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Brief Communications

Long-Range Axonal Calcium Sweep Induces Axon Retraction
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Axon guidance molecules trigger a cascade of local signal in growth cones and evoke various morphologic responses, including axon
attraction, repulsion, elongation, and retraction. However, little is known about whether subcellular compartments, other than axonal
growth cones, control axon outgrowth. We found that in isolated dentate granule cells, local application of glutamate to the somatodendritic areas, but not the axon itself, induced rapid axon retraction, during which a calcium wave propagated from the somata to the axon
terminals. The calcium wave and axon retraction were both inhibited by blockade of voltage-sensitive calcium channels and intracellular
calcium dynamics. A combination of perisomatic application of calcium ionophore and depolarizing current injection induced axonal
calcium sweep and axon retraction. Thus, perisomatic environments can modulate axon behavior through long-range intracellular
communication.
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Introduction
During brain development, immature neurons project axons
over long distances to target cells. In this process, a key player is a
structural expansion present at the tip of a growing axon (i.e., a
growth cone). The growth cone is highly motile and actively
turns, advances, and retreats in response to extracellular guidance cues. The growth cone converts these local cues to an intracellular signal cascade that determine the direction and speed of
axon growth (Tessier-Lavigne and Goodman, 1996; Huber et al.,
2003). In Xenopus spinal neurons and retinal neurons, axons preserve chemotactic behaviors even when surgically transected
from the cell bodies (Campbell and Holt, 2001; Ming et al., 2002).
Thus, neurite outgrowth seems to be totally controlled by local
environments surrounding the growth cones.
Granule cells, the principal excitatory neurons in the dentate
gyrus of the hippocampal formation, extend their axons into the
hilus and CA3 stratum lucidum to make synapses with target
hilar/CA3 neurons. We previously established an experimental
system to cultivate isolated granule cells (Yamada et al., 2005).
Using this system, we disclosed that bath application of glutamate
collapses growth cones of dendrites as well as axons. Glutamate is
therefore likely to play an important role in network formation of
dentate granule cells. In the previous work, however, glutamate
was uniformly applied to the entire neurons, and its local effect
on growth cones was not determined. In the present study, we
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introduced a local drug-perfusion system to examine how local
glutamate affects the behavior of axon growth cones. As a result,
we unexpectedly found that glutamate did not alter the growth
cone dynamics when applied directly to the axons, but it readily
changed the axon behavior when applied to a somatodendritic
area, referred here to as a “perisomatic” area. This implies that
some signal is conveyed from the soma to the axon terminal. This
signal cannot be conveyed by action potentials because the neurons at this age do not fire them. As a putative mechanism underlying this long-range “remote” control, we found a new form
of calcium dynamics, which is initiated at the perisomatic region
and propagates to the axon terminal over a distance of hundreds
of micrometers. Premature neurons that are yet incapable of firing action potentials may use this propagating cytosolic signal as
a long-range mediator.

