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During development, axon branching is influenced by sensory-evoked and spontaneous neural activity. We studied the molecular
mechanism that underlies activity-dependent branch formation at horizontally elongating axons (horizontal axons) in the upper cortical
layers, focusing on Rho family small GTPases. Axonal labeling with enhanced yellow fluorescent protein showed that horizontal axons
formed several branches in organotypic slice cultures. This branch formation was considerably increased by introducing constitutively
active RhoA and was slightly inhibited by dominant-negative RhoA. Activators and inhibitors of endogenous RhoA signaling also
promoted and inhibited branching, respectively. Daily imaging of horizontal axon growth further demonstrated that constitutively active
RhoA increased the dynamic addition and loss of branches. Moreover, the amount of active RhoA relative to the total amount of RhoA was
examined by a pull-down assay in cortical slices treated with sodium channel or glutamate receptor blockers to reduce neural activity.
Activity blockade significantly decreased active RhoA compared with normal culture conditions, in which spontaneous firing is promi-
nent. These findings suggest that RhoA signaling acts as a positive regulator for activity-dependent axon branching in cortical neurons.
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Introduction
Axonal branching is an essential process for a neuron connecting
with its appropriate target cells in the developing nervous system.
To date, some guidance molecules have been demonstrated to
regulate axonal branching of central and peripheral neurons
(Wang et al., 1999; Ozdinler and Erzurumlu, 2002; Dent et al.,
2004). It has also been shown that the size and the complexity of
the branches are affected by neural activity (Hubel et al., 1977;
Antonini and Stryker, 1993). However, the molecular basis of
activity-dependent axonal branching remains mostly unknown.

Pyramidal cells in the upper layers of the neocortex have axons
that extend to neurons at some distance within the same layers
(horizontal axons). Branch formation in horizontal axons comes
about in late developmental stages, in response to the emergence
of neural activity (Gilbert and Wiesel, 1989; Callaway and Katz,
1990; Ruthazer and Stryker, 1996). In the present study, we in-
vestigate the molecular mechanisms that underlie horizontal

axon branching, focusing on Rho family small GTPases, because
this molecular species can regulate cytoskeletal proteins and may
integrate various extracellular signals that modulate axonal
branching (Kimura et al., 1996; Luo et al., 1996; Ruchhoeft et al.,
1999; Nakayama et al., 2000; Tashiro et al., 2000; Wahl et al.,
2000; Yamaguchi et al., 2001; Burridge and Wennerberg, 2004).
To address this issue, we used a gene transfer technique in neo-
cortical slice culture preparations accessible to daily imaging,
electrophysiology, and biochemical analysis. The result demon-
strated that active RhoA was increased by neural activity and
promoted branch formation, indicating that RhoA signaling con-
tributes to activity-dependent axon branching of cortical
neurons.

Materials and Methods
Organotypic slice culture. All experiments were performed according to
the guidelines laid down by the animal welfare committees of Osaka
University. The method for cortical slice cultures has been described
previously (Yamamoto et al., 1992; Uesaka et al., 2005). In brief, coronal
slices (250 �m thickness) were dissected from the occipital cortex of
postnatal day 0 or 1 rat (Sprague Dawley; Nihon-Dobutsu), were cul-
tured on the collagen-coated membranes (Millicell-CM PICMORG50;
Millipore) in serum-free, hormone-supplemented medium, and main-
tained at 37°C in an environment of humidified 95% air and 5% CO2. To
monitor neural activity, cortical slices were plated on multielectrode
dishes (MED; Alpha MED Sciences) (Uesaka et al., 2005).

Preparation of plasmids and gene delivery into cultured cells. The coding
region of enhanced yellow fluorescent protein (EYFP) was cloned into
pCAGGS. Human RhoV14 and RhoN19 (generous gifts from Dr. Kaibu-
chi, Graduate School of Medicine, Nagoya University, Nagoya, Japan)
(Amano et al., 1998) were hemagglutinin epitope (HA) tagged at the N
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terminal and cloned into a vector with T�1 pro-
moter, a neuron-specific promoter. Electropo-
ration with glass microelectrodes was used for
gene transfer to the cultured cortical cells (Ue-
saka et al., 2005). In brief, the plasmid solution
of EYFP (1–2 �g/�l) or mixture of EYFP (1–2
�g/�l) plus Rho GTPases (3– 4 �g/�l) was
pressure ejected to the surface of the explants
with a glass micropipette. Three to five trains of
200 square pulses (1 ms duration, 200 Hz, 500 –
700 �A) were delivered with another glass mi-
cropipette to three or four sites per slice.

