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49,5-dimethoxy-2-nitrobenzyl-caged ¯uorescein-dextran. Simul-
taneous FLIP and ¯uorescence imaging showed that a single laser
pulse (duration 4 ns, energy , 10 mJ) liberated a signi®cant amount
of ¯uorescence from the caged ¯uorescein-dextran, indicating
effective photoactivation (Fig. 1a). The spatial restriction of FLIP
was clearly demonstrated when glycerol was used to slow down the
diffusion of dextran molecules7 (Fig. 1a, upper panel); but without
glycerol a much larger radius of ¯uorescence was observed (Fig. 1a,
lower panel). This difference was evident even in the ®rst frame of
the sequence when analysed quantitatively (Fig. 1b, c). Next, direct
focal elevation of [Ca2+]i by FLIP was tested using the caged Ca2+

compound o-nitrophenyl EGTA (NP-EGTA)8. Simultaneous FLIP
and Ca2+ imaging using ¯uo-3 showed that a single laser pulse
induced a localized elevation of [Ca2+]i in an NP-EGTA-loaded
muscle cell, as shown by the spatially restricted increase in ¯uo-3
¯uorescence (Fig. 1e); no change in [Ca2+]i in the control muscle cell
was induced by the laser (Fig. 1d). The localized elevation of [Ca2+]
by FLIP was transient and could be detected only in the ®rst frame of
the image sequence. Similarly, in growth cones, FLIP of NP-EGTA
also induced a spatially restricted elevation of [Ca2+]i that was
observed mostly in the ®rst frame of the image sequence (Fig. 1f).
Rapid diffusion as well as cytosolic buffering of the local Ca2+

signals9,10 probably contributes to this transient nature of the focally
elevated [Ca2+]i. It should be noted that the imaging results do not
accurately represent the focal [Ca2+]i immediately after FLIP
because rapid diffusion alone would probably result in the detection
of smaller and more widespread local Ca2+ signals. Nevertheless,
these results directly demonstrate the spatial restriction of FLIP for
direct [Ca2+]i elevation, which is of critical importance for the
experiments below.

To determine whether a local change in [Ca2+]i at the growth cone
is suf®cient to signal the direction of extension, [Ca2+]i on one side

of the growth cone was focally elevated by FLIP. Because a relatively
long-lasting local Ca2+ signal was observed previously during
growth cone turning5, repetitive FLIP of caged Ca2+ was performed.
To prevent potential damage to the cells from repetitive laser pulses,
we reduced the laser energy to , 0.1 mJ per pulse. Repetitive laser
irradiation every 3 s produced no effect on the morphology and
extension of control growth cones over a 30 min period (Fig. 2a).
However, repetitive FLIP of NP-EGTA on one side of the growth
cone induced a marked turning response of the growth cone
towards the side with [Ca2+]i elevation within 30 min (Fig. 2b).
The attraction involved the preferential protrusion of lamellipodia
and ®lopodia on the FLIP side followed by rapid turning of the
growth cone shaft (Fig. 2c; see also Fig. 3a, b). The paths of neurite
extension of all the cells loaded with (Fig. 2e) or without (Fig. 2d)
NP-EGTA during the 30 min exposure to laser pulses are presented
as composite drawings. Of 19 NP-EGTA-loaded growth cones that
extended during 30 min of repetitive FLIP, 18 exhibited attractive
turning (Fig. 2e), whereas no preferential turning was observed for
14 control growth cones (Fig. 2d). To quantify the turning response,
we measured the turning angle and length of neurite extension of
each growth cone5, where positive angles indicate attraction (Fig. 2f,
g). Signi®cant attractive turning was observed for growth cones
loaded with NP-EGTA, whereas growth cones without NP-EGTA
loading were not affected by the repetitive laser irradiation (average
turning angle (6s.e.m.): 29:8 6 4:0 degrees and 2 5:8 6 4:8
degrees, respectively; P , 0:0001, Kruskal±Wallis test). Both
groups of growth cones showed similar lengths of extension over
the 30 min period (12:8 6 0:7 mm and 9:7 6 1:1 mm, respectively;
P . 0:01, Kruskal±Wallis test). These results show that direct focal
elevation of [Ca2+]i on one side of the growth cone is suf®cient to
speci®cally initiate attractive turning.

