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During the embryonic development of the hindbrain, movements of neuronal clusters allow the formation of mature “pools”, in partic-
ular for inferior olivary (ION) and facial motor (fMN) nuclei. The cellular mechanisms of neuron clustering remain uncharacterized. We
report that the absence of the Rho– guanine exchange factor Trio, which can activate both RhoG and Rac1 in vivo, prevents the proper
formation of ION and fMN subnuclei. Rac1, but not RhoG, appears to be a downstream actor in Trio-induced lamellation. In addition, we
report that Cadherin-11 is expressed by a subset of neurons through the overall period of ION and fMN parcellations, and defects observed
in trio mutant mice are located specifically in Cadherin-11-expressing regions. Moreover, endogenous Cadherin-11 is found in a complex
with Trio when lamellation occurs. Altogether, those results establish a link between Trio activity, the subsequent Rac1 activation, and
neuronal clusters organization, as well as a possible recruitment of the Cadherin-11 adhesive receptor to form a complex with Trio.
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Introduction
During development, neurons migrate from their birthplace to
settle at the position they occupy in the adult. The complex ar-
chitecture of the adult CNS is elaborated through a sequence of
developmental events that begins with cell proliferation in the
neuroepithelium and ends with synaptic stabilization of neuronal
circuits. Although guidance cues involved in long-range tangen-
tial and radial migrations are getting unraveled (Barrett and
Guthrie, 2001), molecular mechanisms involved in guiding a
neuron to settle in a precisely defined position remain poorly
characterized. The precerebellar system provides an interesting
and anatomically well characterized model to study tangential
migrations, and the mature organization of precerebellar nuclei,
specifically with inferior olivary neurons (IONn) that form the
inferior olivary nucleus (ION). During development, IONn first
migrate through the submarginal stream from the dorsal neuro-
epithelium of the hindbrain (rhombic lips) to form the olivary
primordium that is compacted in a club-shaped mass close to the
floor plate at embryonic day 15 (E15) in mice (Bourrat and So-
telo, 1990). Then, within 48 h in both rat and mouse, the adult
cytoarchitecture will be acquired. IONn will form three individ-
ualized lamellae in mice: the dorsal accessory olive (DAO), the

principal olive (PO), and the medial accessory olive (MAO), ac-
cording to Azizi and Woodward (1987). After cytoarchitectural
maturation, all the olivary subnuclei are fully recognizable before
birth. In the hindbrain too, the facial motoneurons (fMNn) that
will form the facial motor nucleus (fMN) also show a complex
organization in subnuclei. fMNn originate ventrally in the basal
plate in rhombomere 4 (r4) of the hindbrain (Lumsden and Key-
nes, 1989). Their cell bodies first migrate tangentially from E10 in
mice to reach first r5 and then r6. In r6, these neurons begin a
lateral and subsequently a radial migration toward the pial sur-
face, in which they form the fMN at approximately E14 (Studer et
al., 1996). Just as IONn, fMNn also get organized in six main
subnuclei: the lateral (L), dorsolateral (DL), dorsal intermediate
(DI), ventral intermediate (VI), dorsomedial (DM), and ventro-
medial (VM) (Terashima et al., 1993). The fMNn will innervate
the muscles of the second branchial arch (Gilland and Baker,
1993). Molecular events that allow the functional development of
fMN subnuclei through this “second migratory period” remain
poorly characterized (for review, see Wild and Zeigler, 1980).
This organization appears as an intrinsic and active phenome-
non, independent of their respective target, namely of the cere-
bellum for IONn (Wassef et al., 1992), and of facial muscles for
fMNn (Terashima et al., 1993). The sequence of generation alone
does not provide cues required for compartmentalizing the ION.
In particular, packs of temporally related cells and those commit-
ted to form the rostral ION (MAO, PO, and DAO) undergo
complex reorganizations (Bourrat and Sotelo, 1991). Neverthe-
less, the parcellation could result from the transient or persistent
expression of a unique combination of proteins by ION (Wassef
et al., 1992), including adhesion molecules (Chedotal et al.,
1996).
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Among adhesion molecules, Cadherins are a large family of
calcium-dependent homophilic cell adhesion proteins that have
been involved in various developmental processes, including
morphogenesis and development of the nervous system (Saburi
and McNeill, 2005). During the development of chick spinal
cord, the expression of classic type II cadherins defines specific
motor pools and could play a role in motor pool segregation
(Price et al., 2002). In the developing mouse hindbrains,
Cadherin-11 is expressed, among other structures, in the facial
motor and inferior olivary nuclei (Kimura et al., 1996). In the
postnatal hindbrain, Cadherin-6, Cadherin-8, and Cadherin-11
are expressed by distinct subcompartments of the ION (Suzuki et
al., 1997). Recently, Cadherins have been shown to be involved in
regulating the speed of neuronal migration of neurons that form
specific precerebellar nuclei (Taniguchi et al., 2006). In addition,
Cadherins act as signaling receptors that can activate various
downstream signaling pathways, in particular Rho GTPases
(Wheelock and Johnson, 2003). Rho GTPases have also emerged
as key mediators of Cadherins activity (Kaibuchi et al., 1999;
Braga, 2002; Charrasse et al., 2003; Wheelock and Johnson, 2003;
Yap and Kovacs, 2003). Thus, increasing recent data reveal that
Rho GTPases and Cadherins are linked.

Nevertheless, the biochemical link between Cadherins and
Rho GTPase remained to be elucidated. The activity of Rho
GTPases itself is regulated via specific GTPase activating proteins
(GAPs) and guanine exchange factors (GEFs) (Etienne-
Manneville and Hall, 2002), but the involvement of GTPases reg-
ulators as GAPs or GEFs in Cadherins signaling (Lanier and
Gertler, 2000) remains mainly uncharacterized.