Materials and Methods
Pharmacological agents. Glutamate, AMPA, NMDA, 6-cyano7-nitroquinoxoxaline-2,3-dione (CNQX), 1-naphthyl acetyl spermine
(NASPM), ionomycin, and nifedipine were purchased from SigmaAldrich (St. Louis, MO). (1S,3R)-1-Aminocyclopentane-1,3dicarboxylic acid (ACPD) was from Tocris Cookson (Bristol, UK).
Thapsigargin was from Nacalai Tesque (Kyoto, Japan). 2-Aminoethoxydiphenyl borate (2APB) was from Calbiochem (La Jolla, CA). Oregon Green 488 BAPTA-1AM was from Invitrogen (Carlsbad, CA).
Sema3F was prepared as described previously (Yamada et al., 2005).
Time-lapse imaging from cultured granule cells and data analysis. Primary cultures of dentate granule cells and Ammon’s horn neurons were
prepared from postnatal day 3 Wistar/ST rats (SLC, Shizuoka, Japan), as
described previously (Baba et al., 2002; Ichikawa et al., 2007). On day 4 in
vitro, cells were mounted in a perfusion chamber (volume, 1.7 ml) put on
transparent heating plate (MATS-505SF; TOKAI HIT, Shizuoka, Japan).
To minimize solution convection caused by heating, medium was constantly perfused at a speed of 0.6 ml/min perpendicular to the axis from
the soma to the axon terminal. This background flow was produced by
adding medium to one edge of the chamber and removing it from the
opposite side with a peristaltic pump. The medium, which consisted of
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98% Neurobasal and 2% B27 supplement (Invitrogen), was aerated with 95% air/5% CO2
and warmed at 32.5°C (in chamber). Phasecontrast images were acquired with a cooled
CCD camera (Cascade 512B/F; Roper Scientific,
Tucson, AZ) and a water-immersion objectives
(40⫻; numerical aperture, 0.8; Achroplan; Carl
Zeiss, Oberkochen, Germany), equipped with a
Carl Zeiss AxioSkop2 upright microscope and
custom-written image-acquisition controller
based on MetaMorph (Molecular Devices,
Union City, CA). Imaging was started 3 min before drug application and taken at 0.1 Hz for 8
min.
Neurons that touched other cells were not
used. Axons were defined as the longest processes that were longer than 80 m and at least
three times longer than all other neurites. Cells
that did not possess such obvious neurites were
not analyzed. All neurons selected with these
criteria showed immunoreactivity for Prox-1, a
marker of dentate granule cells (supplemental
Fig. 1, available at www.jneurosci.org as supplemental material). Almost all (96.7%) longest
neurites were immunopositive for tau-1, an
axon marker, whereas the other shorter processes were always tau-1-negative (supplemental Fig. 1, available at www.jneurosci.org as supplemental material). To measure axon length,
10-m-radius circles were placed onto the entire axon so that the center of each circle was
placed at the edges of the neighboring circles.
Axon length was measured as the summed radii
of this circle chain linking between the soma and
the axon terminal. The length of each axon was
normalized to the baseline at 0 min (i.e., immediately before the onset of drug application).
Data were averaged across 5–13 cells.
Local drug application. Glass micropipettes Figure 1. Local application of glutamate to the perisomatic region induces axon retraction. A, Representative time-lapse
(5–7 M⍀) were pulled with a two-stage Narish- images of the axon terminal in the inset box of the left whole-cell image. Numbers represent time (in minutes) after the start of
ige (Tokyo, Japan) puller and filled with drugs local application of glutamate (1 mM in pipette) to the axon terminal. B, Glutamate-induced changes in axon length are summaand Alexa 568 (1:1000), which were dissolved in rized as means ⫾ SEM of 12 axons. D, Representative time-lapse images of the axon terminal after local application of glutamate
perfusion medium. The tip of a micropipette to the perisomatic region. The movie was taken from the same neuron as shown in the A. E, Data were summarized as means ⫾
was placed 30 m apart from the soma or axon SEM of 10 axons. *p ⬍ 0.05, **p ⬍ 0.01 versus 0 min, paired t test. C, F, Voltage-clamp recordings revealed that local glutamate