To examine the in¯uence of extracellular Ca2+ on the turning
behaviour of growth cones induced by the direct focal elevation of
[Ca2+]i, NP-EGTA loaded cells were placed in a Ca2+-free medium11

for turning experiments. The removal or marked decrease in
extracellular Ca2+ concentration in Xenopus cultures increased the
rate of neurite extension to about three times that in medium
containing millimolar Ca2+ (refs 5,12,13). Thus, the turning
response of the growth cone was examined after only 10 min of
repetitive FLIP for a comparable length of extension to that found in
Ca2+-containing medium. The same intensity and frequency of laser
pulses were found to cause the growth cone in Ca2+-free medium to
turn away from the side of FLIP (repulsion). The switching from
attraction to repulsion induced by the same repetitive FLIP in
different extracellular media is best illustrated in Fig. 3. The
particular growth cone shown was induced to turn four times by
repetitive FLIP of NP-EGTA: attraction twice in culture medium
and repulsion twice in Ca2+-free medium (summarized in Fig. 3e).
By alternating the location of the laser beam between the two sides
of the growth cone, it was clear that direct focal elevation of [Ca2+]i

consistently induced attractive turning in Ca2+-containing culture
medium (Fig. 3a, b) and repulsive turning in Ca2+-free medium
(Fig. 3c, d). The attractive turning was preceded by the preferential
protrusion of lamellipodia and ®lopodia on the side of FLIP,
followed rapidly by the turning of the growth cone shaft. The
repulsive turning, in contrast, was accompanied by a local inhibi-
tion of ®lopodia and lamellipodia on the side of FLIP as well as an
increased protrusion of lamellipodia and ®lopodia on the opposite
side. Summary and quanti®cation of the turning response for all the
growth cones examined in Ca2+-free medium are shown in Fig. 3f
and g, respectively. Of 13 NP-EGTA-loaded growth cones, 12 turned
away from the FLIP side, a difference that is statistically signi®cant
from growth cones without NP-EGTA loading (turning angles
2 27:2 6 9:5 degrees and 4:1 6 6:6 degrees, respectively;
P , 0:005, Kruskal±Wallis test). Both groups of growth cones
extended similar lengths during the 10 min exposure to laser
pulses (13:4 6 1:4 mm and 14:5 6 1:8 mm, respectively; P . 0:1,
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Figure 1 Spatially restricted FLIP of caged molecules. a±c, Spatiotemporal properties of

¯uorescence signals produced by FLIP of caged ¯uorescein-dextran in vitro. Two image

sequences (a) demonstrate different diffusion rates of uncaged ¯uorescein-dextran in

solutions with (upper) and without (lower) glycerol. The interval between each frame is

100 ms and the intensity of the ¯uorescence (F) is pseudo-colour-coded by using the

look-up table illustrated in the colour bar shown. Three-dimensional intensity pro®les of

the ®rst frame of each sequence are shown in b (with glycerol) and c (without glycerol).

d, e, Localized Ca2+ signals produced by single FLIP of NP-EGTA in muscle cells. Image

sequences of the Ca2+ signal (DF/F0 in pseudo-colour) of a muscle cell without (d) and

with (e) NP-EGTA loading. Boxes indicate the area shown in time sequences, circles

illustrate the laser spot, and digits represent milliseconds after a single laser pulse.

f, Focal increase in [Ca2+]i in a Xenopus growth cone induced by single FLIP of NP-EGTA.

Scale bars, 10 mm.
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Kruskal±Wallis test), indicating the speci®city of focal elevation of
[Ca2+]i on the direction of growth cone extension.

The switching from attraction to repulsion does not seem to
involve extracellular actions of Ca2+ in the medium directly. When

extracellular Ca2+ was not completely removed but was decreased to
1.3 mM using a Ca2+ buffer14, repulsion was still induced by
repetitive FLIP of NP-EGTA (9 of 10 growth cones; turning angle
2 21:1 6 6:1 degrees; average length 13:5 6 1:9 mm). The removal
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Figure 2 Attractive turning of Xenopus growth cones induced by repetitive FLIP of NP-

EGTA. a, A control growth cone (no NP-EGTA loading) at the beginning and end of 30-min

repetitive laser irradiation; circles indicate the laser spot. Dashed lines represent the

original direction of extension, and dotted lines represent the corresponding positions

along the neurite. b, An NP-EGTA-loaded growth cone at the onset and the end of 30-min

repetitive FLIP. c, A time-lapse sequence of the attractive turning of a growth cone

induced by repetitive FLIP of NP-EGTA. Numbers represent minutes after the onset of

repetitive FLIP. Scale bars in a±c, 20 mm. d, e, Composite drawings of the path of growth

cones without (d) and with (e) NP-EGTA loading during a 30-min exposure to FLIP. Each

growth cone was reorientated so that the side of laser irradiation was on the right

