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REVIEWS

The molecular basis for
calcium-dependent axon pathfinding

Intracellular Ca?* signalling influences a broad range of
biological events in most, if not all cells, beginning with
fertilization and continuing through development, into
adulthood and concluding with cell death (for reviews,
see REFS 1,2). That this simple ion can mediate such a
vast spectrum of physiological events is remarkable.
One particularly well-studied, yet highly confounding
cellular location where Ca?* has been reported to have
many unique effects is in the terminal growth cones of
extending axons and developing dendrites. Although
Ca** has been recognized as an important mediator of
the morphological differentiation of neurons for more
than 25 years, the molecular basis for its diverse effects
remains elusive.

Neurons maintain a baseline intracellular Ca** con-
centration ([Ca*"]) at the resting state, termed the resting
[Ca*].. Ca**-mediated signalling involves fluctuations of
[Ca’*], above the resting level. At the growth cone, Ca**
fluctuations are often linked with changes in morphology
and motility. Correlations between motile behaviour and
[Ca’*], come from both experimental manipulations of
cytosolic Ca?* and from Ca** imaging studies. However,
treatments that elevate or depress [Ca’*], often have
wide-ranging effects on motility. Effects on growth
cone behaviour depend on several factors, including the
spatial and temporal characteristics of the Ca** changes,
the Ca?* effectors present in the domain of elevated Ca*',
and possibly the particular Ca** channel types involved
in generating [Ca**] changes. One challenge in elucidat-
ing the mechanisms of Ca’*-mediated motility is the
difficulty of linking individual versus cumulative Ca?*
homeostatic processes with the activation of particular
downstream targets. Often, treatments that alter one
intracellular process rapidly affect homeostatic processes.
For example, a reduction in overall Ca** influx or influx
through specific channels might trigger homeostatic
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Abstract | Ca?* signals have profound and varied effects on growth cone motility and
guidance. Modulation of Ca* influx and release from stores by guidance cues shapes
Ca?* signals, which determine the activation of downstream targets. Although the precise
molecular mechanisms that underlie distinct Ca?*-mediated effects on growth cone
behaviours remain unclear, recent studies have identified important players in both the
regulation and targets of Ca?* signals in growth cones.

release of Ca®* from stores in an attempt to maintain
baseline [Ca*].. However, as new Ca®* channels, buffers
and transporters are identified together with their specific
downstream effectors, we are beginning to understand
how diverse behaviours derive from this simple ion.

In this review, we first describe the functional effects
that distinct Ca?* signals have on the motility and guid-
ance of axonal and dendritic extensions. Second, we
discuss the mechanisms responsible for altering [Ca**],
in growth cones and dendrites. Recent findings indicate
that several unexpected channels are gated downstream
of chemotropic axon guidance cues. After Ca** enters the
cytosol it must act on specific downstream Ca?*-bind-
ing partners and subsequent cytoskeletal effectors. We
discuss recent findings suggesting that Ca** signals are
decoded by Ca**-binding proteins with varying affinities
and on/off rates. Finally, we present a unifying model
that attempts to reconcile disparate data collected from
studies using various cell types under distinct conditions
over the years. Although good progress has been made
recently, several key questions remain unanswered, which
we address at the end of the article.

Functional effects of Ca>* on axon outgrowth

Global Ca’* signals regulate neurite outgrowth. A large
body of evidence indicates that cytosolic Ca** has
important and diverse roles in the control of axonal and
dendritic growth and guidance. Remarkably, different Ca?*
signals can have varying behavioural effects, often oppo-
site, on growth cone motility. On the one hand, elevations
of growth cone Ca** have been associated with reduced
motility in many neuronal types (for reviews, see REFS 3-5).
When growth cones are exposed to stimuli that produce
a large, sudden [Ca’'], elevation, they typically slow
down, stop or retract in a Ca**-dependent manner®''.
Consistent with the idea that Ca®* serves as a negative
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Figure 1| Measurements of Ca” using fluorescent Ca
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** indicators in Xenopus spinal neurons show that Ca?*

signals can vary widely in amplitude, spatial spread and kinetics. a | Individual fluorescent channels of a growth
cone co-loaded with Fluo-4 and Fura-red at three time intervals (top). The pseudocolour ratio images (bottom) illustrate
normalized Ca** signals. A large Ca** elevation initiates at the tip of a single filopodium at 125 ms and diffuses towards the
body of the growth cone. b | Fluorescence ratio (AR) measurements (normalized to baseline) determined from regions of
interest at the filopodial tip and distal growth cone (regions used indicated on the 0 ms ratio image in a). Changes in
fluorescence ratio relative to the baseline ratio (R) are indicative of changes in intracellular Ca** concentration ([Ca™]).
Note that the amplitude of Ca?* transients at the filopodial tip exceed 350% of baseline and lead to small elevations in Ca?*
of ~10% above baseline at the distal region of the growth cone. ¢ | Ca** measurements of a growth cone on exposure to a
netrin gradient. The assays were conducted using similar techniques to those used in a. Pseudocolour ratio images (of
Fluo-4/Fura-red signals) illustrate normalized Ca** signals during exposure to netrin. Inhibition of transient receptor
potential TRPC channels with SKF-96365 (an inhibitor of store-operated Ca** influx) prevents Ca** elevation in response to
netrin. Arrows indicate site of netrin application; numbers represent time in minutes. d | Average fluorescence ratio
measurements in a growth cone show that netrin modestly elevates [Caz*]i (10-20% above baseline) as compared with

spontaneous Ca?* transients in filopodia.

regulator of process extension, reductions in [Ca**], were
found to promote neurite outgrowth from both inverte-
brate and vertebrate neurons'>'*. One interpretation of
these results is that there is an optimal range for [Ca*'],
(REF. 5) that supports maximal outgrowth. Moreover, as
reducing Ca** influx accelerates axonal outgrowth from
some types of neuron, it seems that resting [Ca**], is
above the optimal range for maximal neurite extension
for these neurons. Interestingly, blocking Ca*" influx
through certain channel types seems to be more effec-
tive than other approaches in accelerating outgrowth'**,
and partially blocking Ca** influx provides better results
than completely eliminating it. For example, a low con-
centration of polyvalent cation Ca®*-channel blockers
accelerates neurite outgrowth, whereas a high concen-
tration slows outgrowth'. These results suggest that dif-
ferent plasma membrane channels contribute to slowing
neurite growth rate to different degrees and that some
Ca?* influxis necessary for optimal outgrowth. However,
other studies have found that elevating [Ca**] in growth
cones promotes neurite outgrowth'>"”. Many factors

might explain these discrepancies, such as differences in
resting [Ca**], relative to the optimal ‘set point’ for dif-
ferent types of neuron, or the experimental conditions
used. As Ca*" is known to control gene expression, condi-
tions in which chronic manipulations of Ca** signalling
are used can alter cellular differentiation independent
of the local effects of Ca** on the motility machinery of
growth cones'". For example, growth cones can adapt to
elevated baseline [Ca*], conditions®, which suggests that
the Ca?*-dependent targets that define the ‘optimal range’
can adjust their sensitivity or be downregulated.
Growth cone motility is not only regulated by pro-
longed shifts in Ca’** influx or baseline [Ca**], changes,
but also by temporal patterns of [Ca*'], fluctuations
(FIC. 1a). Neuronal growth cones show spontaneous and
agonist-induced transient elevations in [Ca**]; that reduce
the rate of neurite extension both in culture!#'52°-** and
in vivo*. Ca** transients come in many forms, which have
distinct kinetic characteristics and spatial spread. Ca**
transients range from global events involving the entire
neuron'*?' to highly localized signals at the tips of axonal
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Figure 2 | Regulation of growth cone turning by local and global Ca?* signals.

a | Elevation of the local intracellular Ca?* concentration ([Caz*]i) can occur across three
ranges to produce repulsion or attraction. Current data support the idea that small and
large elevations in [Ca”] result in repulsion, whereas modest elevations induce
attraction. b | The baseline [Ca”*], can also affect the turning responses induced by local
elevations in [Ca’"].. Experimental data show that lowering the baseline tends to shift the
response to local [Ca”], elevation to repulsion.

Chemotropism

The movement or orientation
of an extending axon or cell
along a chemical concentration
gradient either towards or
away from a chemical stimulus.

or dendritic filopodia®?® (FIG. 1a). Distinct Ca*" transients
are generated by activation of specific Ca?* channels on
the plasma membrane'?, intracellular stores® or both. In
some cases, the channels responsible for generating Ca**
transients are unidentified, non-traditional channels that
are not gated by transmitters or changes in voltage®.

Local Ca** signals regulate growth cone morphology and
steering. Although transient or prolonged global elevations
of growth cone [Ca’*], often slow or halt axon outgrowth,
localized Ca** signals seem to promote growth cone turn-
ing (for reviews, see REFS 4,27). Many studies have shown
that when Ca?" is directly elevated locally on one side of the
growth cone, these local signals can promote protrusion
of filopodia**>! and lamellipodial veils®, and, over time,
orient axon outgrowth?***, The effects of Ca** signals on
filopodial protrusion and stability are of particular interest,
as, again, seemingly discrepant findings have been described.
Local and global elevations of Ca** have been shown
to promote filopodial formation and extension in some
circumstances®**>-% but to cause collapse or stabilization
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of filopodia in other situations®**?*. The cause of these
opposing responses by filopodia is not clear, but the
characteristics of the Ca®* signals, such as amplitude,
frequency, number and mechanism of generation, might
account in part for the observed differences. For example,
a single short duration pulse of Ca*, produced by pho-
tolysis of caged Ca?, is sufficient to stimulate filopodial
protrusion®**, but repetitive spontaneous transients
stabilize existing filopodia®. Interestingly, a recent study
investigating Ca?®* signalling in developing hippocampal
neurons in situ found that low-frequency spontaneous
Ca* transients in dendritic filopodia correlated with the
formation and extension of nascent filopodia®. However,
at higher Ca?* transient frequencies, filopodia became
stabilized much as observed in axonal growth cones®.
Although Ca** transients in growth cone filopodia guide
axonal outgrowth and might contribute to early synapse
formation, in dendrites these signals probably function to
stabilize competing synaptic contacts®.

