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Growth Cone Stop Signals: Inviting to Stay or Sending Away?
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Axons growing into a target region must
select appropriate cells on which to form
synapses. A signal from a target cell may
invite the appropriate axon to stop exten-
sion and initiate synapse formation,
whereas a nontarget cell may act as an in-
termediate guidepost or signal an axon to
avoid approaching and move on. The cer-
ebellar cortex provides an ideal system in
which to examine such interactions be-
cause a small number of cell types make
specific, stereotyped connections. Baird et
al. (1992) found that cultured cerebellar
granule cells specifically arrested the
growth of their afferents, the pontine
mossy fibers. This result was interpreted
to indicate that cerebellar granule cells
signal to their afferents to stop growing
and form a synapse. However, in their re-
cent Journal of Neuroscience paper, Man-
zini et al. (2006) demonstrate that the cul-
tured cerebellar granule cells more closely
represent immature granule cells of the
external germinal layer (EGL) and that
absence of these immature granule cells in
vivoleads to mossy fiber axon overgrowth.
Thus, the arrest signal may instead pre-
vent axons from entering a nontarget re-
gion containing immature cells.

In the mature cerebellum, pontine
mossy fibers synapse solely onto granule
cells in the internal granule layer (IGL),
whereas axons from the inferior olivary
nucleus form climbing fiber synapses
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onto Purkinje cells (Fig. 1). However,
during development, some cerebellar af-
ferents, termed combination fibers, form
synaptic connections onto both granule
cells and Purkinje cells. Manzini et al.
[(2006),theirFig. 1 (http://www.jneurosci.
org/ cgi/content/full/26/22/6040/F1)]
identified mossy fibers as the source of
these combination fibers by injecting the
axonal tracer Dil into the pontine nucleus
of postnatal day 6 fixed mouse brains. In
wild-type mice, mossy fiber combination
branches extended through the Purkinje
cell layer and molecular layer but did not
enter the EGL. In contrast, in meander tail
mutant mice lacking an EGL, mossy fiber
axons extended to the pial surface [Man-
zini et al. (2006), their Fig. 1F-H (http://
www.jneurosci.org/cgi/content/full/26/22/
6040/F1)], suggesting that the immature
granule cells of the EGL normally restrict
mossy fiber axons from leaving the molec-
ular layer.

To clarify how granule cell maturity af-
fects growth of mossy fiber axons, the au-
thors characterized the development of
granule cells in culture. Over 4 d in vitro
(DIV), cultured granule cells transitioned
from flat, dividing cells expressing
Math-1, a marker of EGL cells, to mature
bipolar cells identified by Zic2 and MEF2,
markers of differentiated IGL granule
neurons in vivo [Manzini et al. (2006),
their Figs. 2 (http://www.jneurosci.org/
cgi/content/full/26/22/6040/F2) and 3
(http://www.jneurosci.org/cgi/content/
full/26/22/6040/F3)]. Pontine explants
plated with 4 DIV IGL-like neurons ex-
hibited unrestricted axon growth, but
freshly plated EGL-like neurons inhibited

axon growth [Manzini et al. (2006), their
Fig. 4 (http://www.jneurosci.org/cgi/con-
tent/full/26/22/6040/F4)]. By immuno-
panning, Manzini et al. (2006) purified
the EGL-like population into A2B5-posi-
tive outer, younger granule cells and
TAG-1 (transient axonal glycoprotein-1)-
positive inner, migrating granule cells and
demonstrated that the youngest A2B5-
positive cells were the source of the signal
inhibiting pontine axon growth [Manzini
et al. (2006), their Figs. 6 (http://www.
jneurosci.org/ cgi/ content/ full / 26 / 22/
6040/F6) and 7 (http://www.jneurosci.
org/cgi/content/full/26/22/6040/F7)].
Furthermore, pontine axons formed syn-
apses, identified by colocalized synapsin 1
and PSD-95 (postsynaptic density-95)
clusters, on IGL-like cells but not EGL-
like cells [Manzini et al. (2006), their Fig. 5
(http://www.jneurosci.org/cgi/content/
tull/26/22/6040/F5)].

