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Summary

During embryonic development, tangentially migrating  neurophilic migration through Rock activation. Altogether,
precerebellar neurons emit a leading process and then our results indicate that Rho/Rock acts on signaling
translocate their nuclei inside it (nucleokinesis). Netrin 1  pathways favoring nuclear translocation during tangential
(also known as netrin-1) acts as a chemoattractant factor migration of PCN. Thus, axon extension and nuclear
for neurophilic migration of precerebellar neurons (PCN)  migration of PCN in response to netrin 1 are not strictly
both in vivo and in vitro. In the present work, we analyzed dependent processes because: (1) distinct small GTPases
Rho GTPases that could direct axon outgrowth and/or are involved; (2) axon extension can occur when migration
nuclear migration. We show that the expression pattern of is blocked; and (3) migration can occur when axon
Rho GTPases in developing PCN is consistent with their outgrowth is impaired.

involvement in the migration of PCN from the rhombic lips.

We report that pharmacological inhibition of Rho enhances

axon outgrowth of PCN and prevents nuclei migration Movies available online

toward a netrin 1 source, whereas inhibition of Rac and

Cdc42 sub-families impair neurite outgrowth of PCN  key words: Nuclear translocation, Hindbrain, Chemotropic
without  affecting migration. We show, through  molecules, Rho GTPases, Mice, Collagen assays, In situ
pharmacological inhibition, that Rho signaling directs hybridization, GST-RBD-Rhotekin

Introduction marginal stream. During their tangential migration, all PCN
st emit a leading process that leads the way, imposing the
rcumferential migratory route until reaching the floor plate
ventricular zone to the position they occupy in the mature brai ea(\) dui;lrstparg?:essostelHoé\}v%?/g)r, 2\?51(2?12kr:ua(\:lIletlk:;alnes;lool?r?gt]epl)?gclzdei;zi
(Rakic, .1990)'. Pre_cerebellar neurons (PCN.) follow neurOphi"cross the ventrél midline,,the behavior of the soma of PCN
tange_ntlal migrations irom various regions of thg af‘larﬁiﬁers at the floor plate. The cell bodies of external cuneatus
vent_rlcul_ar zone of the rhompencephalon to their fina eurons (ECN) and of lateral reticular neurons (LRN) cross the
destinations. The neurons that will form the ext'erna'l cuneatyxijline and continue their translocation until reaching their
nucleus, the lateral reticular nucleus and the inferior OI“_’a%resumptive territories in the contralateral rhombencephalon.
nucleus originate from the germinative neuroepitheliumgy contrast, cell bodies of ION stop before crossing the floor
(rhombic lip) in the caudal hindbrain (Altman and Bayer,jate and aggregate to form club-shaped masses (Altman and
1987). Although there is some spatial and temporal overla@ayer, 1987; Bourrat and Sotelo, 1990). Thus, the ION axon
neurons that will form distinct nuclei of PCN have distinctang cell body do not respond identically to signals from the
temporal patterns of birthdates (Altman and Bayer, 1980ntermediate target, the floor plate. During their migratory
Altman and Bayer, 1987; Bourrat and Sotelo, 1988; Bourrgsrocess, PCN respond to various guidance molecules, including
and Sotelo, 1991). Their migratory route also differs becausghemotropic factors. In previous studies, we showed that netrin
the migration of inferior olivary neurons (ION) occurs through1 was involved both in vivo and in vitro in the migration of
the submarginal stream (Altman and Bayer, 1980; Altman an®DN (Bloch-Gallego et al., 1999; Causeret et al., 2002),
Bayer, 1987; Bourrat and Sotelo, 1988; Bourrat and Soteland, more generally, netrin 1 was also shown to direct the
1991), whereas neurons that will form the lateral reticulatangential migration of other PCN, such as pontine neurons
nucleus and the external cuneatus nucleus migrate through thied LRN (Yee et al., 1999; Alcantara et al., 2000). The netrin

During the development of the central nervous system, your‘f
postmitotic neurons migrate over long distances from th
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1 receptor deleted in colorectal cancer (Dcc) is implicated iwith 10% sucrose solution and embedded in 7.5% gelatin/10%

PCN responses to netrin 1 gradient (Yee et al., 1999) (E.B.-Gycrose. They were then frozen and serially sectioned in the frontal

unpublished). plane using a cryostat.