Recently, M-Cadherin has been shown to activate Rac1
through Rho–GEF Trio in myoblast cells in vitro by Charrasse et
al. (2007). Trio–GEF family is a key component of intracellular
signaling pathway that regulates axon guidance and neuronal
migration (Bateman and Van Vactor, 2001), as well as late em-
bryonic development of muscle, hippocampal formation, and
olfactory bulb (O’Brien et al., 2000). Trio belongs to the Trio
family that contains two GEF domains (Debant et al., 1996).
Through its GEF-1 domain (also termed Trio-D1, the N-terminal
GEF domain), Trio can activate Rac1 and RhoG, the latter sub-
sequently activating Rac1 and cell division cycle 42 (Cdc42)
(Gauthier-Rouviere et al., 1998). The role of Trio GEF-2 in the
whole Trio protein has not been demonstrated, albeit the expres-
sion of the GEF-2 domain in COS-7 cells can activate RhoA (Bel-
langer et al., 1998).

In the present work, we investigated the role of Trio in the
process of neuronal organization through clustering, which re-
quires subtle movements of neurons to delineate a mature neu-
ronal “pool” or nucleus. Thus, we have analyzed its role and the
involvement of Rho GTPases and Cadherin-11 adhesion mole-
cule in the final organization of ION and fMN in their ultimate
domains during migration and parcellation of IONn and fMNn
clusters. We report the following: (1) At birth, newborn mice
deficient in the expression of trio show an abnormal organization
of both ION and fMN. (2) ION and fMN properly develop in
RhoG mutant mice, and the activation level of Rac1 and Cdc42 in
ION and fMN is not decreased in RhoG mutant mice. (2) In
contrast, Rac1 but not Cdc42 activity is decreased in trio mutant
mice, which leads us to propose that the abnormal organization
of both nuclei in trio mutant mice is attributable to a defective
Rac1 activation. (4) Cadherin-11 is expressed in clusters of IONn
and fMNn just before lamellation occurs and the cadherin-11
expression domain coincides with regions showing an impaired
lamellation in the absence of trio. (5) Endogenous Cadherin-11

can form in vivo a multiproteic complex with Trio–GEF during
ION and fMN organization.

Materials and Methods
Fixation. Mouse embryos were obtained from timed mating of outbreed
Swiss mice (Janvier, Le Chesnet Saint Isle, France), of heterozygous trio
mutant mice (O’Brien et al., 2000), of RhoG mutant mice (Vigorito et al.,
2004), and of Cadherin-11 mutant mice (provided by Prof. Takeichi,
RIKEN Center for Developmental Biology, Kobe, Japan) (Manabe et al.,
2000). All embryos were treated according to the recommendations of
the European Union and French government. Embryonic and newborn
mice were fixed with 4% paraformaldehyde solution in 0.1 M PBS, pH 7.4,
and postfixed overnight at 4°C in the same fixative. The neural tubes and
brains were dissected out and cryoprotected according to Bloch-Gallego
et al. (1999). The frontal sections (20 �m thick) were collected using a
cryostat on parallel sets of SuperFrost Plus slides and stored at �80°C
until use.

Immunohistochemistry and antibodies. Immunoreaction was per-
formed following the methods used by Bloch-Gallego et al. (1999). Sec-
tions were incubated with the monoclonal anti-Islet-1 (1:100, 39.4D5;
Developmental Studies Hybridoma Bank, University of Iowa, Iowa City,
IA) or the polyclonal anti-Peripherin (1:200; Chemicon, Temecula, CA)
antibodies overnight at room temperature. These primary antibodies
were revealed using secondary anti-rabbit IgG antibodies conjugated to
Alexa 488 (1:400; Invitrogen, Carlsbad, CA) or cyanine 3 (1:200; Jackson
ImmunoResearch, West Grove, PA). After the immunoreactions, the
sections were treated with 4�,6�-diamidino-2-phenylindole (DAPI) (1
mg/ml; Vector Laboratories, Burlingame, CA).

In situ hybridization and RNA probes. In situ hybridization (ISH) was
performed on cryosections according to Bloch-Gallego et al. (1999). For
the mouse Cadherin-11 subclone (Padilla et al., 1998), we linearized with
HindIII (Invitrogen) enzymes and used T3 RNA polymerase (Roche,
Indianapolis, IN). For the mouse Peripherin subclone, we linearized with
NotI (Invitrogen) enzymes and used T7 RNA polymerase (Roche) For
the mouse trio subclone, we linearized with ClaI (Invitrogen) enzymes
and used T7 RNA polymerase. For the mouse RhoG subclone, we linear-
ize with EcoRI and use T3 RNA polymerase. The mouse Brn-3.b (Brain-
specific homeobox/POU domain protein 3B) Cdc42, Rac1, and neuron–
glia-related cell adhesion molecule (Nr-CAM ) cDNA subclones have
been described previously (Backer et al., 2002).

Coimmunoprecipitation and Western blot. Lysates were prepared from
E15 and E18 ION or fMN. Freshly dissected tissues were dissociated in
lysis buffer containing 50 mM Tris-HCl, pH 7.5, 120 mM NaCl, 20 mM

NaF, 1 mM EDTA, 6 mM EGTA, 15 mM Natrium pyrophosphate, 1%
NP-40, 0.5 mM orthovanadate, and 0.2% protease inhibiter cocktail
(Sigma, St. Louis, MO), sonicated three times for 10 s on ice, and centri-
fuged at 16,000 � g for 10 min at 4°C. Supernatants were immunopre-
cipitated with anti-Trio goat monoclonal antibodies (clones C19 and
D19, 1:500 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) over-
night at 4°C and immobilized on protein G-Sepharose gel (GE Health-
care, Little Chalfont, UK). After three washing steps with the lysis buffer,
immunoprecipitated proteins were eluted by boiling with the Laemli’s
loading buffer, resolved on a 6 or 10% polyacrylamide gel, and blotted on
to nitrocellulose membrane (GE Healthcare). After saturation in TBS/
Tween 20 with 5% milk, membranes were incubated with the following
antibodies: anti-Notch (1:500 dilution; Calbiochem, La Jolla, CA); anti-
Abl (Abelson murine leukemia viral oncogene homolog; 1:100 dilution;
Calbiochem); anti-DCC (deleted in colorectal cancer) (1:500 dilution;
BD Biosciences PharMingen, San Diego, CA); anti-Cadherin-11 (1:100
dilution; Zymed Laboratories, South San Francisco, CA), anti-N-
Cadherin (1:1000 dilution; Transduction Laboratories, Lexington, KY),
and anti-Nr-CAM (1:3000 dilution; a kind gift from Dr. M. Grumet,
Rutgers, Piscataway, NJ). Primary antibodies were revealed by incuba-
tion with HRP-conjugated anti-mouse or anti-rabbit IgG (1:25,000;
Jackson ImmunoResearch). Bands were revealed with ECL� (GE
Healthcare).