Confocal imaging and quantitative analysis.
EYFP-labeled axons were observed by confocal
microscopy in living conditions at room tem-
perature (MRC-600, 40�, Nikon long-distance
objective lens; numerical aperture, 0.55). Con-
focal images were collected at 1 to 5 �m steps to
obtain the entire axon arbors (2–20 optical sec-
tions). Reconstruction of axonal arbors and
quantitative analysis were performed with
custom-made macros using NIH Image soft-
ware. Very small buds (�3 �m) from the axon
shaft were excluded from the analysis. The
number of branch points and the lengths of in-
dividual branch tip segments were measured.
Statistical analysis was performed with Mann–
Whitney U test.

Daily imaging. Labeled axons were observed
by confocal microscopy for �5 min every 24 h.
Branches were classified to five categories as de-
scribed previously (Uesaka et al., 2005). In
brief, branches that grew or retracted �5 �m in
length during 24 h were termed as “stable.”
Branches that became longer or shorter �5 �m
were termed as “grow” or “retract,” respec-
tively. Newly added branches were termed as “added.” Disappearing
branches were termed as “lost.”

Pharmacological treatment. To change endogenous RhoA activity, ly-
sophosphatidic acid (LPA) (30 �M; Sigma), a bioactive lipid that activates
the RhoA signaling pathway, and Y-27632 (4-[(1 R)-1-aminoethyl]-N-
pyridin-4-yl-cyclohexane-1-carboxamide) (50 �M; a gift from Yoshi-
tomi Pharmaceuticals, Tokyo, Japan), a specific inhibitor of a Rho-
dependent serine/threonine kinase (ROCK), were added to the culture
medium between 1 and 2 weeks in vitro (Li et al., 2000; Nakayama et al.,
2000). To suppress neural activity, either tetrodotoxin (TTX) (100 nM;
Seikagaku-Kogyo) or D-APV (100 �M; Tocris Cookson) plus DNQX (20
�M; Tocris Cookson) was added to the medium. These drug-containing
media were exchanged every other day (Nakayama et al., 2000; Uesaka et
al., 2005; Xu et al., 2007).

Immunohistochemistry. Cortical slices were fixed with 4% parafor-
maldehyde overnight at 4°C. Slices were preincubated in a blocking
solution containing 5% goat (Vector Laboratories) or donkey (Milli-
pore Bioscience Research Reagents) serum and 0.3% Triton X-100 in
PBS for 2 h at room temperature. Slices were then incubated with
anti-HA antibody (1:100; Roche Diagnostics) overnight at 4°C. After
three washes, the slices were incubated in cyanine 3-conjugated goat
or donkey anti-mouse secondary antibody (1:500; Jackson Immu-
noResearch) for 2 h at room temperature, followed by extensive
washes. The slices were mounted on slide glasses and examined using
epifluorescence or confocal microscopy.

Pull-down assay. RhoA activity was measured by pull-down assay us-
ing glutathione S-transferase (GST) fusion protein of Rho binding do-
main (RBD). Cortical slices were homogenized in a lysis buffer (50 mM

HEPES, pH 7.4, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 5%
glycerol, 150 mM NaCl, 30 mM MgCl2, 10 mM NaF, 1 mM Na3VO4, 10
�g/ml aprotinin, and 10 �g/ml leupeptin). Cleared lysates were incu-
bated for 45 min at 4°C with GST–RBD coupled beads (20 –30 �g/sam-
ple). Precipitates were washed three times with the lysis buffer and sus-

pended in the SDS sample buffer. Proteins were separated by 12% SDS-
PAGE and transferred to polyvinylidene difluoride membrane. GTP-
bound RhoA and total RhoA were detected by immunoblotting using a
monoclonal RhoA antibody (Santa Cruz Biotechnology).

Figure 1. Horizontal axon branching in cortical explants is regulated by RhoA signaling. An upper layer neuron cotransfected with eyfp
and rhoA vectors expresses the fluorescent protein (A) and the tagged peptide (B). Axon branching of upper layer neurons that expressed
EYFP (C) and CA-RhoA with EYFP (D). Typical examples of individual horizontal axons are shown that expressed EYFP (E), EYFP/CA-RhoA
(F ), and EYFP/DN-RhoA (G). Examples of horizontal axons are shown that were treated with Y-27632 (H ) and LPA (I ). All of the horizontal
axons were observed after 2 weeks in vitro. J, The number of branching points per axon (mean and SEM) are shown for each case. Cont,
Control; CA, CA-RhoA; DN, DN-Rho; Inh, Y-27632. Scale bars, 100 �m. *p � 0.05; **p � 0.01.