Intracellular S|_gnal_|ng cascr_:ldes involved in axon gwdapc?n situ hybridization and RNA probes

and neuronal migration remain poorly characterized. In vivo situ hybridization was carried out on cryosections according to

RhoB has been mvolvgd in the r_mgranon'of neural crest cell yat et al. (Myat et al., 1996). Murin@dc42 Racl Rhog Rhoh

(Liu and Jessell, 1998; del Barrio and Nlet'o, 200.2)’ V.Vhereq,%cklandRockZIMAGE cDNA clones were obtained from HGMP

Rac and Cdc42 GTPases have been previously implicated i8ampridge, UK)Bm3bandTag1cDNA clones have been described

various axon growth and guidance processes in the nematogieviously (Bloch-Gallego et al., 1999; Backer et al., 2002). No signal

(Lundquist etal., 2001) ar[drosophiIa(Hakeda-Suzuki et al., was obtained when using the sense probes.

2002; Kim et al., 2002; Kim et al., 2003). The function of Rho _ ) o

GTPases has been most extensively studied in fibroblasts [Amunohistochemistry and antibodies

vitro, showing that Cdc42, Racl and RhoA are key modulatofgymunchistochemistry on cryosections was performed in phosphate

of the cytoskeletal dynamics that occur after a cell adhesioptffered saline (PBS) containing 2 g/l gelatin, 0.05% Triton X-100

event, and/or during cell migration (Clark et al., 1998;ggsayc/)slzw?sg/;)rglrfz?rgg(;ninalillgg ‘i‘g}d n'g?m;{‘gggfr:ésrg% C(’S Gcg)”agelg ’
. . : : , 1% , 0.1%

Hall, 199.8' Nobes and Hall, 1999’ Kaibuchi et al.,. 1999)Triton X-100 and 0.2 mg/ml sodium azide. The following primary

RemOde'"’!g of the cytoskeleton in response to netrin 1 h tibodies were used in collagen assays: rabbit polyclonal anti-GFP

been studied in, among others, Swiss 3T3 fibroblasts. WheR.400; Molecular Probes, Eugene, OR) and mouse monoclonal anti-

expressing exogenous Dcc, addition of netrin 1 triggers actiflass 111 p-tubulin (Tujl; 1:2000; Jackson ImmunoResearch, West

reorganization and a lasting activation of Cdc42 and Racl iBrove, PA). These primary antibodies were revealed using secondary

these cells (Li et al., 2002a). In N1E-115 neuroblastoma cellantibodies raised from goat, directed against mouse or rabbit IgG and

both Racl and Cdc42 activities are required for netrin 1/Dcasonjugated to Alexa 488 (1:400; Molecular Probes) or Cy3 (1:200;

induced neurite outgrowth, whereas downregulation of RhoAJackson ImmunoResearch).

and its effectors Rockl and Rock2, stimulates the ab|I|t)(n situ detection of active Rho GTPases

of Dcc to induce neurite outgrowth (Li et al, 2002a). ST (glutathione S-transferase)-RBD (Rho binding domain)-

Nonetheless, _few studies have reported the role of R hotekin was provided by M. A. Schwartz (State University of New
GTPases durlng_ de_velopme_nt .Of the centra! nervous SySteVBrk) and prepared as described in Li et al. (Li et al., 2002b). After
through parallel in vivo and in vitro analyses in vertebrates. fjyation and cryosectioning of embryos, active RhoA/B/C activity was
We have attempted to characterize small Rho GTPases thfiected through the binding of their GST-RBD-Rhotekin effector, as
might participate in axon guidance and nuclei migration obiescribed by Li et al. (Li et al., 2002b) with some modifications.
developing PCN. We have combined in vivo analysis of Rh&@ryosections were saturated in 0.3% Triton X-100 and 5% NGS for
GTPases expressed during the development of PCN and 1A hours, and GST-proteins, which had been previously detached
vitro assays with PCN, using LRN/ION explants. This modefrom the beads with 0.05 M Tris (pH 8) and 3 mg/ml Gluthation,

allows the analysis of the initiation of neurophilic migration, aVeére incubated over-night at 4°C. After post-fixation with 2%
araformaldehyde for 10 minutes and several washes in PBS/0.3%

process that can be divided into two distinct steps: axo[]:l . ; . , :
- - b . riton X-100, sections were saturated with 0.1 M lysine and incubated
outgrowth and nuclear translocation (i.e. cell body mlgratlon)with a polyclonal anti-GST antibody (Oncogene). As a control of the