Freeze-fixed granule cells but not
granule cell-conditioned media or puri-
fied membrane preparations inhibited
pontine axon outgrowth, suggesting that
the stop signal is an extracellular matrix
(ECM) component or a molecule only
loosely tethered to the granule cell mem-
brane. Additionally, heparin disrupted
the inhibitory activity of EGL-like cells
[Manzini et al. (2006), their Fig. 8 (http://
www.jneurosci.org/cgi/content/full/26/
22/6040/F8)], narrowing the candidates
for the stop signal to heparin-binding
proteins or guidance cues trapped by
heparan sulfate proteoglycans such as
Shh, fibroblast growth factors (FGFs),
Wats, Slits, and semaphorins. Because
growth cones approaching immature
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Figure1.  Pontine fiber projections in the cerebellar cortex
of mature, developing wild-type, and developing meander
tail mutant mice. In the mature cerebellar cortex, pontine
mossy fibers synapse onto granule cells of the internal gran-
ule layer. During development, pontine axons send transient
branches, termed combination fibers, into the Purkinje cell
layer (PCL) and molecular layer (ML). The branches do not
extend beyond the ML because of a stop signal from imma-
ture granule cells of the external germinal layer. In meander
tail mutant mice, which lack granule cells, pontine fibers ex-
tend past the ML.

EGL-like cells do not show signs of col-
lapse [Manzini et al. (2006), their supple-

mental Fig. 2 (http://www.jneurosci.org/
content/vol26/issue22/images/data/6040/
DC1/Suppl2.gif); Baird et al., 1992], the
authors suggest that collapse-inducing
Slits and semaphorins are not the signal.
Rather, the authors favor pursuing cere-
bellar ECM components, FGFs, and Wnts
as the source of the stop signal. Indeed, the
Wnt 5a-Ryk signaling pathway repul-
sively sends axons out of the corpus callo-
sum and into the intermediate zone after
midline crossing (Keeble et al., 2006), and
the ECM molecule laminin 82 serves as a
stop signal to arrest motor neuron out-
growth (Porter et al., 1995). In addition to
the role of extracellular ligands, early ac-
tivity may be a key player in the proper
arrest of mossy fiber axon outgrowth, as
the stop signal requires activation of
NMDA receptors (Baird et al., 1996).

Baird et al. (1992) reported that pon-
tine mossy fiber arrest occurs on contact
with granule cells in young cultures,
whereas Manzini et al. (2006) report that
mossy fiber axons avoid the flat granule
cells of the same age. This apparent dis-
crepancy may be resolved if there are two
separate, maturation-dependent stop sig-
nals and by the fact that the cultures con-
tain a mixed population of cells [Manzini
et al. (2006), their Figs. 2 (http://www.
jneurosci.org/ cgi/ content / full / 26 / 22/
6040/F2) and 3 (http://www.jneurosci.
org/cgi/content/full/26/22/6040/F3)].
Early EGL-like cells may provide a stop
signal for pontine mossy fibers to avoid
entering an inappropriate region, whereas
mature granule cells of the IGL may signal
the same axons to stop and form synapses.
A strong candidate for the latter signal is
Wnt-7a, which contributes to mossy fiber
synapse formation onto granule cells
(Hall et al., 2000). These signals by the
cerebellar granule cells, sending away and
inviting to stay, are only two of many sig-
nals that developing mossy fibers poten-
tially encounter.

Currently, little is known about the
molecular identity of signals that restrict
axons to specific layers of laminar struc-
tures within the brain. The molecules that
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have been identified include cell surface
membrane proteins such as the ho-
mophilic molecules N-cadherin, sidekick,
and capricious (Yamagata et al., 2002;
Poskanzer et al., 2003; Shinza-Kameda et
al., 2006). In contrast, Manzini et al.
(2006) point the way toward an ECM-
related molecule that contributes to lami-
nar restriction of axons. Once the molec-
ular stop signal is identified, it will be of
interest to determine whether it also plays
arolein the laminar organization of axons
in other brain regions.
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