terminal. The pipette was connected to a application to the axon terminal (C) and the perisoma (F ) induced a CNQX-sensitive inward current. *p ⬍ 0.05 versus control,
pressure-application system through ⬎2-m- Student’s t test; n ⫽ 4. The insets indicate typical traces of glutamate-evoked currents in the presence and absence of CNQX at a
long silicon tube (inner ⌽ ⫽ 2.0 mm). The other bath concentration of 20 M. VH ⫽ ⫺30 mV. G, Axons that retracted in response to perisomatic glutamate reextended when
end of the tube was held 100 cm above the sam- glutamate application was stopped. H, Immature granule neurons did not fire action potentials in responses to depolarizing
ple stage. The tube was filled with distilled water current injection.
from this end to the position immediately before
(10 mW) and visualized with a 507 nm long-pass emission filter. The
the microscopic stage, while on the stage, the tube was filled with air. To
fluorescence change (⌬F/F ) was calculated as (Ft ⫺ F0)/F0, where Ft is the
eject solution from the pipette, a positive pressure of ⬃50 hPa was apfluorescence intensity in a 2-m-radius circle placed on an axon at time
plied with water gravity. Care was continuously taken to avoid a decline
t, and F0 is the mean baseline value for a period of 20 s before drug
of air pressure as a function of time; to compensate this pressure decline,
application in the same circle.
the top surface of the filled water was manually adjusted to be located
Electrophysiologic recordings. For perforated patch-clamp recordings,
immediately beneath the stage. In each experiment, Alexa 568 fluores25 mg/ml gramicidin (Sigma-Aldrich; in DMSO) was diluted in KClcence was also monitored to estimate the drug concentration at the apbased intracellular solution composed of the following (in mM): 130 KCl,
plied area. Alexa 568 was excited at 568 nm with an argon– krypton laser
5 NaCl, 0.4 CaCl2, 1 MgCl2, 1.1 EGTA, and 10 HEPES, pH 7.2 and 300
(Melles Griot, Carlsbad, CA) and imaged with a Cascade 512B/F camera
mOsm, immediately before experiments so that the final concentration
and MetaMorph software.
was 50 g/ml. Recordings were performed with Axopatch 200B (MolecCalcium imaging. On days 4 in vitro, cultures were transferred into a
ular Devices, Union City, CA). Signals were low-pass filtered at 1 kHz,
well of a 24-well plate filled with 1 ml of Neurobasal medium containing
digitized at 10 kHz, and analyzed with pCLAMP 8.0 software (Molecular
0.0005% Oregon Green 488 BAPTA-1AM and incubated for 1 h in a
Devices). Voltages were not corrected for liquid junction potential.
humidified incubator at 37°C in 5% CO2. After being washed, cells were
Immunostaining. Cultures were fixed for 20 min at 37°C with 4%
mounted in an imaging chamber perfused with 98% Neurobasal meparaformaldehyde, 10 M Taxol (Sigma-Aldrich), 1.3 M phalloidin
dium and 2% B27 supplement. Images were taken at 2–5 frames/s with a
(Sigma-Aldrich), 0.1% Triton-X, and 0.25% glutaraldehyde (Nacalai
Nipkow spinning-disk confocal microscope (CSU10; Yokogawa Electric,
Tesque) in buffer consisting of 60 mM PIPES, 25 mM HEPES, 10 mM
Tokyo, Japan), a Cascade 512B/F camera, and MetaMorph software.
Fluorophores were excited at a 488 nm line with an argon– krypton laser
EGTA, and 2 mM MgCl2 at pH 6.9. They were incubated with 2% goat
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Figure 2. Glutamate-induced axon retraction requires non-NMDA receptor activity and
intracellular calcium dynamics. A, Representative time-lapse images of the axon terminal of a
neuron whose soma received glutamate application in the bath of 20 M CNQX. B, Summary
data of perisomatic glutamate application in the presence of CNQX. Data represent means ⫾
SEM of eight axons. C, Local perisomatic application of AMPA (300 M in pipette) (circle) (n ⫽
9), but not NMDA (1 mM in pipette) (square) (n ⫽ 6) or ACPD (1 mM in pipette) (triangle) (n ⫽
5), induced axon retraction. D, Bath application of 10 M nifedipine (circle) (n ⫽ 7), 1 M
thapsigargin (square) (n ⫽ 12), and 100 M 2APB prevented the axon retraction (triangle)
(n ⫽ 6). *p ⬍ 0.05 versus 0 min, paired t test.