(illustrated by the diagram in the middle). The origin represents the position of the centre

of the growth cone palm at the beginning of the 30-min exposure to the laser. The original

direction of growth cone extension was aligned with the vertical axis. Each line depicts the

trajectory of the neurite at the end of the 30-min experiment. Tick marks along the

horizontal axis represent 5 mm. Note that some growth cones changed their origins,

which are represented by the dashed lines. f, g, Scatter plots of turning angles plotted

against length of neurite extension of all the control (f) and NP-EGTA-loaded (g) growth

cones examined.
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Figure 3 Attractive and repulsive turning of a Xenopus growth cone induced by direct

focal increase in [Ca2+]i in different extracellular solutions. a, A time-lapse image

sequence showing the attractive turning of an NP-EGTA-loaded growth cone induced by

repetitive FLIP within 30 min; circles indicate the location of the laser beam. b, Attraction

was induced for the second time for the same growth cone after repositioning of the laser

beam to the other side of the growth cone. c, A time-lapse image sequence of the same

growth cone, showing repulsive turning when placed in a Ca2+-free medium and exposed

to the laser irradiation of same intensity and frequency. d, Repulsion was induced for the

second time for the same growth cone when the laser was relocated to the opposite side.

Numbers in a±d represent minutes after the onset of FLIP. e, Schematic summary of the

turning responses of the growth cone (twice attractive and twice repulsive); circles

indicate the side of the growth cone on which the laser was applied. Scale bars in a±e,

20 mm. f, Composite drawings of the response of all the growth cones examined in Ca2+-

free medium. Tick marks along the horizontal axis represent 5 mm. g, Scatter plots of

turning angles against length of extension for all the growth cones examined in Ca2+-free

medium.
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or a signi®cant decrease in extracellular Ca2+ concentration is
known to affect the resting level of [Ca2+]i in Xenopus neurons5.
Fura-2 ratiometric imaging showed that replacing Ca2+-containing
culture medium with Ca2+-free solution or low-Ca2+ buffer imme-
diately decreased the resting [Ca2+]i at the growth cone from
130:3 6 17:5 nM to 58:5 6 5:4 nM or 72 6 5:0 nM, respectively
(means 6 s:e:m:; Fig. 4a±c). To determine whether different resting
levels of [Ca2+]i affect the amount of Ca2+ released by FLIP,
simultaneous FLIP and ¯uo-3 imaging were performed. For the
reliable detection of small local changes in [Ca2+]i induced by FLIP
of NP-EGTA, the laser energy was increased to 10 mJ. For seven
growth cones examined in culture medium, and subsequently in
Ca2+-free medium, similar relative changes in ¯uo-3 ¯uorescence
(DF/F0, calibrated against the corresponding baseline) at the laser
spot were observed upon FLIP (Fig. 4d). This result was con®rmed
by the average of many growth cones examined independently
(Fig. 4e; P . 0:1, Student's t-test). For both culture medium and
Ca2+-free medium, a single laser pulse induced a DF/F0 of , 60% at
the FLIP spot in the ®rst frame of the image sequence. Assuming
that ¯uo-3 ¯uorescence corresponds linearly to [Ca2+]i and by using
the resting levels of [Ca2+]i measured from fura-2 imaging, the peak
levels of [Ca2+]i at the FLIP site are estimated to be , 78 nM and
, 35 nM for growth cones in culture medium and in Ca2+-free
medium, respectively. It should be emphasized that the Ca2+

imaging was performed with laser pulses of , 100 times the intensity
used for turning experiments. However, according to the theoretical
analysis of point source diffusion15, the concentration of cytosolic
Ca2+ at the centre of FLIP at the end of the 20-ms charge-coupled-
device (CCD) exposure would have decreased to , 1% of that at
1 ms after photolysis during CCD exposure (14 ms for diffusion).

Cytosolic buffering of local Ca2+ could further decrease the ampli-
tude of the local Ca2+ signals that can be detected by the imaging.
Taking these two factors into account, the estimate of the actual
peak amplitude of the focal [Ca2+]i elevated by each laser pulse
during growth cone turning would be on the same order as that
obtained with our imaging measurement, that is, , 78 nM and
, 35 nM for growth cones in culture medium and Ca2+-free
medium, respectively. Therefore, the removal of extracellular Ca2+

decreases the resting [Ca2+]i as well as the absolute level of focal
[Ca2+]i elevation induced by FLIP of caged Ca2+ with the same laser
intensity.