To detect interaction between exogenous proteins, COS-7 cells were
transfected with green fluorescent protein (GFP)–Trio and/or GFP–
Cadherin-11 constructs, using JetPEI (Polyplus-transfection, New York,
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NY), as described by the manufacturer. Cell lysates were prepared, and
immunoprecipitations were conducted as described above. Immunopre-
cipitated proteins were detected using a rabbit anti-GFP antibody (In-
vitrogen). Antibodies used for immunoprecipitation were as follows:
anti-Trio goat monoclonal antibodies (C19 and D19; Santa Cruz Bio-
technology), anti-Cadherin-11 mouse antibody (Zymed Laboratories),
anti Brn-3.b goat monoclonal antibody (Santa Cruz Biotechnology), and
anti-RhoA mouse antibody (Santa Cruz Biotechnology).

In situ detection of active Rho GTPases. Glutathione S-transferase
(GST)–Rho binding domain (RBD)–p21-activated kinase (PAK) was
provided by M. A. Schwartz (University of Virginia, Charlottesville, VA)
and prepared as described by Causeret et al. (2004). After fixation and
cryosectioning of embryos, active Rac1 and Cdc42 activities were de-
tected through the binding of their GST–Cdc42/Rac-interactive binding
protein (CRIB)–PAK effector. At least three animals were examined for
each condition tested.

Dosage of the endogenous activity of Rac1 and Cdc42 in IONn, fMNn,
and whole hindbrain. To evaluate Rac1 and Cdc42 activities in ION and
fMN, E15 and E18 subdissected ION and fMN explants were lysed in 50
mM Tris, pH 7.2, 1% Triton X-100, 500 mM NaCl, 10 mM MgCl2, 1 mM

PMSF, and protease inhibitors cocktail (Sigma), sonicated three times for
10 s on ice, and centrifuged at 16,000 � g for 10 min at 4°C. Cleared lysate
was incubated with 100 mg of GST-fusion protein, containing CRIB
domain of PAK (GST–PAK), attached to beads (Sigma) for 90 min at
4°C. The beads were then washed four times in 50 mM Tris, pH 7.2, 1%
Triton X-100, 150 mM NaCl, 10 mM MgCl2, 0.1 mM PMSF, and protease
inhibitors cocktail before the addition of Laemli’s buffer. Samples were
analyzed by Western blotting with Rac1 and Cdc42 antibodies (1:1000
and 1:400, respectively; Transduction Laboratories). Averages were ana-
lyzed, and SDs were calculated. Differences were considered as significant
when p � 0.05 using Student’s t test.

Results
The lamellation of both ION and fMN constitutes the ultimate
step toward their mature organization. As visualized in supple-
mental movie 1 (available at www.jneurosci.org as supplemental
material) that illustrates IONn movements from E11 to birth,
IONn first compact into a club-shaped domain, and then, in a
second step, they organize in subnuclei that form the character-
istic lamellae, through a secondary migratory process. A similar
biphase migration exists for fMNn. We analyzed here the molec-
ular pathways that govern these cytoarchitectural maturations.

Trio-deficient mice show an abnormal cellular organization
of both ION and fMN
We investigated the possible role of Trio during the IONn and
fMNn mature development. Previous analysis of trio mutant
mice revealed abnormal organizations in the hippocampal for-
mation and olfactory bulb and defects in secondary myogenesis
(O’Brien et al., 2000). Homozygous mutant mice for trio expres-
sion are not viable and die during late embryonic development or
soon after birth. Thus, we focused our phenotypic analysis of
ION and fMN organization in trio mutant mice at E15 and E17.

At E15, when the whole migrating IONn have reached the
floor plate, the IONn club-shaped domain, labeled through Nr-
CAM ISH (Fig. 1A–D), shows a slightly different aspect rostrally
in trio mutant mice compared with wild-type (WT) mice (Fig.
1A,B). In mutants, rostral IONn come close to the floor plate and
adopt an elongated aspect (Fig. 1, compare A, B). The caudal ION
shows a similar aspect in wild-type and mutant mice (Fig. 1C,D).
At E17, in trio mutant mice, the organization of the rostral ION is
even more affected. Rostrally, IONn are absent laterally in mu-
tant (Fig. 1F) compared with wild-type (Fig. 1E) mice. Although
the DAO is formed in trio mutant mice, it presents an abnormal
aspect compared with wild-type animals (Fig. 1E). The interme-

diate portion of the DAO is impaired. The PO shows no precise
organization and no proper spreading to form both characteristic
ventral and dorsal lamellae of the PO (Fig. 1F, short arrow). The
aspect of the rostral MAO appears less dramatically affected than
the other two lamellae (Fig. 1F, arrowhead). Similarly, when la-

Figure 1. Defects of lamellation in the rostral ION in trio mutant mice. At E15, Nr-CAM
transcripts allowed the visualization of the whole rostral (A, B) and caudal (C, D) ION masses in
WT (A, C) and trio mutant (B, D) mice. Rostrally, ION masses were compacted closer to the floor
plate (fp; B) compared with the aspect in wild type (A), but the caudal ION shows a similar aspect
in wild-type (C) and trio mutant (D) mice. At E17, ION rostral lamellae were mis-developed in
trio mutant mice (F ), in particular the lateral DAO (large arrow in F ), and the PO that still
strongly synthesized Nr-CAM but remained compacted and was mis-extended laterally (short
arrow in F ) compared with wild type (E). The MAO was pointed with the arrowhead in F. The
caudal ION showed the same aspect in both wild-type (G) and trio mutant (H ) mice. Rostrally, at
E17, both the MAO (arrowhead) and the most lateral part of the DAO strongly express Brn-3.b in
wild-type mice (I ), and those structures and expressions were maintained in mutant mice (J,
K ), whereas neurons in the PO remained compacted in trio�/� instead of forming an individual
lamella (short arrows in I–K ). The quantification of IONn (L) revealed that the number of ION at
E17 was unchanged in WT (n�45,675�849) and trio mutant (46,625�649) mice, with p�
0.05 (K ). IONn of three wild-type and three mutant mice have been quantified. Scale bars: (in D)
A–D, 140 �m; (in H ) E–H, 240 �m; (in K) I–K, 160 �m.
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beled through Brn-3.b ISH, at E17, the
MAO, which strongly expresses Brn-3.b
transcripts in the wild type (Fig. 1 I, arrow-
head), is properly located in trio mutant
mice (Fig. 1 J,K, arrowhead). The DAO is
also formed, especially its most lateral part
(Fig. 1 J,K, large arrow), but presents a
fragmented aspect. The PO is not individ-
ualized as a lamella and remains com-
pacted (Fig. 1 I–K, short arrow).