Chemotropism of axons toward certain guidance cues
depends on Ca?* signalling in growth cones. For example,
chemoattraction towards nerve growth factor®**, brain-
derived neurotrophic factor (BDNF)*? and netrin***
depend on Ca?* signalling. Ca** imaging studies show that
during chemotropism, modest Ca* gradients form across
the growth cone, with the highest [Ca**], on the side toward
the source of the guidance cue?®*# (FIG. 1b). Interestingly,
chemorepulsion from myelin-associated glycoprotein
(MAG) also involves Ca** gradients in growth cones with
the elevated side toward the source of the guidance cue®.
However, the amplitude of local Ca’" signals at the growth
cone seems to be lower during chemorepulsion, which
suggests that the slope of the [Ca**], gradient is somehow
a determinant for steering direction*** (FIG. 2a). On the
other hand, studies using direct manipulation of [Ca*'],
indicate that the extent of the local Ca** elevation, which
is coupled with baseline [Ca**], controls the direction of
growth cone steering®*. Although the combination of a
local Ca** concentration and baseline [Ca**], constitutes
the slope of the gradient across the growth cone, it is not
clear whether the slope or the individual Ca** components
(local versus baseline) determines the direction of growth
cone steering. In the former case, for example, a small
local Ca?* elevation produces a larger amplitude difference
across the growth cone at low resting [Ca?*],, which should
result in attractive turning. However, lowering the baseline
[Ca*"], typically promotes repulsive turning in response to
both large and small local Ca®* signals****". These results
indicate that local and global Ca** signals in the growth
cone might separately determine which downstream
signalling cascades are activated to mediate repulsion or
attraction (FIC. 2b). Two outstanding questions, which we
discuss below, are how different guidance cues generate
Ca?* gradients of varying amplitude across growth cones,
and which downstream processes transduce these Ca**
signals into attractive or repulsive turning.

Ca?* and axon branching. The proper development of
complex neural networks occurs not only through guid-
ance of terminal growth cones, but also by local control
of axon branching patterns**~>°. Axonal and dendritic
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branching are determined by various Ca**-dependent
processes that seem to control the initiation, elimina-
tion and stability of branches (for a review, see REF. 51).
Competition between eye-specific retinal ganglion cell
axons leads to selective elimination and stabilization
of branches in response to Ca** influx through NMDA
(N-methyl-p-aspartate) receptors®. On the other hand,
neuronal activity also seems to be required for branch
formation and motility*’. Although the specific Ca**
signalling characteristics and/or channels involved were
not identified in the latter study, it is tempting to spec-
ulate that distinct Ca** signals coordinate the opposing
behaviours described in these two studies. These results
are similar to the bifunctional effects of Ca?* signals on
growth cone turning and filopodial formation described
above. Branching factors might control the expansion
of new branches into unoccupied territory through
activation of specific Ca?* signalling pathways, whereas
competition for target-derived factors might stabilize or
eliminate branches by activating distinct Ca** signals.
In support of this idea, netrin was recently shown to
promote branch formation in cortical neurons by stimu-
lating local Ca?* transients®. In this study, local Ca**
transients were produced in response to netrin by Ca**
release from inositol-1,4,5-trisphosphate (Ins(1,4,5)P3)
receptors. Local Ca®* signals correlated with rapid initia-
tion of new filopodia and branches, which depended on
Ca?** release from stores. It would be interesting to know
whether NMDA receptor activity modulates the positive
effects of netrin in this in vitro paradigm, as this would
support the idea that distinct Ca** signals or pathways
promote different phases of branch development.

Cytoplasmic Ca** concentration in growth cones
Ca** influx and release mechanisms. The [Ca’'], in
growth cones is tightly controlled by various channels,
pumps and buffers (FIG. 3). Fluctuations in [Ca**],
occur when channels on the plasma membrane or on
intracellular stores open to allow Ca** to flow into the
cytosol. One of the best-studied plasma membrane
channel types on growth cones is gated by volt-
age changes®. Voltage-operated calcium channels
(VOCCs) function throughout the stages of neural
development that precede synaptogenesis. For example,
VOCCs function in neural induction'®***, selection
of transmitter phenotype by neurons®**’, and also in
the regulation of growth cone pathfinding behaviours
downstream of axon guidance cues®®. Early studies
showed that VOCCs were partially, but not completely,
responsible for Ca** elevations induced by netrin 1, as
Ca?* signals in response to netrin 1 were reduced, but
not eliminated, when L-type VOCCs were blocked®.
Interestingly, chemoattraction towards netrin is also
switched to chemorepulsion when L-type Ca** channels
are blocked. However, some Ca?* influx is still required
for chemorepulsion, as all turning (but not outgrowth)
is prevented when Ca?* influx is reduced by low
extracellular Ca?* conditions*>*'. These findings sug-
gest that Ca?* influx through other pathways must be
responsible for repulsive turning when L-type channels
are inhibited.

OO Plasma membrane channels (for example, VOCC,
O ligand-gated, TRP)

Store channels (for example, Ins(1,4,5)P,R, RyR,

NAADPR)
\ Microtubules

i&\ Actin filaments

Figure 3 | Local and global changes in growth cone
intracellular Ca?* concentration occur in response to
Ca?* influx through plasma membrane channels and
release from intracellular stores. Plasma membrane
channels and receptors on Ca**stores are gated by
various stimuli that can be activated locally or globally.
For example, neuronal depolarization probably activates
voltage-operated calcium channels (VOCCs) across the
entire growth cone, leading to an overall cellular Ca?*
transient. On the other hand, local activation of channels
either directly (for example, receptor channels) or
through a receptor-mediated enzymatic process (for
example, phospholipase C hydrolysis of phosphatidyl-
inositol-4,5-bisphosphate, PtdIns(4,5)P , to generate
inositol-1,4,5-trisphosphate, |ns(1,4,5)P3) could result in
local Ca?*influx or release from Ins(1,4,5)P, receptor
(Ins(1,4,5)P_R) stores. Local signals might be amplified by
the recruitment of various channels (for example, Ca?*-
induced Ca?* release), resulting in Ca** gradients of
varying slope. As intracellular Ca* is regulated by various
homeostatic processes, various channel types and pumps
might contribute to the amplitude, slope and kinetics of
the Ca* signal. Moreover, the functional effectors of Ca**
signals might reside near the site of influx or release in a
Ca’ microdomain, leading to variable effects on growth
cone motility of seemingly comparable Ca* signals. The
growth cone cytoskeleton — actin and microtubules —
might also modulate Ca?* signals by regulating the
distribution of plasma membrane Ca?* channels and
stores that contain unique receptors involved in Ca?*
release. NAADPR, nicotinic acid adenine dinucleotide
phosphate receptor; RyR, ryanodine receptor;

TRP, transient receptor potential channel.

The presence on growth cones of non-traditional
Ca?* channels that are gated by unknown factors has
been suspected for years, but the identity of specific
channel types has remained elusive. For example, spon-
taneous Ca’* transients that occur in growth cones**"*
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Antisense nucleotide
knockdown

The use of an oligonucleotide
with a complimentary
sequence to a target MRNA to
promote hybridization. When
antisense DNA or RNA is
added to a cell, it binds to a
specific mRNA molecule and
prevents translation into
protein.

Morpholino

A synthetic oligonucleotide
with a modified sugar
backbone (morphine ring) that
is resistant to degradation by
nucleases and therefore forms
stable translation-blocking
hybrids with endogenous
mRNA. This form of
oligonucleotide is particularly
popular for work with zebrafish
and Xenopus systems.

Ca?* nanodomain

Alocal Ca?* signal generated
by Ca?* influx through a single
channel. To encode
information, Ca?* sensors must
be positioned within 50 nm of
the open Ca?* channel.

Ca?* microdomain

Alocal Ca?* signal generated
by integrated Ca?* influx
through a discrete cluster of
Ca?* channels. To encode
information, Ca?* sensors must
be positioned <1 um from the
open Ca?* channels.

and locally within individual filopodia®*® depend on
Ca?" influx through a non-VOCC. The frequencies of
these local Ca?* transients are unaffected by organic
VOCC blockers?®** and ligand-gated channel blockers
(T.M.G., unpublished observations), but are inhibited
by nonspecific inorganic cations?**»**?. The trigger-
ing mechanism that activates these channels remains
unknown, but strong substratum adhesion correlates
with higher frequency transients, which suggests that
mechanical tension might be involved®. Interestingly,
in behavioural assays, blocking VOCCs has no effect on
the rate of outgrowth, whereas globally inhibiting Ca**
influx accelerates axon outgrowth?. This indicates that
Ca?* influx through some non-VOCCs might normally
suppress axon extension.