serum in PBS for 1 h at room temperature, with the primary antibodies
against rabbit anti-Prox1 (1:5000; AB5475; Millipore Bioscience Research Reagents, Temecula, CA) and mouse anti-tau-1 (1:2000;
MAB3420; Millipore Bioscience Research Reagents) overnight at 4°C,
and then with Alexa 594-labeled anti-rabbit IgG (1:400; A-11037; Invitrogen) and Alexa 488-labeled anti-mouse IgG (1:400; A-11001; Invitrogen) in the presence of rhodamine-conjugated phalloidin (1:40;
R-415; Invitrogen) for 3 h at room temperature. Images were acquired
with an ORCA⌱⌱ cooled CCD camera (Hamamatsu Photonics,
Hamamatsu, Japan) and an ECLIPSE TE300 microscope (Nikon, Tokyo,
Japan) with a 40⫻ objective.

Results
Remote control of axon outgrowth
When primary cultures of granule cells were bathed in 500 M
glutamate for 5 min, growth cones collapsed in both axons and

J. Neurosci., April 30, 2008 • 28(18):4613– 4618 • 4615

dendrites (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material), as we previously demonstrated (Yamada
et al., 2005). To investigate the local effect of glutamate on growth
cones, we developed an experimental system for local application
of drugs to a small subregion of a cell (supplemental Fig. 2 A,
available at www.jneurosci.org as supplemental material). A glass
pipette was located 30 m apart from the cell, and drugs were
pressure-ejected with Alexa Fluor 568 (supplemental Fig. 2 B,
available at www.jneurosci.org as supplemental material). Because the Alexa fluorescence intensity was almost proportional to
the Alexa concentration, we could estimate the spatial pattern of
an Alexa diffusion gradient (supplemental Fig. 2C, available at
www.jneurosci.org as supplemental material). The gradient was
made within 3 s and kept stable at least for tens of minutes during
continuous pressure. In each experiment, we quantified the Alexa
fluorescence to approximate the drug concentration at the region
of interest.
Glutamate applied to the axon terminal failed to induce any
change in the axon behavior (Fig. 1 A, B). Glutamate applied to
the perisomatic region, however, readily led to a backward movement of axon terminals, resulting in a shortening of the total axon
length (Fig. 1 D, E). The degree of the axon retraction was positively correlated to the putative glutamate concentration at the
perisomatic region (supplemental Fig. 3A, available at www.
jneurosci.org as supplemental material), but uncorrelated with
axon length before glutamate application (supplemental Fig. 3B,
available at www.jneurosci.org as supplemental material). The
remote effect of glutamate was not observed in putative pyramidal neurons prepared from hippocampal Ammon’s horn (n ⫽ 5)
(data not shown). Local application of sema3F, a potent growth
cone repellent (Yamada et al., 2006), to the perisomata of granule
cells induced axon retraction (n ⫽ 2) (data not shown).
Why was direct glutamate application on the axon ineffective
in granule cells? As application of sema3F to axon terminals induced repulsive turning responses and facilitated axon elongation (supplemental Fig. 4, available at www.jneurosci.org as supplemental material), axonal growth cones themselves were
responsive. Thus, one possibility is that glutamate receptors are
absent in axon terminals. Whole-cell patch-clamp recordings revealed, however, that voltage-clamped granule cells showed an
inward current in response to glutamate locally applied to the
axon terminals (Fig. 1C). The current size was almost the same as
that observed when glutamate was applied to the perisomatic area
(Fig. 1 F), and was significantly attenuated by bath application of
CNQX, a non-NMDA ionotropic receptor antagonist (Fig.
1C,F ). Thus, axon terminals as well as perisomatic regions express functional glutamate receptors. We also rule out the possibility that glutamate-induced excitotoxicity caused axon shrinkage damage, because retracted axons began to reelongate soon
after glutamate application was stopped (Fig. 1G).
We next addressed the mechanisms underlying glutamateinduced axon retraction pharmacologically. In the presence of
CNQX, glutamate failed to induce axon retraction (Fig. 2 A, B).
Local application of AMPA, a non-NMDA receptor agonist, to
perisomatic regions induced axon retraction (Fig. 2C), whereas
either NMDA or the type I/II metabotropic receptor agonist
ACPD did not (Fig. 2C). Thus, non-NMDA receptors mediate
the action of glutamate, and their activation is sufficient to mimic
the action of glutamate.
Because activation of these receptors leads to membrane potential depolarization, we next addressed the possible involvement of voltage-sensitive calcium channels. Bath application of
nifedipine, an L-type calcium channel blocker, completely inhib-
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ited glutamate-induced axon retraction
(Fig. 2 D). Moreover, disturbance of intracellular calcium dynamics with thapsigargin, an inhibitor of Ca 2⫹-ATPase of the
endoplasmic reticulum, and 2APB, an IP3
receptor inhibitor, inhibited axon retraction. Thus, depolarization and calcium signaling are required for glutamate-induced
axon retraction.
Axonal calcium sweep
What signal propagates from the perisomatic region to the axon terminal and induces axon retraction? A plausible candidate is action potential. However,
immature granule cells at day 4 in vitro
were still incapable of generating action
potential even when they received strong
current injection (Fig. 1 H) (n ⫽ 11). Another intriguing candidate is intracellular
calcium wave (Jaffe, 1993; Berridge, 2002).
To investigate this possibility, granule cells
were loaded with Oregon Green 488