To further determine whether the ab-
normal aspect of the ION at E15 and E17
was attributable to a selective loss of neu-
rons or to a mis-organization during the
phase of refinement, we quantified the to-
tal number of IONn at both E15 and E17.
Nr-CAM ISH and DAPI staining (data not
shown) allowed the subsequent compari-
son of cell density in both wild-type and
trio mutant mice and showed that the cell
number was neither significantly changed
at E15 (n � 45,675 � 849 and n �
46,625 � 649 respectively; p � 0.05) nor at
E17 (Fig. 1L). We concluded that the
number of IONn was not changed in trio
mutant mice, but their compaction and
clusterization were impaired.

In parallel, we analyzed the aspect of
the fMN (Fig. 2). At E15, the whole fMNn have correctly reached
their most ventral location in trio mutant mice as revealed by
anti-Peripherin and anti-Islet-1 immunostaining (data not
shown), but fMNn did not properly segregate between E15 and
E17 to form the various subnuclei. At E17, both Peripherin (Fig.
2A, ISH, B, IF) and Islet-1 (Fig. 2C) labelings are present in all
fMN clusters. In E17 trio mutant mice, the fMNn remain poorly
delimited in subnuclei after revelation of Peripherin transcripts
by ISH (Fig. 2D), anti-Peripherin labeling (Fig. 2E), or Islet-1
immunostaining (Fig. 2F). The fMNn remain homogenously
dispersed in the fMN.

As in the ION, the quantification of fMNn at E17 revealed that
their total number was unchanged in trio mutant mice (n �
4970 � 390) compared with wild-type mice (n � 4580 � 480; p �
0.05) (Fig. 2G). fMNn from four wild-type and four mutant mice
have been quantified.

We then investigated whether the axons of mis-organized
IONn could still develop in the absence of Trio. We performed
unilateral insertions of DiI crystals in the cerebellum at E17 that
result in a massive retrograde labeling of the ION axons. In both
wild-type (Fig. 3A) and trio mutant (Fig. 3B) mice, ION are la-
beled contralaterally to the injection site. Although ION fibers
were visualized in both wild-type (Fig. 3A) and mutant (Fig. 3B)
mice, in trio mutant mice, large portions of the lateral ION (sur-
rounded with dotted lines in Fig. 3D) do not present any retro-
grade labeling (Fig. 3, compare C, D), pointing out an incomplete
aspect of ION masses after tracing. These labeling defects reflect
the absence of IONn in the lateral PO and DAO and are in agree-
ment with the mis-organizations of ION lamellae in the absence
of Trio (Fig. 1). Interestingly, the retrograde labeling of the caudal
IONn in trio mutant mice (Fig. 3F) is strictly identical to the one
observed in wild-type mice (Fig. 3E). Finally, we checked that
other precerebellar projections were formed correctly. Both lat-
eral reticular nucleus (LRN) (Fig. 3A,B) and external cuneatus
nucleus (ECN) (Fig. 3A,B) are retrogradely labeled ipsilaterally

to the injection site and present a similar shape in both wild-type
and mutant mice.

Trio is expressed in the developing ION and fMN
We then analyzed the expression pattern of trio throughout the
development of both ION and fMN. At E15, IONn masses that
form the ventromedial ION show trio expression both rostrally
(Fig. 4A) and caudally (data not shown). At postnatal day 0 (P0),
ION expresses trio in all three lamellae (Fig. 4B). Trio transcripts
are detected in fMN homogenously at E15 (data not shown), and
trio synthesis is maintained at birth in all subnuclei (Fig. 4C). In
conclusion, the temporal and spatial trio expression is compatible
with its involvement in ION and fMN development. We tested
whether kalirin, another member of the Trio family, was synthe-
sized during the embryonic development, but no expression
could be detected by ISH (data not shown).

Expression of Rac1, Cdc42, and RhoG in ION and fMN
In vivo, Trio might activate Rac1 and/or RhoG, which in turn
activates Cdc42 and Rac1 (Gauthier-Rouviere et al., 1998). Thus,
we analyzed Rac1, Cdc42, and RhoG expression patterns at E15
and P0 to determine whether their expressions correlate with a
physiological function during IONn and fMNn maturation.

At E15, Rac1 and Cdc42 transcripts are both detected in ION
(Fig. 5A,B) and fMN (data not shown). At P0, Rac1 and Cdc42
mRNA are still strongly synthesized in ION (Fig. 5E,F) and fMN
(Fig. 5 I, J). RhoG expression, contrary to Rac1 and Cdc42 whose
transcripts are synthesized from E11 in the hindbrain (Causeret
et al., 2004), only begins from E15 in both IONn and fMNn. At
E15, RhoG mRNA are weakly detected in ION (Fig. 5C) and
strongly in fMN (data not shown). At P0, RhoG is expressed in the
whole ION lamellae (Fig. 5G), as well as in the whole fMN sub-
nuclei (Fig. 5K).