To determine whether the resting [Ca2+]i or the absolute level of
focal elevation of [Ca2+]i contributes to the repulsion, growth cones
in Ca2+-free medium were induced to turn by FLIP of NP-EGTA
with an increased laser intensity that led to a similar level of focal
[Ca2+]i as that found in culture medium (, 70 nM). Of twelve
growth cones examined, eight showed marked repulsion, whereas
two of the other four growth cones showed no turning and two
exhibited attraction (turning angle 2 15:1 6 7:5 degrees; average
length 17:6 6 2:4 mm). This result indicates that resting levels of
[Ca2+]i at the growth cone are important in modulating the turning
responses. The opposite turning responses might be a re¯ection of
the differential activation of signalling molecules with different
thresholds for [Ca2+]i: repulsion results from the activation of
intracellular molecules with a low threshold for [Ca2+]i

(, 58 � 35 � 93 nM), whereas attraction results from the activa-
tion of molecules with a high threshold for [Ca2+]i

(, 130 � 78 � 208 nM). Under normal [Ca2+]i conditions, signal-
ling molecules of the repulsive mechanism might be saturated or
desensitized, allowing only attraction after the focal elevation of
[Ca2+]i. Lowering resting [Ca2+]i allows the low-threshold molecules
to be activated by the local Ca2+ signals that reach the threshold for
repulsion but remain below the threshold for attraction. The ability
to ®nely manipulate the absolute levels of focal [Ca2+]i elevation in
the growth cone by using FLIP will permit further experiments to
test this hypothesis.

I have shown that direct focal elevation of [Ca2+]i on one side of
the growth cone is suf®cient to initiate both attractive and repulsive
turning of the growth cone. Ca2+ is a key second messenger that
regulates growth cone behaviour3,4,16±18. The guidance of growth
cones by many diffusible cues such as netrin-1 has been shown to
involve Ca2+ (refs 13, 14, 19). However, the precise role of Ca2+

signals in directional sensing and steering of the growth cone is
unclear. Results from this study provide the ®rst direct evidence that
a localized increase in [Ca2+]i at the growth cone can provide the
directional signal for growth cone extension and is suf®cient to steer
the growth cones accordingly. Furthermore, the ®nding that both
local and global (resting) cytosolic Ca2+ signals contribute to
determining the direction of growth cone turning demonstrates
an important feature of intracellular signalling in growth cones for
processing and integrating various cellular signals. During neural
development in vivo, the resting [Ca2+]i of developing neurons is
likely to be in¯uenced and modulated by environmental factors
such as adhesion molecules20. Furthermore, raising the cAMP
concentration in the growth cone has been shown to decrease
high [Ca2+]i (ref. 21). Thus, depending on its surroundings, an
axon can respond with either attractive or repulsive turning to the
same guidance molecules that act through the Ca2+ pathway. With
recent ®ndings that the turning direction of growth cones in netrin-1
gradients can be regulated by the cyclic AMP pathway (probably
downstream of Ca2+)14 as well as by different cytoplasmic components
of the appropriate receptors22,23, these results indicate the existence
of multiple levels of intracellular regulation of directed growth cone
extension. Such diversity of regulation along the signal transduction
pathway, if it occurred in vivo, could provide the potential for the
speci®c and accurate wiring of millions of axons through a limited
number of cues available during development. M
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Figure 4 Fluorescence imaging of focal increase in [Ca2+]i induced by FLIP of NP-EGTA.

a, b, Fura-2 ratio imaging of the resting [Ca2+]i in a bipolar neuron (a) and a monopolar

neuron (b) in culture medium and Ca2+-free medium. The distribution of [Ca2+]i is shown

in pseudo-colour with the corresponding Ca2+ concentration (nM) depicted by the colour

bar. c, Averages of the resting [Ca2+]i at the growth cone from populations of neurons in

culture medium (CM) and Ca2+-free medium (CF) or in a Ca2+-buffer containing 1.3 mM

free Ca2+ (CB). d, Fluo-3 imaging of the focal increase in [Ca2+]i at the growth cone

induced by FLIP of caged Ca2+ in culture medium and Ca2+-free medium. No signi®cant

difference was observed in the amplitude of focal [Ca2+]i increased by FLIP of NP-EGTA for

each growth cone examined in these two media. This is con®rmed by the average of many

growth cones examined (e).
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Methods
Optical set up