BAPTA-1AM and imaged with a Nipkowtype confocal microscope. After perisomatic application of glutamate, neurons
exhibited a transient calcium increase in
the entire cell, followed by a calcium increase that propagated from the perisoma
to axon terminal (Fig. 3 A, B; supplemental
movie 1, available at www.jneurosci.org as
supplemental material). We termed the Figure 3. Perisomatic glutamate application initiates a “wave”-like calcium signal propagating from the soma to the axon
latter unique dynamics “axonal calcium terminal. A, Time-lapse %⌬F/F confocal images of the axon of a granule cell loaded with Oregon Green 488 BAPTA-1AM are
sweep.” Local application of glutamate to superimposed onto the same field of a phase-contrast image. Glutamate application to the perisomatic region was started at 0 s.
The white arrows indicate the wave front of axonal calcium sweep. For time-lapse movie, see supplemental movie 1 (available at
axon terminal induced a fast calcium tran- www.jneurosci.org as supplemental material). B, %⌬F/F of the same data as A is shown as a curvilinear line scanning along the
sient, but not axonal calcium sweep (Fig. axon. Glutamate induced two phasic calcium increases (i.e., a fast calcium transient in the entire cell and a delayed gradual
3C). Data are summarized in Figure 3D.
calcium sweep from the soma to the axon terminal). After calcium sweep, the level of calcium was maintained for minutes. C,
The velocity of the calcium sweep was Local glutamate application to the axon terminal elicited only a fast calcium transient. D, Changes in axonal fluorescence intensity
on average 2.1 ⫾ 0.6 m/s, ranging from 20 m from the axon terminal ⫺1, 3, 20, and 80 s after glutamate application to the perisomatic region (blue) (n ⫽ 7) or axon
0.9 to 3.2 m/s (mean ⫾ SD of n ⫽ 21 tip (red) (n ⫽ 6). **p ⬍ 0.01 versus ⫺1 s, paired t test. Error bars indicate SEM. E–H, Axonal calcium sweep was inhibited by bath
cells). Under control conditions, once the application of 20 M CNQX (E), 10 M nifedipine (F ), 1 M thapsigargin (G), and 100 M 2APB (H ). Representative data are
sweep was initiated, it did not disappear or shown in each case, and similar results were obtained in all cases (n ⫽ 7 for CNQX; n ⫽ 7 for nifedipine; n ⫽ 7 for thapsigargin;
slow down in the middle of the axon. Im- n ⫽ 6 for 2APB).
portantly, the arrival of axon calcium
insufficient to induce a global calcium event. Because glutamate
sweep at the axon tip always preceded axon retraction (suppleinduced a long-lasting inward current of ⬃25 pA (Fig. 1 F), we
mental movie 2, available at www.jneurosci.org as supplemental
used the patch-clamp recording technique to inject a DC current
material). The time delay from the sweep arrival to the beginning
that mimicked the effect of glutamate. Injection of a 25 pA curof axon retraction was 57 ⫾ 21 s (mean ⫾ SD of n ⫽ 21 cells),
rent into current-clamped neurons for 300 s evoked a depolarranging from 12 to 89 s. CNQX and nifedipine blocked both the
ization of ⬎10 mV (data not shown), but it did not induce a
glutamate-induced calcium transient and the sweep (Fig. 3 E, F ).
calcium rise or axon retraction (Fig. 4C). However, when the
In the presence of thapsigargin, the initial calcium increase was
same current was injected simultaneously with perisomatic ionoprolonged, and the second calcium sweep did not occur (Fig. 3G).
mycin application, it readily induced axonal calcium sweep and
In the presence of 2APB, only the initial calcium transient ocaxon retraction (Fig. 4 D). Thus, the initiation of axonal calcium
curred in five of six neurons (Fig. 3H ), whereas one neuron exsweep requires a combination of depolarization and a perisohibited “retrograde” calcium sweep from the axon tip to the soma
matic calcium increase.
248 s after glutamate application.
Based on subunit compositions, non-NMDA glutamate reTo examine whether an increase in intracellular calcium is
ceptors are classified into calcium-permeable and calciumenough to evoke axon retraction, the calcium ionophore ionoimpermeable types (Hollmann et al., 1991; Verdoorn et al.,
mycin was applied to the perisomatic region or axon terminal.
1991). That a combination of depolarization and calcium mimIonomycin evoked a prolonged calcium increase in the directly
icked the glutamate effect suggests the involvement of the
applied, small area, but it did not either elicit axonal calcium
calcium-permeable type. We tested the effect of NASPM, an answeep or induce axon retraction (Fig. 4 A, B). This suggests that a
tagonist of calcium-permeable non-NMDA receptors (Blaschke
local calcium increase in the perisoma or axon terminal alone was
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Figure 4. A combination of a somatic calcium rise and membrane depolarization induces axonal calcium sweep and axon retraction. A, Local application of ionomycin (10 M in pipette) to the
perisoma induced a calcium increase in the soma, but not the axonal calcium sweep (left), nor did it induce axon retraction (right) (n ⫽ 6). B, Local application of ionomycin to the axon terminal
induced a calcium increase in the axon tip, which did not lead to axon retraction (n ⫽ 5). C, Depolarization induced by current injection with the patch-clamp technique did not induce either axonal
calcium sweep or axon retraction (n ⫽ 4). D, A combination of perisomatic ionomycin and current injection induced axonal calcium sweep and axon retraction. *p ⬍ 0.05 versus 0 min, paired t test
(n ⫽ 6). E, Bath application of 10 M NASPM inhibited both axonal calcium sweep and axon retraction induced by perisomatic glutamate application (n ⫽ 6). Error bars indicate SEM.