Several recent reports have identified new Ca*
influx pathways that are active on growth cones during
chemoattraction towards both netrin and BDNF**%, and
chemorepulsion by MAG®*. Members of the transient
receptor potential (TRP) family of non-selective cationic
channels were found to contribute to Ca** influx and to
depolarize neurons sufficiently to activate L-type VOCCs
in response to netrin and BDNF®*®, Although TRP type
C (TRPC) channels were previously shown to regulate
neurite outgrowth in hippocampal neurons®*, these
were the first studies to show that TRP channels are acti-
vated downstream of guidance cues. Exactly how these
guidance cues activate TRPC channels on growth cones is
not clear, but it seems that Ca** release from Ins(1,4,5)P,
receptor stores triggers TRPC channel opening by store-
operated Ca®" influx. The results of earlier studies using
turning assays suggested that these guidance cues activate
phospholipase C (PLC)*, which hydrolyses phospholipids
into Ins(1,4,5)P, and diacylglycerol (DAG). Ins(1,4,5)P,
activates Ca’* release from the endoplasmic reticulum
and the depletion of these stores can open store-operated
Ca?* channels (SOCCs), which include some TRP chan-
nels (for a review, see REF. 67). In Xenopus spinal neurons,
a TRPCI homologue is necessary for Ca?* changes and
chemotropic turning. However, TRPC1 channels do
not seem to function as SOCCs in Xenopus oocytes®,
which suggests that a different activation mechanism
might occur in growth cones®. Similarly, chemoattrac-
tion of cerebellar granule growth cones toward BDNF
seems to require TRPC3 and TRPC6 channels, which act
downstream of PLC and Ins(1,4,5)P, (REF. 62). Together,
these findings suggest a signalling cascade that involves
guidance receptor activation, PLC activation, Ins(1,4,5)P,
production, Ca** release from the endoplasmic reticulum
and TRPC channel opening.

As previous studies have established that small gra-
dients occurring as a result of locally elevated [Ca**],
induce growth cone repulsion and modestly large Ca**
gradients induce attraction, it is puzzling that blocking
influx through TRP channels by pharmacological inhibi-
tion or antisense nucleotide knockdown completely abol-
ished all the turning responses®*®. If Ca*" release occurs
when TRP channels are inhibited, then a low amplitude
[Ca**], gradient would be generated in response to local
guidance cues through Ca®* release alone, which should
result in repulsion®. Indeed, in a separate study, netrin
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1-induced attraction was converted to repulsion after
morpholino knockdown of Xenopus TRPC channels.
Moreover, MAG-induced repulsion was blocked by
knockdown of Xenopus TRPC protein expression. These
results indicate that TRP channels might contribute to the
size of local Ca** elevations or baseline [Ca**]. Therefore,
TRP channel knockdown could induce repulsion to
netrin 1 by reducing either of these two conditions. As
MAG-induced repulsion has been shown to involve a
small Ca?* elevation®, Xenopus TRPC knockdown would
further reduce the Ca?* signals and block all turning
responses®. It should be noted that protein knockdown by
antisense technologies in different cells and by different
approaches can result in different degrees of functional
loss. Furthermore, chronic inhibition of TRP channel
activity could reduce the concentration of Ca** in intra-
cellular stores, which would, in turn, prevent Ca** release
in response to guidance cues®*. Therefore, differences
in the extent of knockdown or homeostatic regulation
could account for the discrepant findings.

Ca?* gradients versus Ca** microdomains. Growth cone
steering in response to extracellular gradients requires
localized signalling to provide directional instructions.
Although most extracellular guidance gradients are quite
shallow and spread relative to the width of a growth cone,
Ca*" elevation within the growth cone seems to be rela-
tively localized?**4¢, By comparison, in chemotactic cells,
shallow gradients of extracellular cues are amplified into
steep or highly localized gradients of intracellular signals
that provide directional instructions for cell migration
(for a review, see REF. 70). Although local Ca?* signals have
been observed in growth cones by imaging fluorescent
Ca*" indicators®*, the precise nature of the functional
Ca’* changes that coordinate directional motility is not
clear. For example, the endogenous Ca** signals in growth
cones that activate Ca**-mediated effectors might occur
within Ca?" microdomains, which could be important for
localized signal transduction during guidance. Ca’* nano-
domains (single channel) or microdomains (clustered chan-
nels) are highly localized Ca** signals generated in cells
due to the passive movement of Ca** through the plasma
membrane and store-associated channels coupled with its
restricted diffusion by various homeostatic mechanisms”
(FIG. 3). Cytoplasmic Ca** buffers, pumps and exchangers
help shape the spread, amplitude and duration of local
cytosolic Ca** signals involved in growth cone pathfind-
ing. In fact, many local Ca** signalling events are undetec-
table with standard fluorescence imaging techniques, yet
have been shown experimentally to mediate important
physiological processes™ . It is therefore plausible that
past Ca?* imaging data on growth cones have revealed
only the overall average of Ca** signals across the growth
cone, and that spatially and temporally-restricted Ca**
signalling domains that are functionally relevant for
growth cone motility have remained undetected.

Ca?* microdomains might couple specific Ca** signals
to different downstream effectors. Within local Ca?* sig-
nalling domains, spatially restricted Ca**-binding effector
proteins are believed to regulate distinct physiological
processes. For example, Ca’* entry through L-type Ca**
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Actomyosin

A motor system composed of
actin filaments and myosin,
which hydrolyse ATP to
produce force in processes
such as muscle contraction and
retrograde actin flow.

channels in cortical neurons activates the Ras-mitogen-
activated protein kinase (MAPK) pathway’. The physical
association between Ca** channels and signalling inter-
mediaries, such as calmodulin, is believed to account for
this selectivity’®. Conversely, activation of nuclear factor of
activated T cells (NFAT) signalling by BDNF specifically
requires Ca** release from Ins(1,4,5)P3 receptors, but not
NMDA receptors or L-type Ca?** channels”. Given that Ca**
has been shown to function conclusively within micro-
domains in the presynaptic terminal, a similar function
is anticipated in growth cones.

Downstream Ca”* targets in growth cones
Changes in [Ca*'], with different spatial and temporal
characteristics can generate diverse cellular responses
due to various downstream targets that are modulated by
intracellular Ca?* signals. In particular, many Ca*"-medi-
ated target proteins expressed by growth cones regulate
motility and axon guidance. For example, Ca** regulates
proteins that are involved in the organization and move-
ment of actin filaments. These include several members
of the myosin family that are involved in actomyosin-based
retrograde flow, adhesion site formation and vesicle
trafficking (for reviews, see REFS 78,79). Other proteins
regulated by Ca** organize actin filament bundles (such
as o-actinin and fodrin®®') or promote filament turnover
(for example, gelsolin and actin depolymerizing factor
(ADF)/cofilin®*®), which are two important processes
for membrane protrusion and substratum adhesion. In
addition to the regulation of the cytoskeleton, which we
describe in more detail below, Ca** might also regulate
protein synthesis and degradation®*®, which have recently
been found to occur locally in growth cones in response
to axon guidance cues®¥.

Although it is clear that Ca®* can mediate both attrac-
tive and repulsive turning, it is less certain how a single
ion instructs opposing motile behaviours of growth cones.
Recent studies suggest that different spatiotemporal
patterns of cytosolic Ca** signals are responsible for
distinct turning behaviours. In particular, a small local
(asymmetric) Ca** elevation promotes growth cone
repulsion, whereas a modest local elevation in [Ca**],
induces growth cone attraction®*¢% In addition,
much larger local Ca** transients also promote growth
cone repulsion®® (FIC. 1a). These findings indicate that at
least three types of local Ca?* signal can control attraction
versus repulsion: small and large Ca?* signals promote
repulsion, whereas modest Ca** changes promote attrac-
tion (FIC. 2). This idea is consistent with previous models
of optimal Ca** range for growth cone motility*. A major
challenge is to identify the specific downstream effectors
that are responsible for translating different Ca** signals
into distinct growth cone responses. Although many pro-
teins could interact with Ca*" to regulate growth cone
behaviours (for a review, see REF. 4), we only discuss a few
candidates that have been implicated by recent studies.

Ca**/calmodulin-dependent kinases and phosphatases.
The most extensively characterized Ca**-binding pro-
tein in cells is calmodulin (CaM), which functions as an
intracellular Ca** sensor®*. On Ca?* binding, Ca**/CaM

associates with wide-ranging targets, including several
kinases and phosphates, to elicit diverse signalling cas-
cades. Ca?*/CaM-dependent protein kinases (CaMKs)
represent an important family of Ca**-activated proteins,
and has five identified members’'. Among the CaMKs,
CaMKII is unique for its ability to autophosphorylate and
its important roles in neural development and plastic-
ity*>. Although CaMKI has been shown to be important
in Ca**-dependent regulation of axonal extension®,
CaMKII seems to function in both growth cone turn-
ing and branching?***, Different CaMKs might be
involved in regulation of different aspects of axonal and
dendritic growth, branching and growth cone steering.
Interestingly, isoforms of CaMKII with different affini-
ties for Ca?*/CaM activation are expressed in neurons at
different stages of development. Among the CaMKII iso-
forms, 3-CaMKII is of particular interest as it is expressed
at early developmental stages, is anchored to the actin
cytoskeleton, and is able to regulate neurite extension®.
Importantly, the concentration of Ca**/CaM required for
[B-CaMKII activation is several orders of magnitude less
than that required for the oi-isoform®, allowing it to sense
smaller Ca** signals.