Figure 2. The number of small branches is increased by RhoA. The distribution bar graphs
regarding branch length is shown in each case (see Fig. 1 E–I ). Note that the population of short
branches (�50 �m; black and gray columns) is much larger in CA-RhoA-expressing and LPA-
treated horizontal axons.
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Results
Branch formation of horizontal axons was studied in organotypic
cortical slice cultures, in which laminar cytoarchitecture was pre-
served (Yamamoto et al., 1992; Uesaka et al., 2005). A small num-
ber of upper layer cells in cortical slices were labeled with EYFP by
introducing its expression vector using an electroporation tech-

nique (see Materials and Methods). Indi-
vidual horizontal axons were subsequently
observed by confocal microscopy. To ex-
amine the role of RhoA signaling, a plas-
mid encoding constitutively active (CA) or
dominant-negative (DN) RhoA (Amano
et al., 1998) was introduced together with
the EYFP plasmid. Immunohistochemis-
try for a peptide tag inserted into CA- and
DN-RhoA demonstrated that �92% of
EYFP-labeled neurons strongly expressed
CA- or DN-RhoA (Fig. 1A,B).

Horizontal axons grew along the upper
layers in the cortical explants, and, after 2
weeks in culture, several branches formed
at a distance of �1 mm from the cell body
(Fig. 1C,E) (Uesaka et al., 2005). When
CA-RhoA was coexpressed with EYFP, the
branching of labeled horizontal axons was
found to increase dramatically compared
with EYFP-expressing controls (Fig.

1D,F). Quantitative analysis (Fig. 1 J) showed that the number of
branch points was approximately three times larger in CA-RhoA-
expressing axons (14.9 � 2.9; n � 19; p � 0.01) than in the
control (4.7 � 1.4; n � 15). In DN-RhoA-expressing axons, the
average number of branch points was slightly decreased (3.4 �
0.6; n � 15) (Fig. 1G,J), although this difference was not statisti-
cally significant. To examine endogenous RhoA activity, a ROCK
inhibitor (Y-27632, 50 �M) was added to the culture medium
between 1 and 2 weeks in culture, when most branches emerge
from horizontal axons in vivo and in vitro (Uesaka et al., 2005).
The number of branching points was considerably decreased in
the presence of Y-27632 (1.3 � 0.5; n � 9; p � 0.05) (Fig. 1H, J).
Conversely, application of LPA (30 �M), a RhoA activator, mark-
edly increased the number of branching points (14.6 � 2.8; n � 8;
p � 0.01) (Fig. 1 I, J), similar to what was found for CA-RhoA-
expressing axons. Thus, the results obtained by the pharmacolog-
ical treatments that affect all cultured cells were consistent with
those in CA- and DN-RhoA experiments that were specific for
individual cells. Moreover, the LPA-induced increase in branch-
ing was diminished after introducing DN-RhoA to the cells (data
not shown), indicating that the branch-promoting activity of
LPA is mediated by activation of the endogenous RhoA pathway.
Together, these findings suggest that branch formation in hori-
zontal axons is promoted by RhoA activation.

A characteristic aspect in horizontal axon branching by RhoA
activation was the emergence of small branches. Quantitative
analysis of branch length clearly demonstrated that the number
of short branches (�50 �m) was much increased with CA-RhoA
and LPA application (Fig. 2). On the contrary, the fraction of
short branches was slightly decreased with DN-RhoA and
Y-27632 application. To examine how short branches emerge by
RhoA activation, daily imaging was performed. The result
showed that the numbers of elongating (“add” and “grow”),
eliminating (“lost” and “retract”), and stable branches were dra-
matically increased in CA-RhoA-expressing axons (Fig. 3). In
particular, most of the smallest (�10 �m) branches in CA-RhoA-
expressing axons were found to be classified as add or lost (Fig. 3).
These findings indicate that RhoA promotes dynamics of hori-
zontal axon branching.

Our previous study has shown that neural activity is required
for horizontal axon branching (Uesaka et al., 2005). Horizontal
axon branching was substantially suppressed in medium con-

Figure 3. Branch dynamics is increased by RhoA. A, Individually distinguishable horizontal axons were followed every day for
3– 6 d. All of the observed branches were classified into five categories. The number of branches (per day) (mean and SEM) in each
category was counted for the control axons (open columns) and CA-RhoA-expressing axons (filled columns). B, Similar histogram
but only including branches with smaller than 10 �m.