et al., 1993). Bath application of NASPM inhibited glutamateinduced calcium sweep and axon retraction (Fig. 4 E).

Discussion
In Xenopus spinal neurons and retinal neurons, growth cones
display normal chemotaxic behavior even after being isolated
from the parent cell bodies (Campbell and Holt, 2001; Ming et al.,
2002). This can be interpreted as indicating that axonal growth
cones respond specifically to their surrounding environment. We
found, however, that the axons are also responsive to perisomatic
glutamate, suggesting that the milieu surrounding the cell body
affects the axon behavior.
Roles of glutamate during brain development
Most excitatory neurons, including dentate granule cells, use glutamate as a neurotransmitter. During development, glutamate
modulates the formation of filopodia and the direction of neurite
outgrowth (Lipton and Kater, 1989; Zheng et al., 1996; Koyama et
al., 2002) and promotes a transition from filopodia to mature
synapses (Fischer et al., 2000; Chang and De Camilli, 2001;
Tashiro et al., 2003). Glutamate is also involved in the selective
survival and network formation of immature granule cells
(Tashiro et al., 2006). Therefore, our findings that glutamate alters the neurite behaviors were not surprising. But we underline
that immature granule cells that had not encountered other neurons already expressed functional glutamate receptors, even in
axons, and that these ionotropic glutamate receptors exerted a
distant effect on axon terminals far from where the receptors were
activated. In general, calcium through glutamate receptor channels
acts locally, in particular, to enhance the input specificity of synaptic
plasticity. The biological function of perisomatic glutamate-induced

axon retraction remains to be elucidated, but we speculate that in
vivo glutamate spills over from synaptic clefts of neighboring neurons. Because hippocampal pyramidal cells did not respond to perisomatic glutamate, dentate granule cells may be specifically endowed with the ability of perisomatic axon control. Given that
granule cells continue to be produced even in the adult brain (Lledo
et al., 2006), activation of dentate gyrus synapses (e.g., mature
perforant-path synapses) could retard or halt the axon extension of
nearby immature granule cells and change the targeting destination
of their premature axons.
Unique calcium dynamics in axon
Past studies on axonal calcium dynamics have focused mainly on
presynaptic terminals or growth cones, and the calcium dynamics in axon stalks is ill defined. Guan et al. (2007) have recently
reported that the leading processes of migrating cerebellar granule neurons generate calcium waves that propagate from the
growth cone to the soma to cause reversal of cell polarity and
migration. This is consistent with our findings that the soma and
axon can interact through long-range calcium dynamics within
neurons. Because their and our calcium waves are both whole-cell
phenomena coordinated by voltage-dependent calcium channels
and intracellular calcium store, they may share common mechanisms. It is noteworthy that, unlike the leading processes of migrating neurons, the axons of developing granule cells are extremely
narrow. Technically, we achieved calcium imaging from axons with
Nipkow-type confocal microscopy, which is designed to minimize
photodamage and photobleaching (Wang et al., 2005; Sasaki et al.,
2007).
We found that axonal calcium sweeps propagate at a speed of
⬃2 m/s. This velocity is a few times slower than generally
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known IP3-dependent regenerative calcium wave (Jaffe, 1993;
Berridge, 2002). IP3 waves are known to be attenuated by cGMP
signaling pathway (Sergeant et al., 2006). Because our previous
study showed that cGMP is involved in axon growth of dentate
granule cells (Yamada et al., 2006), it is possible that interacting
IP3 and cGMP generates an unusually slow calcium wave.
Although our study does not strictly indicate whether axonal
calcium sweep mediates axon retraction, three observations suggest
a causal link: (1) calcium sweep always preceded axon retraction; (2)
pharmacological sensitivity was similar between calcium sweep and
axon retraction, that is, all experimental manipulation that inhibited
the generation of calcium sweep inhibited axon retraction; (3) experimental manipulation that initiated calcium sweep induced axon
retraction. However, it should be noted that the arrival of a calcium
sweep at the axon terminal is unlikely by itself to trigger axon retraction, because experiments with calcium ionophore indicate that a
local calcium elevation in the axon terminal was insufficient to induce axon retraction, and also because the calcium increase prolonged by thapsigargin did not induce axon retraction. The crucial
aspect of calcium sweep is, hence, not the arrival of a “calcium spot”
at the axon tip, but rather its spatiotemporal calcium dynamics
throughout the cell. More specifically, we speculate that biphasic
calcium increases may serve as priming and trigger; for example, the
initial calcium transient might induce phosphorylation of
microtubule-associated protein 1b and tau through calcium/
calmodulin-dependent kinase and destabilizes microtubules (priming), and then, the second calcium wave causes microtubule depolymerization (trigger). Investigating the molecular mechanisms is
underway in our laboratory.
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Supplemental Figure 1 Bath application of
glutamate induces a collapse of growth cones of
axons and dendrites in dentate granule cells. (A)
Epifluorescence images of cultured neurons
co-labeled
with
rhodamine-conjugated
phalloidin, anti-tau-1 antibody, and anti-prox-1
antibody immediately after bath-treatment for 5
min with (Glutamate) or without (Control) 500
µM glutamate at day 4 in vitro. The axon was
defined as the longest, tau-1-positive process,
and the other tau-1-negative neurites were
regarded as dendrites. Closed arrows and closed
arrowheads indicate intact (i.e., uncollapsed)
growth cones of axons and dendrites,
respectively. Open arrows and open arrowheads
indicate collapsed axonal and dendritic terminals,
respectively. Growth cone was considered
‘collapsed’
if
its
phalloidin-positive
lamellipodium was less than 10 µm2 and
conveyed visible filopodia. (B) The percentage
of uncollapsed axonal and dendritic growth
cones treated with (Glutamate) or without
(Control) glutamate. Data represent means ±
SEM of 25-27 neurons from three independent
experiments. **P<0.01 versus Control; Student’s
t-test.