Because Rho GTPases do cycle between a GDP-bound inac-
tive state and a GTP-bound active state (Etienne-Manneville and

Figure 2. Defects in the formation of fMN subnuclei in E17 trio mutant mice. During ISH to detect Peripherin transcripts, as well
as anti-Peripherin and anti-Islet-1 immunolabeling, the comparison of the structure of fMN in WT E17 embryo (A–C) and trio
mutant (D–F ) mice revealed that the fMN remained mis-organized in the absence of trio. Scale bars: (in C) A–C, 100 �m; (in F )
D–F, 160 �m.
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Hall, 2002), we then assessed the activation state of those small
GTPases. In situ detection of active GTPases (Causeret et al.,
2004) was performed on cryosections at E15 and P0 using the
GST fused to the CRIB domain of the Rac1/Cdc42 effector mol-
ecule PAK (GST–Pak CRIB), which could only bind active
GTPases. At E15, active Rac/Cdc42 GTPases could be detected in
the ION club-shaped domain (Fig. 5D) and in the whole fMN
(data not shown). At P0, active Rac/Cdc42 GTPases are visualized
on cryosections in the whole ION, with a strong binding of the
effector in the medial parts of the PO (Fig. 5H). Active Rac/Cdc42
GTPases are also detected in the fMN (Fig. 5L).

Normal organization of ION and fMN in RhoG mutant mice
Because RhoG is one of the targets of Trio (Gauthier-Rouviere et
al., 1998), we analyzed the phenotypic development of ION in
RhoG mutant mice at E15 and P0. ION normally develops in the
absence of RhoG, as visualized at P0 after ISH with an Nr-CAM
probe (Fig. 6A). Retrograde tracing analysis confirmed that the
olivocerebellar projection correctly developed and that the ma-
ture organization of the ION is preserved at P0 (Fig. 6B). In
parallel, we observed the structure of the fMN at P0. The devel-
opment and the aspect of fMN appear to be completely normal
when compared with wild-type embryos after anti-Islet-1 and
anti-Peripherin labeling (Fig. 6C).

Pull-down assays allow the detection of active Rac1 and Cdc42

in ION and fMN extracts from E15 wild-type and RhoG mutant
mice (Fig. 6D,E). Quantification reveals an increase of 25 and
33% of the rate of active Rac1 and Cdc42, respectively, in RhoG
mutant mice compared with wild-type ION (Fig. 6D). In the

Figure 3. Unilateral DiI injections in the cerebellum and retrograde labeling of precerebellar
nuclei in both normal and trio mutant newborn mice. After the cerebellar injection in wild-type
E17 mice (A and C, E at a higher magnification), the ION located contralateral to the injection site
and the ipsilateral ECN and LRN were labeled (A). Crossing fibers of the olivary commissure were
visualized ventrally in the olivary region. In mice mutant for the expression of trio, IONn were
also labeled contralateral to the injection site (ION in B, and at a higher magnification in D, F ).
No labeled IONn were located in the lateral part of the ION contralateral to the injection site, in
neither the lateral DAO nor the lateral aspects of the PO (black region surrounded with a dotted
line in D). The aspect of the retrograde tracing in the mutant caudal ION (F ) was similar to the
one in the wild type (E). ECN and LRN were properly ipsilaterally retrogradely labeled (B). Scale
bars: (in B) A, B, 300 �m; (in F ) C–F, 108 �m.

Figure 4. Expression of trio at E15 and P0 in ION and fMN. The ION masses showed a strong trio
expression at E15 (A). At birth (B), all three ION lamellae (DAO, PO, and MAO) showed trio transcript
expression. Trio was expressed in the whole fMN (C). Scale bars: A, 150 �m; (in C) B, C, 180 �m.
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fMN of RhoG mutant mice, the rate of ac-
tivation of both Rac1 and Cdc42 are, re-
spectively, 19 and 62% higher than those
in wild-type fMN (Fig. 6E). Thus, in RhoG
mutant mice, the rate of active Rac1 and
Cdc42 in ION and fMN increases during
the clustering of both ION (Fig. 6D) and
fMN (Fig. 6E) but not significantly when
compared with activations in wild-type
embryos ( p � 0.05). Altogether, those re-
sults show that the disrupted activation of
RhoG neither affects the rate of active Rac1
and Cdc42 at E15 nor mimics the effects of
Trio depletion. Thus, RhoG is not a key
component of the signaling pathway
downstream of Trio in the process of ION
and fMN clustering.

In E15 trio mutant mice, the relative
activation state of the various Rho GT-
Pases has also been established through
GST pull-down assays using the whole
hindbrain because ION and fMN dissected
from a single embryo do not provide
enough material for the assay. Under this
condition, the ratio of active Rac1 is signif-
icantly decreased in the absence of trio
( p � 0.01), being 28% of the active Rac1
ratio in wild-type hindbrains, whereas
Cdc42 activity remains constant at E15
( p � 0.05), as revealed on the Western
blot and the corresponding quantifica-
tions (Fig. 6F).

Altogether, these data suggest that only
Rac1, but neither RhoG nor Cdc42, is in-
volved in the signaling pathway down-
stream of Trio in the process of ION and
fMN clustering.

Spatially restricted expression of
Cadherin-11 in the developing ION
and fMN
We visualized the whole club-shaped ION
at E15 and the lamellated ION at birth by
detection of Nr-CAM mRNA through ISH
(Backer et al., 2002) (Fig. 1A–H). Rostral
ION undergoes the most complex reorga-
nizations between E15 (Fig. 1A) and E17
(Fig. 1E) and shows a highly organized as-
pect (Bourrat and Sotelo, 1991). We ana-
lyzed Cadherins expression, because they
had been shown to control Rho GTPase
activity (Charrasse et al., 2003), and the
expression of specific type II cadherins de-
fines specific motor pools and regulates
their segregation (Price et al., 2002).
Among Cadherins that we screened,
M-Cadherin, N-Cadherin, and Cadherin-
6 –Cadherin-11, expression was the most striking with regard to
defects observed in Trio mutant mice. At E15, Cadherin-11 tran-
scripts are strongly synthesized in the most dorsal part of the
compacted rostral IONn mass (Fig. 7A, arrow). No Cadherin-11
expression is observed in the caudal ION (Fig. 7C). In newborn
mice (P0), the dorsal cap shows Cadherin-11-positive cells (Fig.