The laser beam (wavelength 337 nm) from a pulsed nitrogen laser (model no. VSL-337N,
Laser Science) was introduced into a Nikon TE300 inverted microscope with a laser-to-
microscope adapter (Laser Science) mounted on a modi®ed ¯uorescence epi-illuminator.
A dichroic mirror (DM400, Nikon) in the epi-illuminator re¯ected the laser beam into the
microscope while allowing simultaneous ¯uorescence imaging by using excitation light
with wavelengths .400 nm (thus excluding fura-2 imaging). The laser beam was focused
into a spot of , 2 mm in diameter with a 40´/1.3 oil-immersion objective (Plan-Fluor.,
Nikon). A frame-transfer cooled CCD camera (PXL37, Photometrics) was used with the
AIW software from Axon Instruments for image acquisition. Each image was acquired by a
20 ms exposure with CCD binning and gain set at 4 and 8, respectively. A sample rate of
25 Hz for a small region of 50 3 50 (pixel)2 was normally achieved. The FLIP and imaging
were synchronized by a trigger signal from the computer to ®re the laser 5 ms after the
onset of the ®rst CCD exposure of the image sequence.

Growth cone turning

Xenopus neurons from 6-h cultures24,25 were incubated with 6 mM acetoxymethyl (AM)
ester derivative of NP-EGTA (Molecular Probes) for 30 min, followed by three washes.
Growth cones frequently exhibited a blunt morphology with little motility immediately
after loading, so they were left to recover in culture medium for 3 h. This 3-h incubation
also allowed further de-esteri®cation of NP-EGTA AM and Ca2+ binding by NP-EGTA.
Turning experiments were performed in an open microscopy chamber26. Each growth
cone was positioned such that the laser spot would be located on one side and be kept at
the same location throughout the entire experiment. Images of the growth cone at various
times after the onset of repetitive FLIP were processed digitally and acquired25, and
quantitative measurement and analysis of the turning response were then performed on
these digital images5,11.

Ca2+ imaging

Cells were loaded with 8 mM ¯uo-3 AM (Molecular Probes) 2 h after the end of NP-EGTA
loading for 30 min followed by a 30 min incubation in culture medium. The Ca2+ signals
were measured by using the change in ¯uorescence relative to the baseline before the
irradiation (DF/F0). All the ¯uo-3 ¯uorescence was corrected for background by using the
¯uorescence from the same cell lysed at the end of the experiment with digitonin27. Focal
increase in [Ca2+]i was measured at the FLIP site with a 2-mm diameter zone. For visual
presentation of the Ca2+ signals, the resulting DF/F0 was given a threshold of 15%, pseudo-
coloured and overlaid on a grey-scale image of the cell before the laser irradiation. Fura-2
measurements of the resting [Ca2+]i was performed with previous methods5,28. The cells
were typically imaged ®rst in culture medium and then in Ca2+-free medium.
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Path®nding by growing axons in the developing nervous system is
guided by diffusible or bound factors that attract or repel the
axonal growth cone1,2. The cytoplasmic signalling mechanisms
that trigger the responses of the growth cone to guidance factors
are mostly unknown3. Previous studies have shown that the level
and temporal patterns of cytoplasmic Ca2+ can regulate the rate of
growth-cone extension in vitro4±8 and in vivo9. Here we report that
Ca2+ also mediates the turning behaviour of the growth cones of
cultured Xenopus neurons that are induced by an extracellular
gradient of netrin-1, an established diffusible guidance factor in
vivo1,10. The netrin-1-induced turning response depends on Ca2+

in¯ux through plasma membrane Ca2+ channels, as well as Ca2+-
induced Ca2+ release from cytoplasmic stores11. Reduction of
Ca2+ signals by blocking either of these two Ca2+ sources converted
the netrin-1-induced response from attraction to repulsion. Acti-
vation of Ca2+-induced Ca2+ release from internal stores with a
gradient of ryanodine in the absence of netrin-1 was suf®cient to
trigger either attractive or repulsive responses, depending on the
ryanodine concentration used. These results support the model
that cytoplasmic Ca2+ signals mediate growth-cone guidance by
netrin-1, and different patterns of Ca2+ elevation trigger attractive
and repulsive turning responses.

We created a microscopic gradient of netrin-1 in cell cultures by
repetitive pulsatile application of netrin-1 from a micropipette12.