-1-

Supplemental Figure 2 Local drug application. (A) Three dimensional reconstruction
based on confocal microscopic sectioning of an Alexa Fluor 568 gradient made by
continuous pipette ejection. (B) Representative phase-contrast (left) and Alexa Fluor
568-confocal (right) images during glutamate application onto the perisomatic region of
a cultured dentate granule cell. A glass micropipette co-loaded with glutamate and Alexa
was located 30 µm apart from the cell body. (C) With inspection under cell-free
conditions, the fluorescence intensity was proportional to dye concentrations (left, n=3,
dotted line denotes the best linear fit), allowing us to estimate the dilution ratio of
ejected glutamate. By three-dimensional reconstruction of the Alexa gradient of the
panel B, dilution ratio relative to the intra-pipette concentration was superposed on a
phase-contrast image (right). The perisomatic area was exposed to an about 40%
concentration of intra-pipette solution), and the dye did not diffuse beyond 100 µm from
the target area.
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Supplemental Figure 3 Perisomatic glutamate-induced axon retraction depends on the
local concentration of glutamate applied at the perisomatic region, but not on the axon
length. A, B, The vertical axes indicate changes in the axon length during 5 min
exposure to glutamate. The horizontal axes indicate glutamate concentrations that were
estimated from the fluorescent intensity of co-ejected Alexa 568 in a 22 µm square on
the soma (A) and the initial axon length before glutamate administration (B). Linear
regression analysis revealed a significant correlation between the change in axon length
and glutamate concentration (R=-0.69, P<0.001), whereas no significant correlation was
observed between retraction and axon length (P>0.1). Data were collected from 20
axons.
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Supplemental Figure 4 Axonal growth cones are responsive to Sema-3F, but not to
glutamate. The growth-cone turning assay was carried out at day 4 in vitro. Glutamate
(1mM in pipette) or Sema3F (1:10 dilution of sema3F-containing HEK293 supernatant;
for details, see Yamada et al., 2005) was applied locally to axon terminals. Arrows
indicate the pipette direction. Each top panel indicates time-lapse images of a growth
cone after local application. Bottom plots depict the trajectories of the gravity center in
growth cones (indicated by yellow crosses in the top pannels) during the first 5 min of
drug administration (n=8 for glutamate; n=6 for Sema3F).
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Supplemental Movie 1 Perisomatic glutamate application initiates ‘wave’-like calcium
signal propagating from the soma to the axon terminal. Left: confocal movie of the axon
of a granule cell loaded with Oregon green 488 BAPTA-1AM following perisomatic
glutamate application. Middle: %ΔF/F images are superimposed onto a phase-contrast
images taken from the same field. Right: curvilinear line scanning along the axon. Three
bottom traces indicate the fluorescence intensity in the boxes shown in the left panel
(ROI#1, #2, and #3).
Supplemental Movie 2 Axonal calcium sweep precedes axon retraction. Time-lapse
calcium imaging of an axon tip, the perisoma of which was exposed to glutamate.
Glutamate induced two phasic calcium increases, and the second increase was followed
by axon retraction. Movie speed is compressed 60 times.
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This Week in The Journal
F Cellular/Molecular
Chloride Uptake Affects EGABA in the
Axon Initial Segment
Stanislav Khirug, Junko Yamada, Ramil
Afzalov, Juha Voipio, Leonard Khiroug,
and Kai Kaila
(see pages 4635– 4639)
It was recently discovered that GABAergic
inputs from axo-axonic cells onto the
axon initial segment (AIS) of cortical pyramidal cells is depolarizing, because the
GABA receptor reversal potential (EGABA )
is more positive than the resting membrane potential at the AIS. Although this
EGABA is partly attributable to reduced expression of the K–Cl cotransporter
(KCC2) and therefore reduced Cl extrusion in the AIS, Khirug et al. reasoned that
this is insufficient to produce the observed
EGABA. To explore the role of Cl uptake in
setting EGABA , the authors recorded
GABA responses in dentate granule cells
from mice lacking the Na–K–2Cl cotransporter NKCCl. Local GABA uncaging in
wild-type mice revealed that EGABA was
more negative in the AIS than in the soma.
This difference was absent in NKCCl-null
mice and was abolished in wild-type mice
by a NKCCl blocker. These results suggest
that Cl uptake by NKCCl contributes to
the offset EGABA at the AIS.