7E, arrowhead). Cadherin-11 transcripts are highly synthesized in
the DAO (Fig. 7E), in the dorsal part of the PO, and the bend of
the PO. The ventral part of the PO shows a lower expression (Fig.
7E, asterisk), as well as the ventral part of the MAO (Fig. 7E, short
arrow). Thus, Cadherin-11 still shows a remarkable differential
pattern in rostral and caudal ION and in the distinct lamellae.

Figure 5. Expression of Rac1, Cdc42, and RhoG in mouse at embryonic day 15 and P0. Localization of active Rac1 and Cdc42 on
sections through the hindbrain at E15 and P0. At E15, Rac1, Cdc42, and RhoG expression were located in ION masses (A–C). At P0,
the whole lamellae of ION synthesized Rac1, Cdc42, and RhoG transcripts (D, E, G). In fMN, Rac1, Cdc42, and RhoG transcripts were
synthesized at P0 (I–K, respectively). After incubation with RBD–Rhotekin fused to the GST and treatment with an anti-GST
antibody of sections, GST–RBD–PAK-positive cells could be detected in the IONn club-shaped domain at E15 (D). A strong
Rac1/Cdc42 GTPase activity was observed in the whole ION lamellae at P0 (H ). Rac1/Cdc42 activity was also detected in the whole
fMN (L). Scale bars: (in D) A–D, 105 �m; (in H ) E–H, 215 �m; (in L) I–L, 145 �m.

Figure 6. RhoG mutant mice show a normal organization and projections of IONn and a proper development of fMN. Quanti-
fication of Rho GTPases activity in E15 wild-type mice and RhoG and trio mutant mice. Nr-CAM in situ hybridization revealed a
normal organization of the rostral ION in RhoG mutant mice at P0 (A). Retrograde tracing of ION allowed the visualization of the
whole contralateral IO complex (B). The immunostaining with anti-Peripherin (in green) and anti-Islet-1 (in red) revealed the
distinct fMN subnuclei (C). Quantification of the relative active state of Rac1 and Cdc42 after Western blot quantification in both
ION (D) and fMN (E) extracts. The rate of active Rac1 and Cdc42 did not change significantly in RhoG mutant mice ( p � 0.1) in
either ION extracts (D) or fMN extracts (E). Western blot analysis after GST pull down was also performed on individual entire
hindbrain for WT and trio mutant mice (F ). The activity of Cdc42 remained unchanged in trio mutant mice, but the activity of Rac1
showed a 80% decrease. Scale bars: A, 120 �m; B, 140 �m; C, 180 �m.
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At E15, whereas fMNn are grouped in a compacted Peripherin
(data not shown), and Islet-1 (Pfaff et al., 1996), positive mass,
Cadherin-11 is strongly expressed in the intermediate and medial
parts of the rostral fMN and poorly expressed in its lateral portion
(Fig. 7B). In the most caudal portion of the E15 fMN, Cadherin-11 is
expressed in the lateral and medial portions (Fig. 7D). At P0, higher
levels of Cadherin-11 transcripts are expressed in the DL and DI, in
the VI, and in the VM compared with L and DM (Fig. 7F).

To summarize, the strongest Cadherin-11 synthesis is ob-
served in neurons located in the most dorsal part of the rostral
ION masses at E15 and in the most dorsolaterally located ION
(DAO) at birth. Similarly, Cadherin-11 expression is located in
the intermediate and medial subnuclei of the rostral fMN both at
E15 and birth. Altogether, these remarkable expressions during
ION and fMN development suggest that Cadherin-11 could pre-
define subdomains that direct neuronal clustering and localized
cellular movements. It is noteworthy that neither neurons that
form the LRN nor the ECN, which are two other precerebellar
nuclei, express Cadherin-11. Interestingly, none of them show
any defect in trio mutant mice.

Cadherin-11 interacts with Trio during ION and
fMN clustering
At E15, before the parcellation, we show that specific clusters express
Cadherin-11 in IONn and fMNn, and, at birth, neurons that express
Cadherin-11 are located in the most affected subnuclei in the absence
of trio. Thus, we aimed at determining whether Trio, which can
interact after COS-7 transfection with Cadherin-11 and Trio expres-
sion plasmids (supplemental Fig. 2, available at www.jneurosci.org

as supplemental material), could also associate with Cadherin-11 in
the developing IONn and fMNn in vivo. We prepared ION and fMN
extracts at E15 that were then immunoprecipitated with an anti-Trio
antibody. Complexes containing Trio were analyzed by Western
blot and screened for the presence of Cadherin-11 and also Notch,
Abl, and DCC, other possible partners of Trio in Drosophila
(Forsthoefel et al., 2005), and N-Cadherin and Nr-CAM.
Cadherin-11 was the only molecule that formed a multiproteic com-
plex and coimmunoprecipitate with Trio at E15 in both ION and
fMN (Fig. 8A,B, respectively). Thus, we unveiled an original protein
complex between Cadherin-11 and Trio in vivo that could play a role
in the process of lamellation.

Cadherin-11 is still expressed in mis-organized ION and fMN
We analyzed the expression pattern of Cadherin-11 in trio mutant
mice at E15 and E17.

In the ION, it remains expressed in the most dorsal part of the
ION in E15 trio mutant mice (data not shown). At E17, Cadherin-11
is expressed in the DAO and in the dorsal PO in wild-type ION (Fig.
8C), and, in trio mutant mice, the rostral mis-developed ION still
expressed Cadherin-11 (Fig. 8D, arrow) dorsally. Interestingly, the
ION shows a similar aspect caudally, in which Cadherin-11 is ex-
pressed at neither E15 (Fig. 7C) nor at E17 (data not shown), in E17
trio mutant and wild-type mice (Fig. 1G,H).

In the fMN, instead of being located in the intermediate and
lateral nuclei (Fig. 8E), Cadherin-11 transcripts are highly expressed
but distributed in the whole mis-organized fMN (Fig. 8F).

To further analyze whether the absence of Trio could quanti-
tatively affect Cadherin-11 expression, we performed two sets of
experiments. The first one consists in counting the number of
Cadherin-11-positive ION after in situ hybridization with a
Cadherin-11 antisense probe combined with a DAPI staining that
allows the visualization of the whole structure. We reveal that the
number of Cadherin-11-positive neurons is not affected in trio
knock-out (KO) (n � 1173 � 234) compared with WT (n �
1182 � 30) mice. Four animals of both WT and trio mutant mice
were used for quantifications.

