and Van Vactor, 2009). Inhibiting MT dynamics
can abolish growth cone turning and localized MT stabilization
and de-stabilization can induce attractive turning and repulsion
(Buck and Zheng, 2002), suggesting an instructive role for MTs in
axon guidance. Wnt signaling increases MT stability and Wnt3a
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FIGURE 9 | Wnt/calcium signaling guides axon growth through the
corpus callosum. (A) Schematic of a cortical slice showing cortical
axons extending through the corpus callosum (cc) surrounded by Wntba
secreted by the indusium griseum (IG) and glial wedge (GW). Axons in
the contralateral callosum have high frequencies of calcium transients
evoked by Wntb5a signaling, which accelerates rates of axon outgrowth.
In contrast, ipsilateral axons not yet responsive to \WWntba, have low levels
of calcium activity and thus grow more slowly. LV, lateral ventricle; CP,
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cortical plate. (B) Schematic of intracellular signaling in the postcrossing
axon from (A) showing that Wnt5a gradient from the glial wedge
activates RyK receptors to open IP3 receptors and TRP channels causing
release of calcium from intracellular stores and calcium influx through
the plasma membrane. These calcium transients activate CaMKIl to
accelerate axon extension and repel growth cones away from the glial
wedge toward the contralateral cortex. (Reprinted from Hutchins et al.,
2011).

and Wnt7a specifically decrease axon length and increase growth
cone size of DRG and cerebellar mossy fiber terminals (Lucas and
Salinas, 1997; Hall et al., 2000) by reorganization of MTs into
stable loops (Ciani and Salinas, 2005; Salinas, 2007; Purro et al.,
2008). This occurs through changes in MT directionality across
the growth cone rather than toward the leading edge (Purro et al,,
2008). In contrast we showed that Wnt5a increases cortical axon
outgrowth and induces growth cone repulsion (Li et al., 2009)
but the cytoskeletal mechanisms are unknown. Our preliminary
results (Li et al., unpublished observations) suggest that reorga-
nization of dynamic MTs plays a major role in increased axon
outgrowth and repulsive growth cone turning induced by Wnt5a.

We first confirmed that dynamic MTs are required for the
growth promoting and guidance effects of Wnt5a by applying
nocodazole, an inhibitor of MT dynamics (Dent and Kalil, 2001),
which prevented Wnt5a induced increases in axon outgrowth and
repulsive turning in Wnt5a gradients. To determine the relation-
ship between directionality of MTs and the direction of growth
cone advance induced by Wnt5a, we used high resolution fluores-
cence (total internal reflection fluorescence, TIRF) microscopy to
image growth cones of early postnatal cortical neurons transfected
with an EGFP-EB3 construct to label dynamic MT plus ends and
DsRed2 to label the cytoplasm. EB3 is a +TIP protein that binds to
the growing plus ends of MTs (Nakagawa et al., 2000) and EGFP-
EB3 has been used to image MT dynamics in neurons (Stepanova
et al., 2003). Dynamic growing MT tips were visualized as EB3
“comets” in cortical growth cones before and after bath application
of Wnt5a. Wnt5a oriented dynamic MTs in the direction of axon
elongation, suggesting that increased axon outgrowth by Wnt5a
occurs by reorientation of dynamic MTs. We then applied Wnt5a
as a gradient to investigate the possible redistribution of dynamic
MTs in growth cones during repulsive turning behaviors. Prelimi-
nary results (Figure 10) showed that before application of Wnt5a
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FIGURE 10 | Wnt5a gradients induce redistribution and reorganization
of dynamic microtubules (MTs) in growth cones. (A) Schematic of
measurement of the distribution of EB3 comets on MT plus ends in the
presence of a pipette gradient of WWnt5a locally applied at the right side of
the growth cone. Individual EB3 comets are detected by fluorescence
(green dots) and their center of intensity (cross) is determined. (B)
Localization of the center of intensity of EB3 comets evoked by a Wntba
gradient in 10 growth cones in independent experiments including the
growth cone shown in (C,D). Negative numbers indicate EB3 localization to
the side of the growth cone farthest from the Wntba source. Change of the
center of intensity =—0.35+0.14 um (p < 0.05, Wilcoxon signed rank test).
(C,D) Composite images of the same growth cone showing redistribution
of EB3 comets over time 30 min before and during 30 min of application of
the Wntba gradient (n=601 images before Wntba and 601 images during
Whntba application). The maximum intensity was computed for each pixel
from the entire image stack by using algorithms in Metamorph. Using
these values stacks of all images were superimposed and pixels assigned
values in pseudocolor to indicate fluorescence intensity.
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EB3 comets were randomly distributed throughout the growth
cone but during 30 min exposure of growth cones to Wnt5a gra-
dients EB3 comets redistributed to the far side of the growth cone
away from the Wnt5a source. These results suggest that in Wnt5a
gradients asymmetric redistribution of dynamic MTs may be a
first step in repulsive turning.