Œ Development/Plasticity/Repair
Perisomatic Glutamate Triggers
Axon Retraction

initiated a calcium sweep that traveled
down the axon. Retraction commenced
shortly after the sweep reached the growth
cone, regardless of the axon’s length. The
calcium sweep and retraction required
calcium influx and release from internal
stores, but intracellular calcium elevation
by itself was unable to elicit the effect.
When depolarizing current injection was
paired with application of calcium ionophores, however, both the sweep and retraction occurred. The effects of glutamate were mimicked by AMPA, but not
NMDA, and were inhibited by an antagonist of calcium-permeable non-NMDA
glutamate receptors.

f Behavioral/Systems/Cognitive
Calcium Imaging Reveals Different
Computational Strategies in Crickets
Hiroto Ogawa, Graham I. Cummins,
Gwen A. Jacobs, and Kotaro Oka
(see pages 4592– 4603)
Crickets use air currents to detect and escape predators. All information about
wind direction is processed by two pairs of
interneurons (INs), IN 10-2 and 10-3. The
dendrites of these four interneurons integrate inputs from many mechanosensory
afferents, and their output is directionally
tuned. Ogawa et al. used simultaneous
presynaptic and postsynaptic calcium imaging to examine how afferent inputs to

Ryuji X. Yamada, Takuya Sasaki, Junya
Ichikawa, Ryuta Koyama, Norio
Matsuki, and Yuji Ikegaya
(see pages 4613– 4618)
Growth cones are the principal sites where
environmental cues are integrated to steer
axon growth toward appropriate targets.
But this week, Yamada et al. report that
glutamate triggers axon retraction when
applied locally to the soma of cultured
dentate granule neurons, but not when
applied to the axonal growth cone— even
though glutamate receptors are present in
axons. Perisomatic glutamate application

Drawings of IN 10-2 and 10-3, showing different dendritic
compartments in different colors. See the article by Ogawa et
al. for details.

different dendritic branches of these interneurons are integrated to produce the
directionally tuned response. They found
that IN 10-2 and 10-3 integrated inputs
differently, possibly due to differences in
dendritic morphology. The directional
tuning of each dendrite in IN 10-3
matched that of its presynaptic input, but
not of the other dendrites, suggesting that
each dendrite acted as a separate computational unit. In contrast, the directional
tuning was similar across IN 10-2 dendrites (each was different from its inputs),
suggesting that the dendrites acted as a
single computational unit.

⽧ Neurobiology of Disease
Isoprostanes Increase Amyloid
Plaques
Diana W. Shineman, Bin Zhang, Susan
N. Leight, Domenico Pratico, and
Virginia M.-Y. Lee
(see pages 4785– 4794)
A promising new therapeutic target for
Alzheimer’s disease (AD)—the thromboxane receptor—is described this week.
The thromboxane receptor is activated by
isoprostanes, peroxidation products generated from arachidonic acid following
oxidative stress. Two isoprostane isoforms are elevated in AD and AD-like diseases, but not in other neurodegenerative
diseases. Shineman et al. report that injection of one of these isoprostanes increased
the number of amyloid plaques in Tg2576
mice, a mouse model of AD. Activation of
the thromboxane receptor increased levels of amyloid precursor protein (APP)
and its cleavage products, including those
that form plaques. The thromboxane receptor also increased the stability of APP
mRNA by an unknown mechanism, and
this likely provided more substrate for
amyloid
production.
Significantly,
thromboxane receptor antagonists reversed the effects of isoprostane injection
and also reduced plaque formation in
Tg2576 mice that were not treated with
isoprostane, suggesting that these antagonists might reduce plaque formation in
humans.