The second approach consists of a compared quantification of
Cadherin-11 proteins in WT and KO hindbrains by Western blot
(Fig. 8G). Indeed, only ION and fMN do express Cadherin-11 in
the hindbrain at birth. After quantification, we reveal that the rate
of Cadherin-11 protein is not modified in hindbrain extracts
prepared from WT or trio mutant mice, whatever the presence or
absence of endogenous Trio (100 arbitrary units in WT and 112
in trio mutant mice).

Thus, our data show that Cadherin-11 remains expressed at a
constant proteic level in mis-organized ION and fMN in trio
mutant mice, indicating that neither the rate of Cadherin-11 ex-
pression nor its spatial expression do depend on trio expression.

Discussion
The formation of the ION and fMN are carefully orchestrated pro-
cesses. Despite several studies demonstrating a role of various tran-
scription and tropic factors, as well as Rho GTPases in long-range
migrations (Garel et al., 2000), the mechanisms regulating the cyto-
architectural maturation of both nuclei remain essentially unknown.
Our study demonstrates in vivo that the absence of Trio impairs the
organization of both ION and fMN. The ION and fMN normally
develop in RhoG mutant mice. The measurement of Rho GTPases
activity reveals that Rac1 activation is required for the proper orga-
nization of neuronal clusters. Cadherin-11 shows a restricted expres-
sion at E15 in both ION and fMN masses and Cadherin-11 can form
a complex with Trio. The abnormal organization of clusters in trio

Figure 7. Cadherin-11 is expressed in neuronal clusters in ION and fMN at E15 and P0. At E15,
Cadherin-11 was expressed in the dorsal neurons of the rostral ION masses (arrow in A). Cau-
dally, no expression of Cadherin-11 was detected in ION masses (C). At P0 (E), Cadherin-11 was
strongly synthesized in the dorsal cap (arrowhead in E) and in the DAO (E), and the intensity was
much lower in the PO (asterisk) and MAO (short arrow). In the fMN, at E15 (B), the Cadherin-11
transcripts were strongly expressed in the intermediate (I) and medial (M) parts of the rostral
ball-shaped fMN (B) and in the lateral (L) and medial (M) parts of the caudal fMN (D). At P0 (F ),
the fMN was divided into six subnuclei, and Cadherin-11 transcripts were strongly synthesized
in the dorsal fMN subnuclei but lower in the lateral (L) and dorsomedial (DM) subnuclei. Scale
bars: (in D) A–D, 230 �m; (in F ) E, F, 150 �m.
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mutant mice is localized in regions express-
ing Cadherin-11. We discuss these results in
the context of signaling pathways affecting
the mature organization of specific neuronal
subpopulations.

Common molecular mechanisms that
possibly cross talk and direct the
clustering of hindbrain ION and
fMN nuclei
So far, few factors have been proposed to
direct the layering process of ION or fMN.
In rig1(retinoid inducible gene 1)/Robo-3
(roundabout homolog) receptor mutant
mice, ION organization is affected, but no
description of fMN was reported (Marillat
et al., 2004). Interestingly, reeler mice that
are deficient in the extracellular signaling
molecule reelin (Terashima et al., 1993)
show defects in both ION and fMN orga-
nization. Time schedules for the genera-
tion, axon formation, and migration of
fMNn are similar both in reeler and wild-
type mice. Signaling pathways responsible
for the late abnormal cytoarchitectures
(i.e., lamination of the neocortex, foliation
of the cerebellum, and clusterization of
IONn and fMNn) through reelin are still
unknown. Nevertheless, reelin could act in
partnership with various receptors.
Among them, apolipoprotein E receptor
2/very-low-density lipoprotein receptor
(Rossel et al., 2005) and cadherin-related neuronal receptors
family of protocadherins (Jossin, 2004) were recently proposed.
To date, no reelin expression has been detected in ION (Schiff-
mann et al., 1997), and the expression domain of protocadherins
in the developing hindbrain has been poorly investigated. Pheno-
types resembling that of reeler are seen with mutations in mdab1
(mouse disabled 1), cyclin-dependent kinase 5 (cdk5), and p35.
Mutant mice lacking p35 show lamination defects, with a more
severe phenotype than trio mutant mice (Ohshima et al., 2002),
and a complete lack of ION has been reported in cdk5 mutant
mice (Ko et al., 2001). On the one hand, Cdk5 and p35, respec-
tively, the catalytic and regulatory subunits of a serine/threonine
kinase, could operate in a common signaling pathway with mDab
and Reelin. On the other hand, it has been proposed that Cdk5
could phosphorylate Trio, increasing its GEF activity and leading
to a localized activation of Rac (Xin et al., 2004). Nevertheless, its
physiological relevance remains to be determined. Ohshima et al.
(2002) showed that Cdk5/p35 contributes synergistically with
Reelin/Dab1 to the positioning of fMNn and IONn in the devel-
oping mouse hindbrain. Thus, Trio, Reelin, Cdk5, and mDab1
could act altogether to coordinate neuronal migration and rear-
rangements of IONn and fMNn. In trio mutant mice, similar
phenotypic defects have been retrieved in both ION and fMN,
suggesting that they could use a closely related transduction path-
way to get organized.