CaMKII is crucial for Ca?*-dependent attraction of
Xenopus growth cones in response to extracellular cues®*.
Studies that use direct local elevation of [Ca**], through
photolysis of caged Ca** have shown that CaMKII specifi-
cally mediates growth cone attraction that is induced by
modest local Ca** signals. As a-CaMKII is not expressed
in Xenopus®, the results of these studies suggest that
B-CaMKII might be responsible for Ca?*-dependent
growth cone attraction. Whether o:-CaMKII has a role
in axon guidance of other neuronal types remains to
be determined. It was shown recently that a-CaMKII
mediates Ca**-dependent axonal branching, which is
activated by netrin 1 in cortical neurons. However, in
this case, large Ca®* transients seem to be responsible for
o-CaMKII activation in the formation of axon branches
in response to netrin 1 exposure™. Therefore, it is likely
that different CaMKII isoforms serve different functions
at distinct stages during neuronal development and in
response to Ca”* signals of varying magnitude.

Although CaMKII is involved in Ca**-dependent
attraction, Ca**-dependent repulsion probably involves
different downstream effectors depending on the nature of
the repulsive Ca** signal. Recent studies have shown that
both small and large local Ca** transients induce growth
cone repulsion®?***44788 These distinct Ca?* signals can
be generated in growth cones to promote repulsion by
gradients of soluble MAG (which result in a small Ca?*
signal) or by filopodial contact with boundaries of the
insoluble extracellular matrix protein tenascin (which
results in a large Ca?* signal)**¢. Recent studies using focal
Ca** photolysis showed that the Ca**/CaM-dependent
phosphatase calcineurin is required for Ca**-dependent
repulsion in response to small local Ca** signals®’.
Calcineurin is the only known Ca?*/CaM-dependent
phosphatase that is highly enriched in the brain”, and
has previously been implicated in Ca?* regulation of axon
extension”. Although calcineurin has several potential
substrates, its activation by Ca*" in growth cones appears
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Postsynaptic density

An electron-dense complex of
proteins located immediately
behind the postsynaptic
membrane. Proteins in the
postsynaptic density have
many roles, which include the
anchoring and trafficking of
neurotransmitter receptors in
the plasma membrane, and the
clustering of various proteins
that modulate receptor
function.

to dephosphorylate and activate another phosphatase, pro-
tein phosphatase 1 (PP1), to induce repulsive growth cone
turning®. Given that calcineurin is activated by smaller
Ca?* signals than CaMKII, this kinase-phosphatase pair
might function as a bimodal switch to control the direc-
tion of growth cone turning in response to different Ca**
signals: small Ca** elevation preferentially activates the
calcineurin-PP1 pathway for repulsion, whereas moder-
ate Ca** elevation acts predominately through CaMKII for
attraction®. A bimodal switch could explain the effects of
baseline [Ca*], on Ca**-dependent growth cone turning,
as lowering the baseline [Ca®"], shifts the local Ca** signals
to favour calcineurin activation****”. The integration of
local and global Ca?* signals at the growth cone might
represent a versatile mechanism for growth cones to
respond to diverse extracellular signals that are received
simultaneously.

Ca’*-activated proteases. Although smalllocal Ca** signals
can elicit repulsive turning without apparent growth cone
collapse, large Ca** transients restricted to filopodia on one
side of the growth cone can also induce repulsion through
local inhibition of filopodial motility*>®. Recent studies
have identified the Ca**-sensitive protease calpain as one
downstream effector of filopodial Ca** transients. Calpain
activity was found to be highest in growth cones on sub-
strata that promote the highest frequency of filopodial
Ca?* transients. Moreover, repulsive turning induced by
local Ca?* transients in filopodia requires calpain activity.
Interestingly, Ca**-mediated calpain activation seems to
regulate integrin-mediated adhesion by inhibiting Src
tyrosine kinase activity®s. Local uncoupling of recep-
tor—cytoskeletal linkages by calpain-dependent cleavage
of Src or adhesion proteins such as talin®® provides a
mechanism whereby filopodial contact with inhibitory
cues might promote repulsive growth cone turning. These
findings point to a potential link between Ca?* signals
and the regulation of growth cone-substratum adhesion.
Although regulation of the cytoskeleton (microtubules
and actin filaments) is recognized as a primary target of
biochemical signals during growth cone guidance, there is
increasing evidence to indicate that spatiotemporal regu-
lation of growth cone adhesion represents an important
mechanism for growth cone steering®-'*. The finding
that local calpain activity is regulated by the frequency of
Ca?* transients also indicates the importance of temporal
features of Ca?* signals in growth cone guidance.

Crosstalk between Ca’* and small Rho GTPases. Steering
of nerve growth cones during axon pathfinding depends
on coordination of cytoskeletal dynamics with substratum
adhesion. Rapid protrusion and retraction of filopodia
and lamellipodia requires dynamic changes in the actin
filament network'®. Regulation of actin filament polymer-
ization and turnover, together with filament crosslinking,
membrane coupling and retrograde flow all contribute to
the control of growth cone motility. One of the main regu-
lators of actin filament assembly and organization during
cell locomotion is the Rho family of small GTPases,
which includes RhoA, Racl and Cdc42 (cell division
cycle 42). The results of several studies suggest that
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RhoA is involved in growth cone collapse and repulsion
whereas Racl and Cdc42 participate in growth cone
advance — although this is probably an over-simplifica-
tion considering the many functions of these GTPases in
cell motility (for reviews, see REFS 107,108).

Guanine nucleotide exchange factors (GEFs) acti-
vate Rho GTPases by facilitating the exchange of GDP
for GTP, whereas GTPase-activating proteins (GAPs)
inactivate Rho GTPases by increasing their endogenous
GTPase activity. Interestingly, GEFs and GAPs often con-
tain other signalling motifs, such as CaMKII phosphory-
lation sites, which might serve as additional regulatory
mechanisms (for a review, see REF. 109). For example,
p135 SynGAP localizes to the postsynaptic density and is
inhibited by phosphorylation by CaMKII in response to
Ca?* influx through NMDA receptors''’. Ca**-dependent
regulation of Rho GTPase activity in vivo is supported
by work showing that optic nerve or visual stimulation
enhances dendritic growth by increasing Racl and
decreasing RhoA activity in the optic tectum''"''2

Evidence is emerging to suggest that Ca®* signals
and the Rho GTPases exhibit extensive crosstalk in the
control of growth cone motility, which is not surprising
given the profound influence of these signals on neurite
outgrowth. For example, chemoattraction of growth
cones toward BDNF requires Ca** elevation and activa-
tion of protein kinase C (PKC), which, in turn, inhibits
RhoA and activates Racl and Cdc42 (REF. 113). It is not
clear how PKC differentially regulates RhoA, Racl and
Cdc42, or whether distinct Ca** signals modulate the
activity of the Rho GTPases differentially. Other Ca**-
dependent enzymes have been shown to affect Rho
GTPase signalling in non-neuronal cells, which sug-
gests that similar mechanisms might function in growth
cones. For example, inactivation of calpain has been
shown to promote neutrophil migration by increasing
the activity of Cdc42 and Racl (REF. 114). Additionally,
IQGAPs (IQ motif-containing GTPase-activating
proteins) might act as an important signal integrator
linking actin filaments with microtubule plus-ends in
growth cones in a Ca**-dependent manner. IQGAPs
concentrate at the leading edge of migrating cells, where
they crosslink actin filaments and bind active Racl and
Cdc42, as well as the microtubule plus-tip-associated
proteins cytoplasmic linker protein 170 (CLIP170) and
adenomatosis polyposis coli (APC) (for a review, see REF.
115). IQGAPI has been shown to bind and stabilize the
active forms of Racl and Cdc42, which might aid in the
localization of IQGAP to the leading edge of cells and
promote actin-microtubule interactions"'*"”. Work with
current models suggests that increased Ca**/CaM bind-
ing to IQGAP1 results in decreased Cdc42 binding and
disruption of other protein associations'®, which should
reduce cell motility. Finally, crosstalk between Ca?* and
the Rho GTPase also occurs in the reverse direction,
as Rho GTPase signalling can modulate Ca?* influx
through VOCCs'” and membrane insertion of TRP
channels®. Therefore, Ca’* and Rho GTPase signalling
might interact to regulate cell motility at various levels,
which suggests that signal integration in this network is
extremely complex.
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Figure 4 | Ca?* gradients of various slopes across a growth cone regulate motility by
activating different downstream targets. a | Activation of distinct combinations of
Ca’" influx and release pathways by guidance cues can produce a wide range of Ca**
signals in growth cones. Guidance cues can activate Ca?* influx and release directly,
through various channel types, or indirectly, through store-depletion-activated influx
and Ca**-induced Ca?** release. Both the particular source of Ca** and integrated
cytosolic Ca** signal might determine the downstream targets activated. cADP, cyclic
ADP; |ns(1,4,5)P3, inositol-1,4,5-trisphosphate; NAADP, nicotinic acid adenine
dinucleotide phosphate; TRP, transient receptor potential; VOCC, voltage-operated
calcium channel. b | Local activation of Ca** pathways can produce Ca** gradients that
spread varying distances across a growth cone (indicated by double-headed arrow in
growth cone) with variable peak amplitude. Hypothetical Ca** gradients measured
across a growth cone are shown on the graph in blue (low amplitude and low
differential), green (medium amplitude and high differential) and red (high amplitude
and high differential). ¢ | Horizontal colour scales represent hypothetical Ca** gradients
across a growth cone (red/orange colours represent high Ca?* concentrations), which
vary in peak amplitude and slope (as in b). Ca?* signals with these characteristics
activate distinct downstream mechanisms. Activation of specific Ca**-mediated targets
can have opposing effects on growth cone motility, which could be locally generated.
Cdc42, cell division cycle 42; CaMKIl, Ca**/calmodulin-dependent protein kinase Il;
CaN, calcineurin; med, medium; PKC, protein kinase C; PP1, protein phosphatase 1;
Rac1, RhoA, small GTPases; Src, non-receptor tyrosine kinase.