Gradients of guidance cues can evoke asymmetries in calcium
activity (Gomez and Zheng, 2006) that are typically highest on
the side of the growth cone facing a source of either an attrac-
tive or repulsive guidance cue gradient. Thus it was surprising to
find that Wnt5a can evoke Ca?* transients localized to the far
side of the growth cone facing away from the Wnt5a source. The
coincidence of MT and Ca?* asymmetries led us to investigate
a possible relationship between asymmetries in Ca?*t transients
and the redistribution of dynamic MTs in growth cones exposed
to Wnt5a gradients. One candidate link is the MT associated pro-
tein tau which binds to MTs to increase their stability (Dehmelt
and Halpain, 2005). CaMKII phosphorylates tau at the MT bind-
ing site (Litersky et al., 19965 Sironi et al., 1998). This leads to
detachment of tau from MTs and thus decreased MT stability
and increased MT dynamics (Biernat et al., 1993). Furthermore,
Whnt5a is known to activate CaMKII (Kuhl et al., 2000). Together
these findings led us to investigate tau as a possible link between
calcium signaling and dynamic MTs. To determine whether tau is
required for the growth promoting effects of Wnt5a on cortical
axons, we knocked down tau with siRNAs which prevented Wnt5a
from increasing rates of cortical axon outgrowth. Importantly, this
treatment also prevented growth cone repulsion in Wnt5a gradi-
ents. We then co-transfected cortical neurons with EGFP-EB3 and
tau siRNA, and imaged dynamic MTs by following EB3 comets
in growth cones. Remarkably, we found that tau knockdown pre-
vented the redistribution of dynamic MTs toward the far side of
the growth cone facing away from the Wnt5a gradient. As shown in
Figure 11 dynamic MTs remain randomly distributed throughout

the growth cones as in untreated controls. Since calcium activity
is required for the growth and guidance effects of Wnt5a on corti-
cal axons in vitro (Li et al., 2009) and within the corpus callosum
(Hutchins et al., 2011) these results suggest a relationship, possibly
mediated by tau, between Wnt5a evoked calcium signaling and
the redistribution of dynamic MTs during Wnt5a evoked cortical
growth cone repulsion.

FUTURE DIRECTIONS

This review has emphasized the central role of intracellular cal-
cium signaling in transducing the effects of guidance molecules
on growth and guidance of cortical axons during development.
However, many questions remain unanswered. First, the mecha-
nisms by which guidance cues evoke calcium transients localized to
small regions of axons and growth cones are not well understood.
Second, how competitive mechanisms, mediated by calcium sig-
naling, favor the growth of one cortical axon process over another
requires further study. Third, the relationship between calcium
activity and cytoskeletal dynamics leading to cortical axon branch-
ing, outgrowth and guidance remains obscure. Fourth, effects
of guidance cues on cytoskeletal reorganization leading to spe-
cific growth cone behaviors are only beginning to be addressed.
Finally, it is not always clear that axon growth and guidance
mechanisms identified in tissue culture are applicable to devel-
opment in vivo. Thus a major challenge will be to elucidate how
axons of neurons in the complex in vivo environment of the cere-
bral cortex can integrate multiple extracellular guidance cues and
intracellular signaling pathways necessary for appropriate axon
outgrowth, guidance, and branching during wiring of cortical
circuits.
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