Cadherin-11 may act as a partner of Trio and Rho
GTPase activation for ION and fMN to acquire their
proper lamellation
It has been shown in Drosophila that the Abelson tyrosine kinase,
Trio, and Enabled interact with the Netrin receptor Frazzled

(Forsthoefel et al., 2005). Neither Abl nor DCC could coimmu-
noprecipitate in ION nor fMN extracts with Trio. It has been
proposed but not demonstrated in neurons that the Trio–GEF
family might interact with catenin/cadherin cell adhesion com-
plexes (Lanier and Gertler, 2000). In myoblasts, a multiproteic
complex containing M-cadherin and Trio has been detected re-
cently (Charrasse et al., 2007). In the present report, we show
that, interestingly and coincidently, in trio mutant mice, the dis-
organized portions of the ION are rostral and are those that ex-
press Cadherin-11. We also demonstrate that Cadherin-11 is
found in a complex with Trio in ION and fMN extracts. Because
Cadherin-11 is still expressed in trio mutant mice, the abnormal
lamellation observed in mutant mice is not attributable to an
abnormal expression of adhesion molecules in neuronal clusters
but possibly to the absence of Trio recruitment that cannot fur-
ther locally activate Rho GTPases and direct the proper ION and
fMNn migrations. The signaling pathway involved in the IONn
and fMNn movements involves Trio itself as a key regulator fac-
tor to modulate the dynamic of the actin cytoskeleton via signal-
ing cascades involving Rho GTPases. It is interesting to underline
that the association of Trio with protein partners varies according
to the cell type because no association of Trio with DCC or Abl
could be detected, although both proteins are present in E15
hindbrain extracts. Nevertheless, we cannot exclude that still un-
identified Trio partners involved in its activation might exist.
They could account for compensatory effects observed in
Cadherin-11 KO mice, in which analysis could not reveal any
phenotypic differences in the hindbrain organization or in the
spatiotemporal expression of other cadherins (Manabe et al.,
2000) (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material).

Figure 8. Cadherin-11 can immunoprecipitate with Trio in E15 ION and fMN extracts, and its expression is not affected in the
mis-organized ION and fMN. In A, Western blot illustrating the presence of Cadherin-11, N-Cadherin, Nr-CAM, Notch, Abl, and DCC
in E15 ION extracts. Cadherin-11 only could interact with Trio. Abl and Cadherin-11 were also expressed in control fMN extracts at
E15, and only Cadherin-11 was immunoprecipitated with Trio (B). At E17, Cadherin-11 transcripts were expressed in the rostral
ION in WT mice (C), in particular in the DAO and PO (C). Cadherin-11 remained expressed in trio mutant mice, in the mis-organized
DAO at E17 (arrow in D). fMNn maintained Cadherin-11 synthesis in the absence of trio (F ), but transcripts remained expressed
randomly in the entire fMN but mainly expressed in the intermediate and in part of the lateral fMN subnucleus in wild-type fMN
(E). Analysis of the amount of Cadherin-11 proteins in both WT and trio mutant mice by Western blot (G) reveals that the amount
of Cadherin-11 is the same in WT and trio�/� hindbrains. Scale bars: (in C) C, D, 240 �m; (in E) E, F, 130 �m.
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Rac1 is involved downstream of Trio to allow ION and
fMN organization
Trio mutant mice show severe anomalies of lamellation, whereas
RhoG mutant mice show a normal developmental process of the
ION and fMN that acquire a normal mature aspect. The compar-
ison between the phenotypes of trio and RhoG mutant mice leads
us to favor Rac1 as being involved in ION and fMN maturation
rather than Cdc42. We analyzed the activation state of Rac1 and
Cdc42 in wild-type, RhoG, and Trio mutant mice. The activation
of Rac1 and Cdc42 is not affected at E15 in RhoG mutant mice
compared with wild-type embryos. Thus, RhoG is not involved in
the signaling pathway that directs ION and fMN mature organi-
zation downstream of Trio. Because Trio can activate Cdc42 but
only after RhoG activation (Gauthier-Rouviere et al., 1998), a
possible Trio target that remains involved in the parcellation of
both ION and fMN is Rac1 through Trio–GEF-D1. The analysis
of the rate of active Rac1 shows a 72% decrease in trio mutant
mice, whereas the rate of active Cdc42 remains constant in both
wild-type and trio mutant mice. In conclusion, Trio affects ION
and fMN cytoarchitectonic maturation through Rac1 activation.
It will be interesting to analyze whether specific isoforms of Trio
(McPherson et al., 2005) are expressed in various ION and fMN
subregions and could regulate distinct and localized activations
of Rac1 in particular. In Caenorhabditis elegans, the Rho–GEF-1
domain of UNC-73/Trio influences cell and growth cone migra-
tions, whereas the Rho–GEF-2 domain regulates pharynx and
vulva musculature, as well as synaptic neurotransmission (Steven
et al., 2005). Thus, studying the expression and the role of the
various Trio isoforms could bring various data about their phys-
iological involvement. Interestingly, it has been reported that
Cadherin-11 overexpression increases axon defasciculation
(Marthiens et al., 2005), a phenotype similar to the one reported
when the Rho/Rho kinase pathway is blocked in other cell types
(Causeret et al., 2004). We propose that specific GTPases could
be activated or repressed after Trio recruitment by neuronal clus-
ters. This mechanism could be involved in micronucleokinesis
and subtle migrations to organize ION and fMN nuclei.

Current model: specific regulation of distinct Rho and Rac
GTPases activity in specific IONn and fMNn clusters
We propose that Trio could act as a molecular linker to recruit
upstream and downstream partners and form a multiproteic
complex to direct local rearrangement of the cytoskeleton and
consequently neuronal organizations, including ION and fMN
clustering in the hindbrain (model schematized in Fig. 9). It has
been shown recently that several signaling pathways are activated
by cadherin-mediated cell– cell contacts, particularly those in-
volving the Rho family of small GTPases (Erasmus and Braga,
2006). Combinatorial expression of Cadherins subdivides the
embryonic brain in functional subunits (Wheelock and Johnson,
2003). Various Cadherins can regulate the activity of Rho
GTPases, probably through recruitment or regulation of distinct
Rho–GEFs, altogether with Rho–GAPs. We propose that
Cadherin-11 could be a candidate for the activation of Rac1
through Trio recruitment to allow ION and fMN lamellation.
Cadherin-11 is expressed in the most dorsal ION mass, and it
remains expressed in the dorsal lamellae once the IO is organized.
It is interesting to underline that most defects observed in trio
mutant mice concern the rostral ION, which contains Cadherin-
11-expressing neurons. Because it is expressed before the settle-
ment of IONn or fMNn to their final position, Cadherin-11 could
prefigure neuronal identity and positioning of some clusters.
Among the biochemical interactions of Trio with various Cad-

herins tested, only Cadherin-11 could be detected in a complex
with Trio–GEF. Nonetheless, it remains to be demonstrated that
Cadherin-11 is indeed responsible for Rac1 activation in vivo in
specific clusters during the lamellation process.
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