Crosstalk between cyclic AMP and Ca?*. It has been
shown that Ca**-dependent growth cone turning is
modulated by the cyclic AMP (cAMP) pathway: attrac-
tion can be switched to repulsion by inhibition of cAMP-
dependent protein kinase (PKA) and vice versa'®. The
switch of guidance cues’ repulsive effects to attractive
ones by cAMP is of particular interest, as this approach
could be used to enhance neural regeneration after brain
injury (for example, spinal cord injury)'?'. However, the
molecular and cellular mechanisms that underlie cAMP-
mediated switching of Ca**-dependent chemotropism
require further investigation. There is little doubt that
cAMP and Ca?* signals, including the modulation of Ca**
channel and Ins(1,4,5)P, receptor function by cAMP and
activation of adenylyl cyclase by Ca?', are intricately inter-
laced in cells at various sites (for a review, see REF. 122).
These cross-regulatory mechanisms might explain cor-

Synaptic plasticity

A process in which the efficacy
of signal transmission through
a synapse is persistently
modified. The modification
persists beyond the duration of
the stimulus and results from
post-translational and/or
translational changes in the
pre- or postsynaptic cell.

related cAMP and Ca** elevations observed in neurons'®.
However, cAMP might also act on downstream effectors
to regulate Ca**-dependent guidance. The existence of
extensive crosstalk between the Ca** and cAMP pathways
presents a challenge to establishing the sites where modu-
lation of responses to guidance cues occurs. For example,
elevation of cytosolic cAMP was found to increase mem-
brane insertion of DCC (deleted in colorectal cancer)
receptors for netrin 1 responses'*. Moreover, manipu-
lation of the cAMP pathways was found to alter the Ca?*
signals induced by extracellular gradients of MAG™.
Recent evidence also suggests that PKA regulates Ca®*-
induced Ca** release from ryanodine receptors to affect
turning responses'®. On the other hand, PKA has been
shown to inhibit the calcineurin-PP1 pathway involved
in repulsion to allow the conversion to attraction, which
indicates that there is a downstream role for cAMP-PKA
in Ca?*-dependent axon guidance. It is proposed that
PKA and calcineurin have different effects on PP1 activity
through phosphorylation and dephosphorylation of
inhibitor 1 to mediate repulsion®. Interestingly, a similar
mechanism has been observed during synaptic plasticity,
as DARPP32 (PP1 regulatory subunit) and inhibitor 1,
which are functional homologues, regulate PP1 activity to
control long-term potentiation and long-term depression
(for a review, see REF. 77).

Model: Ca**-dependent growth cone guidance

Guidance of axons to their targets probably involves at
least three Ca’*-dependent effects on motility: growth
promotion, growth inhibition or collapse, and direc-
tional steering (turning). Stimulation and inhibition of
outgrowth can be due to overall changes in Ca** channel
activity that may or may not involve chronic shifts in
resting [Ca*"], or Ca*" transients that spread throughout
the entire growth cone. However, axon turning seems
to depend on local discontinuities in Ca** signalling
across the growth cone. When presented with a local-
ized stimulus, such as a step or sloping gradient guidance
cue, local differences in Ca** could occur as brief focal
transients*>*® or as a semi-stable variation in [Ca*'],
across the growth cone (FIC. 1). The threshold of stimu-
lus-activated Ca®* currents across the plasma membrane
and from intracellular stores is key in determining the
effects on motility (FIC. 4a). Moreover, [Ca**], gradients
could spread across a large fraction of the growth cone or
could be highly localized to one side, near open channels
and possibly within a Ca** microdomain (FIG. 4b).
Differences in the spatial spread of Ca** signals, which
depend on the number and types of channels involved
(for example, influx + release), as well as Ca** homeo-
static mechanisms, determine the shape and magnitude
of the local Ca?* elevation. Importantly, the shape and
magnitude of the cytosolic Ca** gradient, rather than its
orientation, might determine the polarity of the response
(attraction versus repulsion). For example, a small Ca**
gradient produced by modest Ca®* influx or release
induces repulsion, whereas a larger Ca** gradient pro-
duced by greater Ca** influx in combination with release
induces attractive turning. In this model, the source of
Ca?* is not considered relevant; rather, the overall local
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Figure 5| A local imbalance of kinase and phosphatase activities downstream of Ca?*
signals results in disproportionate effects on growth cone motility, which leads to
neurite turning. a | Intracellular signals activated on one side of a growth cone in
response to disproportionate extracellular cues might lead to local effects on motility
(increased protrusion or collapse). b | Changes in the balance between local kinase and
phosphatase activities downstream of Ca?* signals might stimulate local protrusion or
collapse. Under the control of local Ca?* signals, Src family tyrosine kinases and serine/
threonine kinases such as Ca?*/calmodulin-dependent protein kinase Il (CaMKIl) appear to
promote motility, whereas the serine/threonine phosphatase calcineurin inhibits motility.
So far, no Ca*-regulated tyrosine phosphatase has been identified in growth cones.

Biosensor

A molecule that reports some
aspect of cell physiology or
molecular function in living
cells. Biosensors are often
fluorescent molecules, such as
fluorescent fusion proteins with
green fluorescent protein or its
spectral variants. Fluorescent
reporters allow investigators to
correlate cellular behaviours
with spatial and temporal
changes in protein localization
and function.
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elevation and percentage difference across the growth
cone have a crucial role. However, it is possible that dif-
ferent Ca?* channel types, which reside in distinct Ca?*
microdomains, have differential affects on growth cone
motility. Linking specific downstream Ca**-activated
targets to highly localized Ca®" sources near channel
pores could provide the tight functional connections
between Ca** and its targets that are necessary for dif-
ferent behavioural outcomes. Moreover, as Ca?* stores
are mobile in growth cones, behavioural outcomes could
be further modulated by the localization of distinct Ca**
stores within growth cones (FIC. 3).

In Ca?*-dependent growth cone guidance, CaMKII
and PP1 might serve as a kinase and phosphatase pair
that determines the balance of phosphorylation and
dephosphorylation of cytoskeletal effectors that control
attraction and repulsion (FICS 4c,5). Clearly, this model
is not restricted to Ca**-mediated pathways, and might
be applicable to guidance involving different signalling
pathways, as spatial regulation of phosphorylation and
dephosphorylation of specific proteins or complexes
involved in motility could lead to directional steering.
One such example is Src tyrosine kinase, which has
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recently been shown to promote filopodial extension
by phosphorylating targets at the tips of filopodia'®.
Although none has yet been identified, a tyrosine
phosphatase might inhibit filopodial extension by
dephosphorylating filopodial tip targets. Such a shift
in the balance between tyrosine phosphorylation and
dephosphorylation was shown to control local filopodial
dynamics and the direction of growth cone steering'®.
The complexity of these many biochemical pathways,
which certainly interact at several levels within growth
cones, is matched only by the complexity of the neural
network that these signalling pathways operate to form.

Concluding remarks and future directions

After more than 20 years of study, we have learned much
about how Ca?* signals control growth cone motility.
However, there are still many unanswered questions.
We are beginning to appreciate the complexities of the
spatiotemporal patterns of Ca** signals that occur in
growth cones, but the current technology only allows
the most extreme changes to be detected. Most current
imaging approaches cannot detect rapid Ca?* signals
that act on submillisecond timescales and are localized
in spatial domains of <200 nm. Faster, brighter and more
targeted Ca’* indicators that report more wide-ranging
Ca* concentrations, together with more sensitive and
higher resolution imaging instrumentation'?*'’, might
reveal new dimensions of Ca?* signalling complexities
in motile growth cones (and other cells). However, as
a complete picture of all Ca** movements in cells is
unrealistic, more refined molecular, cellular and bio-
physical manipulations must be used to uncover what
cannot be visualized. Acute local activation or inhibi-
tion of specific Ca** channels and downstream effectors
coupled with behavioural assays can be used to deduce
function. Understanding Ca’* signalling pathways in
multi-ligand situations is another major challenge, as
the combinatorial effects of soluble guidance molecules
and substratum-bound adhesion molecules may gener-
ate novel Ca?" signalling functions in growth cones.
Ultimately, we need to understand how Ca** signals
and downstream effectors function in the context of the
developing nervous system, which is a frontier that is
now being approached?***. The complex and profound
signalling crosstalk between Ca?* and other systems
must also be addressed. Here, the development of more
sensitive and specific live-cell optical biosensors'?® of
other signalling intermediates will allow investigators
to directly assess the effects of Ca**-induced changes
on other aspects of cell physiology. With so many chall-
enges ahead, our understanding and appreciation of
the remarkable ability of this ‘simple’ ion to regulate so
many aspects of a cell’s life should deepen even further
during the next decade.

Kater, S. B., Mattson, M. P., Cohan, C. & Connor, J.
Calcium regulation of the neuronal growth cone.
Trends Neurosci. 11, 315-321 (1988).

Bandtlow, C. E. et al. Role of intracellular calcium in
NI-35-evoked collapse of neuronal growth cones.
Science 259, 80-83 (1993).

NATURE REVIEWS | NEUROSCIENCE

VOLUME 7 [ FEBRUARY 2006 | 123




REVIEWS

20.