Figure 4. RhoA activity is decreased by blocking neural activity. The amounts of GTP-bound
RhoA and total RhoA were detected by the pull-down assay (inset). Relative RhoA activity
(GTP-bound RhoA/total RhoA) (mean and SEM) was calculated for control, TTX-treated, and
APV/DNQX-treated explants. *p � 0.05; **p � 0.01.
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taining the sodium channel blocker TTX (100 nM) or the gluta-
mate receptor blockers DNQX and APV (20 and 100 �M, respec-
tively), which abolished the firing activity (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material) (Ue-
saka et al., 2005). An interesting hypothesis is that RhoA may be
involved in such an activity-dependent process. In agreement
with this view, axonal branching was promoted in CA-RhoA-
expressing axons even in the presence of TTX (supplemental Fig.
2, available at www.jneurosci.org as supplemental material).

To further study whether RhoA mediates neural activity, a
pull-down assay for endogenous active RhoA was performed in
the cortical slice cultures that had been subjected to pharmaco-
logical treatments with either TTX or DNQX and APV. As a
result, the ratio of the amount of active RhoA to the total RhoA
was much decreased in the TTX-treated cultures (Fig. 4). A sig-
nificant decrease of active RhoA was also found in cultured slices
treated with DNQX and APV (Fig. 4). The pull-down assay was
further performed in LPA-treated cultures to examine the fully
activated state. After the chronic LPA treatment, however, there
were no apparent changes in active RhoA (data not shown) (Ren
et al., 1999). Transient RhoA activation might be sufficient for
increasing small branches in the horizontal axons.

Discussion
The present results demonstrate that active RhoA promotes hor-
izontal axon branching and is increased by neural activity, indi-
cating that RhoA acts as a mediator for activity-dependent
branch formation. Previously, neural activity has been shown to
regulate dendritic branching by altering RhoA activity (Li et al.,
2000; Sin et al., 2002). To our knowledge, we are the first to
demonstrate the importance of RhoA signaling in activity-
dependent axon branching. However, it is unlikely that RhoA is
the only regulator, because active RhoA increased the number of
small branches, whereas larger branches were unaffected. Con-
sidering the result from the daily imaging study, RhoA might be
more important for the dynamic aspect of branch formation.
Moreover, the fact that TTX application reduced the amount of
active RhoA more efficiently than the application of glutamate
receptor antagonists suggests that RhoA activation may be more
sensitive to firing activity than to synaptic activity.

RhoA activation has been shown to inhibit dendritic forma-
tion and neuritic outgrowth in various neuronal types (Bito et al.,
2000; Li et al., 2000; Nakayama et al., 2000; Wong et al., 2000).
Conversely, growth-promoting effects have been reported for
cortical and hippocampal cell axons (Threadgill et al., 1997;
Ahnert-Hilger et al., 2004), consistent with our present result.
Rac, another Rho family small GTPase, also affects axonal growth
and guidance (Ng et al., 2002). We examined the action of Rac1 in
cortical axon branching using DN and CA forms, but no appar-
ent effects were observed in upper layer cell axons (data not
shown). Thus, Rho GTPases may regulate cytoskeleton organiza-
tion by means of different downstream molecules, depending on
cell type and developmental stage.

It has been shown that Rho GTPases are involved in activity-
dependent spine formation and dendritic arborization (Li et al.,
2000; Sin et al., 2002; Schubert et al., 2006; Nakazawa et al., 2008).
Several guanine nucleotide exchange factors and GTPase-
activating proteins (GAPs), including p250GAP, Lfc, and �PIX,
which are expressed in the mammalian neocortex, regulate den-
dritic morphology in response to neural activity (Ryan et al.,
2005; Nakazawa et al., 2008; Saneyoshi et al., 2008). Similar
mechanisms might work in axons, although additional investiga-
tion is necessary because the role of Rho GTPases in activity-

dependent axonal branching has not been realized until the
present study.

RhoA has been demonstrated to act in signaling pathways
triggered by guidance molecules or trophic factors (Jin and Stritt-
matter, 1997; Yamashita et al., 1999; Wahl et al., 2000; Yamaguchi
et al., 2001). The present findings strongly suggest that RhoA
transduces activity-dependent signals as well. Thus, RhoA could
contribute to the regulation of axonal branching by integrating
chemical guidance cues and neural activity signals.
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