21.

22.

23.

24.

25.

26.

27.

Catsicas, M., Allcorn, S. & Mobbs, P. Early activation of
Ca?+-permeable AMPA receptors reduces neurite
outgrowth in embryonic chick retinal neurons.

J. Neurobiol. 49, 200-211 (2001).

Fields, R. D., Neale, E. A. & Nelson, P. G. Effects of
patterned electrical activity on neurite outgrowth from
mouse sensory neurons. J. Neurosci. 10, 2950-2964
(1990).

Haydon, P. G., McCobb, D. P. & Kater, S. B. Serotonin
selectively inhibits growth cone motility and
synaptogenesis of specific identified neurons. Science
226,561-564 (1984).

Lankford, K. L. & Letourneau, P. C. Evidence that
calcium may control neurite outgrowth by regulating
the stability of actin filaments. J. Cell Biol. 109,
1229-1243 (1989).

Snow, D. M. et al. Growth cone intracellular calcium
levels are elevated upon contact with sulfated
proteoglycans. Dev. Biol. 166, 87—100 (1994).

Bixby, J. L. & Spitzer, N. C. Early differentiation of
vertebrate spinal neurons in the absence of voltage-
dependent Ca?* and Na* influx. Dev. Biol. 106,
89-96 (1984).

Mattson, M. P. & Kater, S. B. Calcium regulation of
neurite elongation and growth cone motility.

J. Neurosci. 7, 4034—4043 (1987).

Tang, F. J., Dent, E. W. & Kalil, K. Spontaneous calcium
transients in developing cortical neurons regulate axon
outgrowth. J. Neurosci. 23, 927-936 (2003).
Brailoiu, E. et al. Nicotinic acid adenine dinucleotide
phosphate potentiates neurite outgrowth. J. Biol.
Chem. 280, 5646-5650 (2005).

Ciccolini, F. et al. Local and global spontaneous calcium
events regulate neurite outgrowth and onset of
GABAergic phenotype during neural precursor
differentiation. J. Neurosci. 23, 103—111 (2003).
Connor, J. A. Digital imaging of free calcium changes
and of spatial gradients in growing processes in single,
mammalian central nervous system cells. Proc. Nat!
Acad. Sci. USA 83, 6179-6183 (1986).

Gu, X. & Spitzer, N. C. Distinct aspects of neuonal
differentiation encoded by frequency of spontaneous
Ca?* transients. Nature 375, 784—787 (1995).
Fields, R. D. et al. Accommodation of mouse DRG
growth cones to electrically induced collapse: kinetic
analysis of calcium transients and set-point theory.

J. Neurobiol. 24, 1080—-1098 (1993).

Gomez, T. M., Snow, D. M. & Letourneau, P. C.
Characterization of spontaneous calcium transients in
nerve growth cones and their effect on growth cone
migration. Neuron 14, 1233—-1246 (1995).

Gu, X., Olson, E. C. & Spitzer, N. C. Spontaneous
neuronal calcium spikes and waves during early
differentiation. J. Neurosci. 14, 6325-6335 (1994).
Kafitz, K. W., Leinders-Zufall, T., Zufall, F. & Greer, C. A.
Cyclic GMP evoked calcium transients in olfactory
receptor cell growth cones. Neuroreport 11, 677-681
(2000).

Williams, D. K. & Cohan, C. S. Calcium transients in
growth cones and axons of cultured Helisoma neurons
in response to conditioning factors. J. Neurobiol. 27,
60-75 (1995).

Gomez, T. M. & Spitzer, N. C. In vivo regulation of axon
extension and pathfinding by growth-cone calcium
transients. Nature 397, 350—-355 (1999).

Gomez, T. M., Robles, E., Poo, M. & Spitzer, N. C.
Filopodial calcium transients promote substrate-
dependent growth cone turning. Science 291,
1983-1987 (2001).

Shows that individual filopodia of Xenopus spinal
neurons undergo spontaneous Ca?* transients that
signal back to the growth cone. The frequency of
filopodial Ca?* transients depends on the culture
substrata, and stabilizes filopodial movements. If
produced disproportionately on one side of the
growth cone, local transients promote repulsive
turning.

Lohmann, C., Finski, A. & Bonhoeffer, T. Local calcium
transients regulate the spontaneous motility of dendritic
filopodia. Nature Neurosci. 8, 305-312 (2005).

Ca2* imaging of dendritic filopodia of rat
hippocampal pyramidal neurons in slice culture
shows that the frequency of local Ca?* transients
correlates with filopodial motility. Low frequency
Ca?* transients occur during initiation and
protrusion of new dendritic filopodia, whereas

higher frequency Ca?* transients are associated with

stabalization of filopodia.

Zheng, J. Q., Poo, M. M. & Connor, J. A. Calcium and
chemotropic turning of nerve growth cones. Perspect.
Dev. Neurobiol. 4, 205-213 (1996).

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

42.

43,

44,

45.

46.

47.

Zheng, J. Q., Felder, M., Conner, J. A. & Poo, M.
Turning of nerve growth cones induced by
neurotransmitters. Nature 368, 140—144 (1994).
Zheng, J. Q., Wan, J.-j. & Poo, M.-m. Essential role of
filopodia in chemotropic turning of nerve growth cone
induced by a glutamate gradient. J. Neurosci. 16,
1140-1149 (1996).

Davenport, R. W. & Kater, S. B. Local increases in
intracellular calcium elicit local filopodial responses in
Helisoma neuronal growth cones. Neuron 9, 405-416
(1992).

Lau, P. M., Zucker, R. S. & Bentley, D. Induction of
filopodia by direct local elevation of intracellular calcium
ion concentration. J. Cell Biol. 145, 1265-1275
(1999).

Goldberg, D. J. Local role of Ca+ in formation of veils in
growth cones. J. Neurosci. 8, 2596-2605 (1988).
Gundersen, R. W. & Barrett, J. N. Characterization of
the turning response of dorsal root neurites toward
nerve growth factor. J. Cell Biol. 87, 546-554
(1980).

Zheng, J. Q. Turning of nerve growth cones induced by
localized increases in intracellular calcium ions. Nature
403, 89-93 (2000).

Cheng, S., Geddis, M. S. & Rehder, V. Local calcium
changes regulate the length of growth cone filopodia.

J. Neurobiol. 50, 263-275 (2002).

Manivannan, S. & Terakawa, S. Rapid sprouting of
filopodia in nerve terminals of chromaffin cells, PC12
cells, and dorsal root neurons induced by electrical
stimulation. J. Neurosci. 14, 5917-5928 (1994).
Silver, R. A., Lamb, A. G. & Bolsover, S. R. Calcium
hotspots caused by L-channel clustering promote
morphological changes in neuronal growth cones.
Nature 343, 751-754 (1990).

Welnhofer, E. A., Zhao, L. & Cohan, C. S. Calcium influx
alters actin bundle dynamics and retrograde flow in
Helisoma growth cones. J. Neurosci. 19, 7971-7982
(1999).

Neely, M. D. & Gesemann, M. Disruption of
microfilaments in growth cones following depolarization
and calcium influx. J. Neurosci. 14, 7511-7520
(1994).

Lohmann, C., Myhr, K. L. & Wong, R. O. Transmitter-
evoked local calcium release stabilizes developing
dendrites. Nature 418, 177—-181 (2002).

Ming, G. et al. Phospholipase C-y and phosphoinositide
3-kinase mediate cytoplasmic signaling in nerve growth
cone guidance. Neuron 23, 139-148 (1999).

Song, H. J., Ming, G. L. & Poo, M. M. cAMP-induced
switching in turning direction of nerve growth cones.
Nature 388, 275-279 (1997).

The first report demonstrating that the cAMP
pathway can modulate the Ca?*-dependent guidance
responses of nerve growth cones. In this work,
BDNF-induced growth cone attraction was
converted to repulsion after PKA inhibition.
Subsequent studies from the same laboratory
established that growth cone repulsion could also be
converted to attraction by either cAMP or cGMP.
The conversion of repulsive responses by cyclic
nucleotides bears particular significance in the field
of axon regeneration, as it could potentially be used
to overcome inhibitory actions of myelin-associated
proteins in spinal cord injury.

Hong, K. et al. Calcium signalling in the guidance of
nerve growth by netrin-1. Nature 403, 93-98 (2000).
Ming, G. L. et al. cAMP-dependent growth cone
guidance by netrin-1. Neuron 19, 1225-1235 (1997).
Ming, G. L. et al. Adaptation in the chemotactic
guidance of nerve growth cones. Nature 417, 411-418
(2002).

Henley, J. R., Huang, K. H., Wang, D. & Poo, M. M.
Calcium mediates bidirectional growth cone turning
induced by myelin-associated glycoprotein. Neuron 44,
909-916 (2004).

Provides experimental evidence that Ca?* mediates
MAG induced growth cone repulsion by generating
small local Ca2+ changes near the MAG stimulus.
The authors further show that cAMP can modulate
turning responses by increasing MAG-induced Ca?*
signals.

Wen, Z., Guirland, C., Ming, G. L. & Zheng, J. Q.

A CaMKill/calcineurin switch controls the direction of
Ca’*-dependent growth cone guidance. Neuron 43,
835-846 (2004).

Used the focal laser-induced photolysis technique to
directly generate local Ca?+ elevations in growth
cones. The authors show that CaMKII and
calcineurin act as downstream effectors of Ca?*
signals, providing a switch-like mechanism to control

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

the direction of Ca?*-dependent growth cone
turning: a relatively large local Ca?* elevation
preferentially activates CaMKII to induce attraction,
whereas a modest local Ca?* signal predominately
acts through calcineurin and PP1 to produce
repulsion. The findings suggest a model in which the
kinase/phosphatase pair can regulate the balance of
phosphorylation and dephosphorylation of
downstream effectors in a spatiotemporally
restricted fashion to steer growth cones.

Halloran, M. C. & Kalil, K. Dynamic behaviors of growth
cones extending in the corpus callosum of living cortical
brain slices observed with video microscopy.

J. Neurosci. 14,2161-2177 (1994).

Kalil, K., Szebenyi, G. & Dent, E. W. Common
mechanisms underlying growth cone guidance and
axon branching. J. Neurobiol. 44, 145-158 (2000).
O’Leary, D. D. & Terashima, T. Cortical axons branch to
multiple subcortical targets by interstitial axon
budding: implications for target recognition and
‘waiting periods’. Neuron 1,901-910 (1988).

Konur, S. & Ghosh, A. Calcium signaling and the control
of dendritic development. Neuron 46, 401-405
(2005).

Ruthazer, E. S., Akerman, C. J. & Cline, H. T. Control of
axon branch dynamics by correlated activity in vivo.
Science 301, 66—70 (2003).

Hua, J. Y., Smear, M. C., Baier, H. & Smith, S. J.
Regulation of axon growth in vivo by activity-based
competition. Nature 434, 1022—-1026 (2005).

By silencing electrical activity or vesicle fusion in
retinal ganglion cells in developing zebrafish, this
report illustrates the importance of activity for
growth and branching of axons. Moreover, neuronal
activity was shown to be necessary in the
competition between neighbouring arbors for tectal
territory.

Tang, F. J. & Kalil, K. Netrin-1 induces axon branching
in developing cortical neurons by frequency-dependent
calcium signaling pathways. J. Neurosci. 25,
6702-6715 (2005).

Although it has been recognized for years that Ca*
transients function at the terminal of growing axons
to regulate extension, the function of Ca2* signals in
axon branching was not established. This report
shows that netrin stimulates Ca?* transients and
branching of cortical neurons. Axon branching
requires Ca?* signals, as well as the activity of
CaMKIl and MAPK.

Lipscombe, D. et al. Spatial distribution of calcium
channels and cystolic calcium transients in growth
cones and cell bodies of sympathetic neurons. Proc.
Natl Acad. Sci. USA 85, 2398-2402 (1988).

Webb, S. E., Moreau, M., Leclerc, C. & Miller, A. L.
Calcium transients and neural induction in vertebrates.
Cell Calcium 37, 375-385 (2005).

Weissman, T. A. et al. Calcium waves propagate through
radial glial cells and modulate proliferation in the
developing neocortex. Neuron 43, 647-661 (2004).
Borodinsky, L. N. et al. Activity-dependent homeostatic
specification of transmitter expression in embryonic
neurons. Nature 429, 523-530 (2004).

Spitzer, N. C. Activity-dependent neuronal
differentiation prior to synapse formation: the functions
of calcium transients. J. Physiol. (Paris) 96, 73—-80
(2002).

Nishiyama, M. et al. Cyclic AMP/GMP-dependent
modulation of Ca”* channels sets the polarity of nerve
growth-cone turning. Nature 423, 990-995 (2003).
Although a number of studies have indicated that
cAMP and ¢cGMP modulate growth cone responses
to different groups of guidance molecules, this work
presents evidence that the ratio of cAMP to cGMP
modulates voltage-gated Ca?* channels to shape
local Ca?* signals in the growth cone for distinct
turning responses.

Song, H. et al. Conversion of neuronal growth cone
responses from repulsion to attraction by cyclic
nucleotides. Science 281, 1515—-1518 (1998).

Li, Y. et al. Essential role of TRPC channels in the
guidance of nerve growth cones by brain-derived
neurotrophic factor. Nature 434, 894—898 (2005).
BDNF is a well-known chemotropic factor that
requires Ca?* influx to promote growth cone turning,
but the influx pathway responsible has remained
elusive. This paper, together with an accompanying
paper, illustrates a role for TRPC channels in the
chemoattraction of cerebellar granule cell axons
toward BDNF. Influx through TRPC3 and TRPC6,
together with Ca?* release from Ins(1,4,5)P;
receptors, is required for attractive turning.

124 | FEBRUARY 2006 | VOLUME 7

www.nature.com/reviews/neuro



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

T4.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

Wang, G. X. & Poo, M. M. Requirement of TRPC
channels in netrin-1-induced chemotropic turning of
nerve growth cones. Nature 434, 898-904 (2005).
Using electrophysiological recordings and Ca?*
imaging, this study illustrates that TRPC channels
are activated in Xenopus spinal neuron growth cones
in response to BDNF and netrin. TRPC channels
analogous to TRPC1 were also shown to be
necessary for chemoattraction toward BDNF and
netrin in vitro.

Shim, S. et al. XTRPC1-dependent chemotropic
guidance of neuronal growth cones. Nature Neurosci.
8, 730-735 (2005).

This important paper shows not only that Xenopus
TRPCI1 is required for chemoattraction towards
BDNF and netrin, but also for chemorepulsion from
MAG. The distinction between these attractive and
repulsive guidance cues might be in the extent to
which they also trigger Ca?* release from stores or
in the parallel singalling pathways that they activate.
This paper is also significant because it showed for
the first time that activation of Ca?* signalling
pathways is important for axon guidance in vivo.
Greka, A. et al. TRPC5 is a regulator of hippocampal
neurite length and growth cone morphology. Nature
Neurosci. 6, 837-845 (2003).

Bezzerides, V. J. et al. Rapid vesicular translocation and
insertion of TRP channels. Nature Cell Biol. 6,
709-720 (2004).

Montell, C., Birnbaumer, L. & Flockerzi, V. The TRP
channels, a remarkably functional family. Cell 108,
595-598 (2002).

Brereton, H. M., Harland, M. L., Auld, A. M. & Barritt,
G. J. Evidence that the TRP-1 protein is unlikely to
account for store-operated Ca?* inflow in Xenopus laevis
oocytes. Mol. Cell. Biochem. 214, 63—74 (2000).

van Rossum, D. B. et al. Phospholipase Cy 1 controls
surface expression of TRPC3 through an intermolecular
PH domain. Nature 434, 99—104 (2005).

Merlot, S. & Firtel, R. A. Leading the way: directional
sensing through phosphatidylinositol 3-kinase and
other signaling pathways. J. Cell Sci. 116, 3471-3478
(2003).

Augustine, G. J., Santamaria, F. & Tanaka, K. Local
calcium signaling in neurons. Neuron 40, 331-346
(2003).

Archer, F. R., Doherty, P., Collins, D. & Bolsover, S. R.
CAMs and FGF cause a local submembrane calcium
signal promoting axon outgrowth without a rise in bulk
calcium concentration. Eur. J. Neurosci. 11,
3565-3573 (1999).

Adler, E. M., Augustine, G. J., Duffy, S. N. & Charlton,
M. P. Alien intracellular calcium chelators attenuate
neurotransmitter release at the squid giant synapse.

J. Neurosci. 11, 1496—-1507 (1991).

Yazejian, B., Sun, X. P. & Grinnell, A. D. Tracking
presynaptic Ca?* dynamics during neurotransmitter
release with Ca?*-activated K* channels. Nature
Neurosci. 3, 566-571 (2000).

Bolsover, S. R. Calcium signalling in growth cone
migration. Cell Calcium 37, 395402 (2005).
Dolmetsch, R. E. et al. Signaling to the nucleus by an
L-type calcium channel-calmodulin complex through
the MAP kinase pathway. Science 294, 333-339
(2001).

Groth, R. D., Dunbar, R. L. & Mermelstein, P. G.
Calcineurin regulation of neuronal plasticity. Biochem.
Biophys. Res. Commun. 311, 1159-1171 (2003).
Brown, M. E. & Bridgman, P. C. Myosin function in
nervous and sensory systems. J. Neurobiol. 58,
118-130 (2004).

Geiger, B. et al. Transmembrane crosstalk between the
extracellular matrix—cytoskeleton crosstalk. Nature
Rev. Mol. Cell Biol. 2, 793-805 (2001).

Fukushima, N. et al. Dual regulation of actin
rearrangement through lysophosphatidic acid receptor
in neuroblast cell lines: actin depolymerization by Ca?*-
o-actinin and polymerization by rho. Mol. Biol. Cell 13,
2692-2705 (2002).

Sobue, K. & Kanda, K. a-Actinins, calspectin (brain
spectrin or fodrin), and actin participate in adhesion
and movement of growth cones. Neuron 3, 311-329
(1989).

Lu, M. et al. Delayed retraction of filopodia in gelsolin
null mice. J. Cell Biol. 138, 1279—-1287 (1997).
Sarmiere, P. D. & Bamburg, J. R. Regulation of the
neuronal actin cytoskeleton by ADF/cofilin. J. Neurobiol.
58, 103-117 (2004).

Ghosh, A. & Greenberg, M. E. Calcium signaling in
neurons: molecular mechanisms and cellular
consequences. Science 268, 239-247 (1995).

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

100.

102.

103.

104.

105.

106.

Spira, M. E. et al. Calcium, protease activation, and
cytoskeleton remodeling underlie growth cone
formation and neuronal regeneration. Cell. Mol.
Neurobiol. 21, 591-604 (2001).

Brunet, I. et al. The transcription factor engrailed-2
guides retinal axons. Nature 438, 94-98 (2005).
Campbell, D. S. & Holt, C. E. Chemotropic responses of
retinal growth cones mediated by rapid local protein
synthesis and degradation. Neuron 32, 1013-1026
(2001).

Robles, E., Huttenlocher, A. & Gomez, T. M. Filopodial
calcium transients regulate growth cone motility and
guidance through local activation of calpain. Neuron
38,597-609 (2003).

Kater, S. B. & Mills, L. R. Regulation of growth cone
behavior by calcium. J. Neurosci. 11, 891-899 (1991).
Clapham, D. E. Calcium signaling. Cell 80, 259-268
(1995).

Hudmon, A. & Schulman, H. Neuronal Ca?*/calmodulin-
dependent protein kinase Il: the role of structure and
autoregulation in cellular function. Annu. Rev. Biochem.
71, 473-510 (2002).

Lisman, J., Schulman, H. & Cline, H. The molecular
basis of CaMKII function in synaptic and behavioural
memory. Nature Rev. Neurosci. 3, 175-190 (2002).
Wayman, G. A. et al. Regulation of axonal extension
and growth cone motility by calmodulin-dependent
protein kinase I. J. Neurosci. 24, 3786-3794 (2004).
Fink, C. C. et al. Selective regulation of neurite
extension and synapse formation by the 8 but not the o
isoform of CaMKII. Neuron 39, 283-297 (2003).
Brocke, L., Chiang, L. W., Wagner, P. D. & Schulman, H.
Functional implications of the subunit composition of
neuronal CaM kinase Il. J. Biol. Chem. 274,
22713-22722 (1999).

Tombes, R. M., Faison, M. O. & Turbeville, J. M.
Organization and evolution of multifunctional Ca?*/
CaM-dependent protein kinase genes. Gene 322,
17-31 (2003).

Lautermilch, N. J. & Spitzer, N. C. Regulation of
calcineurin by growth cone calcium waves controls
neurite extension. J. Neurosci. 20, 315-325 (2000).
Franco, S. J. et al. Calpain-mediated proteolysis of talin
regulates adhesion dynamics. Nature Cell Biol. 6,
977-983 (2004).

Gomez, T. M., Roche, F. K. & Letourneau, P. C. Chick
sensory neuronal growth cones distinguish fibronectin
from laminin by making substratum contacts that
resemble focal contacts. J. Neurobiol. 29, 18-34
(1996).

Li, W. et al. Activation of FAK and Src are receptor-
proximal events required for netrin signaling. Nature
Neurosci. 7, 1213-1221 (2004).

. Ren, X. R. et al. Focal adhesion kinase in netrin-1

signaling. Nature Neurosci. 7, 1204—1212 (2004).
Liu G. et al. Netrin requires focal adhesion kinase and
Src family kinases for axon outgrowth and attraction.
Nature Neurosci. T, 1222—1232 (2004).

References 100—102 present direct evidence that
the adhesion and signalling components focal
adhesion kinase (FAK), Src and Fyn proto-oncogene
function downstream of the netrin 1 receptor DCC.
References 100 and 101 also demonstrated that
DCC is tyrosine phosphorylated on netrin 1
stimulation. Importantly, disruption of FAK/Src/Fyn
signalling pathways blocks netrin-induced axon
outgrowth and turning. These findings indicate an
important role for signal transduction coupled to
adhesion in growth cone guidance.

Rhee, J. et al. Activation of the repulsive receptor
roundabout inhibits N-cadherin-mediated cell adhesion.
Nature Cell Biol. 4, 798-805 (2002).

Rico, B. et al. Control of axonal branching and synapse
formation by focal adhesion kinase. Nature Neurosci. 7,
1059-1069 (2004).

Robles, E., Woo, S. & Gomez, T. M. Src-dependent
tyrosine phosphorylation at the tips of growth cone
filopodia promotes extension. J. Neurosci. 25,
7669-7681 (2005).

The authors find that Src family kinases
phosphorylate the CDC42 effector p21-activated
kinase at the tips of filopodia to regulate filopodial
protrusion in response to BDNF and netrin. These
results suggest that Src may serve as a crucial
mediator between distinct guidance cue receptors
and the cytoskeleton. The paper also demonstrates
that local discontinuities of Src activity are sufficient
to promote repulsive growth cone turning.

Gallo, G. & Letourneau, P. C. Regulation of growth cone
actin filaments by guidance cues. J. Neurobiol. 58,
92-102 (2004).

REVIEWS

107. Dickson, B. J. Rho GTPases in growth cone guidance.

Curr. Opin. Neurobiol. 11, 103—110 (2001).

Luo, L. Rho GTPases in neuronal morphogenesis.

Nature Rev. Neurosci. 1, 173—180 (2000).

109. Aspenstrom, P. Integration of signalling pathways
regulated by small GTPases and calcium. Biochim.
Biophys. Acta 1742, 51-58 (2004).

110. Chen, H. J., Rojas-Soto, M., Oguni, A. & Kennedy, M. B.
A synaptic Ras-GTPase activating protein (p135
SynGAP) inhibited by CaM kinase Il. Neuron 20,
895-904 (1998).

111. Li, Z., Aizenman, C. D. & Cline, H. T. Regulation of rho
GTPases by crosstalk and neuronal activity in vivo.
Neuron 33, 741-750 (2002).

112. Sin, W. C., Haas, K., Ruthazer, E. S. & Cline, H. T.
Dendrite growth increased by visual activity requires
NMDA receptor and Rho GTPases. Nature 419,
475-480 (2002).

. Jin, M. et al. Ca?*-dependent regulation of Rho
GTPases triggers turning of nerve growth cones.

J. Neurosci. 25, 2338-2347 (2005).

. Lokuta, M. A., Nuzzi, P. A. & Huttenlocher, A. Calpain
regulates neutrophil chemotaxis. Proc. Natl Acad. Sci.
USA 100, 4006-4011 (2003).

. Briggs, M. W. & Sacks, D. B. IQGAP1 as signal
integrator: Ca?*, calmodulin, Cdc42 and the
cytoskeleton. FEBS Lett. 542, 7-11 (2003).

. Fukata, M. et al. Rac1 and Cdc42 capture microtubules
through IQGAP1 and CLIP-170. Cell 109, 873-885
(2002).

117. Watanabe, T. et al. Interaction with IQGAP1 links APC to

Rac1, Cdc42, and actin filaments during cell polarization

and migration. Dev. Cell 7, 871-883 (2004).

Ho, Y. D., Joyal, J. L., Li, Z. G. & Sacks, D. B. IQGAP1

integrates Ca?*/calmodulin and Cdc42 signaling.

J. Biol. Chem. 274, 464—470 (1999).

Piccoli, G., Rutishauser, U. & Bruses, J. L. N-cadherin

juxtamembrane domain modulates voltage-gated Ca?*

current via RhoA GTPase and Rho-associated kinase.

J. Neurosci. 24, 10918-10923 (2004).

120. Song, H. J. & Poo, M. M. Signal transduction
underlying growth cone guidance by diffusible factors.
Curr. Opin. Neurobiol. 9, 355-363 (1999).

121. Lu, P. et al. Combinatorial therapy with neurotrophins

and cAMP promotes axonal regeneration beyond sites of

spinal cord injury. J. Neurosci. 24, 6402—-6409 (2004).

Bruce, J. I. E., Straub, S. V. & Yule, D. I. Crosstalk

between cCAMP and Ca?* signaling in non-excitable

cells. Cell Calcium 34, 431-444 (2003).

123. Gorbunova, Y. V. & Spitzer, N. C. Dynamic interactions

of cyclic AMP transients and spontaneous Ca?* spikes.

Nature 418, 93-96 (2002).

Bouchard, J. F. et al. Protein kinase A activation

promotes plasma membrane insertion of DCC from an

intracellular pool: a novel mechanism regulating

commissural axon extension. J. Neurosci. 24,

3040-3050 (2004).

Ooashi, N. et al. Cell adhesion molecules regulate Ca?*-

mediated steering of growth cones via cyclic AMP and

ryanodine receptor type 3. J. Cell Biol. 170,

1159-1167 (2005).

Dyba, M., Jakobs, S. & Hell, S. W. Immunofluorescence

stimulated emission depletion microscopy. Nature

Biotechnol. 21, 1303—1304 (2003).

Hell, S. W., Dyba, M. & Jakobs, S. Concepts for

nanoscale resolution in fluorescence microscopy. Curr.

Opin. Neurobiol. 14, 599609 (2004).

Miyawaki, A. Visualization of the spatial and temporal

dynamics of intracellular signaling. Dev. Cell 4,

295-305 (2003).

Acknowledgements

The authors thank members of their laboratories for helpful
comments on the manuscript. Work on growth cone guidance
in the authors’ laboratories was supported by grants from the
National Institutes of Health, USA, and the National Science
Foundation, USA.

Competing interests statement
The authors declare no competing financial interests.

108.

118.

119.

122.

124.

125.

126.

127.

128.

DATABASES

The following terms in this article are linked online to:
Entrez Gene: http://www.ncbi.nlm.nih.gov/entrez/query.
fegi?db=gene

BDNF | B-CaMKII | netrin 1| TRPC1

FURTHER INFORMATION

Gomez’s laboratory: http://gomez.anatomy.wisc.edu/

Zheng’s laboratory: http://www2.umdnj.edu/zhlabweb/
Access to this interactive links box is free online.

NATURE REVIEWS | NEUROSCIENCE

VOLUME 7 ‘ FEBRUARY 2006 | 125