We report thaRhObIS strongly eXpressed in the margl.nal an.dbinding of GST-coupled proteins, we used a non-relevant protein
submarginal migratory streams in the dorsal hindbrainggresponding to the extracellular domain of an adhesion molecule
whereasRhoa Racl and Cdc42 all show a very similar that is upregulated during differentiation and fusion of muscle cells,
expression pattern, with a high expression in the ventriculagST-M-Cadherin. Th&coRV fragment of M-cadherin corresponding
and subventricular zones. Pharmacological blockades it nucleotides 750-1765 was cloned in the pGEX5X vector. The GST-
collagen matrix assays suggest that Cdc42/Racl arid-cadherin fragment was produced as described in Li et al. (Li et al.,
RhoA/RhoB/RhoC have distinct roles on axon outgrowth an@002b). At least three animals were examined for each condition
nucleokinesis. Cdc42/Rac1 inhibition strongly decreases axdfsted.

outgrowth whereas RhoA/B/C inhibition favors axon To evaluate RhoA activity on explants of brainstem, E11 explants
of rhombic lips were incubated for 2 hours in presence of netrin 1,

ex'gensmn. I.n addition, RhOA/B/.C but not RaC/C.:dC.A'Z alre[hen washed and lyzed in 50 mM Tris (pH 7.2), 1% Triton X-100, 500
strictly required for nucleokinesis to occur. Activation of v Nacl 10 mm MgCs, 1 mM PMSF and protease inhibitors

endogenous RhoA/B/C GTPases and expressiorR@ik  qckiail (Sigma-Aldrich, St Louis, MO). Cleared lysate was incubated

effectors are found in the early migrating stream of PCN, angith 25 ug of GST-fusion protein, containing the RhoA-binding

also in later migrating LRN and ION. In addition, we find domain of Rhotekin (GST-RBD-Rhotekin), attached to beads (Sigma)

through pharmacological experiments that the Rock signalinfpr 40 minutes at 4°C. The beads were then washed four times in 50

pathway is necessary for nucleokinesis to occur during'M Tris (pH 7.2), 1% Triton X-100, 150 mM NaCl, 10 mM MgCl

neurophilic migrations. and 0.1 mM PMSF and protease inhibitors cocktail before the addition
of Laemmli buffer. Fractions were analyzed by western blotting with
RhoA antibody (1:400; Santa Cruz Biotechnology, Santa Cruz, CA).

Materials and methods Owing to poor antibody specificity in western blots, RhoB presence
could not be tested.

Embryo processing

For detailed methods, see Bloch-Gallego et al. and Causeret et ¥estern blots

(Bloch-Gallego et al., 1999; Causeret et al., 2002). Briefly, mouskysates were prepared from E11 or E12 rhombic lip, and E13 ventro-

embryos (Janvier, Le Genest St Isle, France) were fixed in 4%medial parts excluding floor plate, and used as samples. Freshly

paraformaldehyde in phosphate buffer (PB), cryoprotected overniglidissected tissues were dissociated in lysis buffer [50 mM Tris (pH
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7.5), 120 mM NacCl, 20 mM NaF, 1 mM EDTA, 6 mM EGTA, 1% allowed visualization of Tujl staining with a Cy3-conjugated
NP-40, 0.5 mM orthovanadate, 0.2% protease inhibitor cocktaifecondary antibody and the green channel allowed visualization of
and 0.1 mM PMSF]. Total protein (30-4@) was loaded on a 7.5% anti-GFP staining with an Alexa 488-conjugated secondary antibody.
SDS-polyacrylamide gel and transfered onto nitrocellulose Hybond@ hereafter, the surface covered by Tujl immunostaining outside of the
ECL (Amersham, UK). After saturation in TBST with 5% milk, explant was measured using the Metamorph Area Analysis program
membranes were incubated with the following antibodies: mousé@Universal Imaging Corporation, Downingtown, PA). We only
monoclonal anti-Cdc42 (1:300; BD Transduction Laboratoriesconsidered proximal and distal regions of the explant (as defined in
Lexington, KY); mouse monoclonal anti-Racl (1:1000; BD Fig. 2A). For quantification of nuclear migration we measured the
Transduction Laboratories, Lexington, KY); mouse monoclonal antisurface covered by DAPI labeling outside the explant toward the
RhoA (1:400; Santa Cruz, CA); mouse monoclonal anti-Rocklnetrin 1 source. We also evaluated the number of nuclei leaving the
(1:100, BD Transduction Laboratories); mouse monoclonal antiexplants, using standard area count in the Integrated Morphometry
Rock2 (1:1000; BD Transduction Laboratories); and anti-cNetrin JAnalysis function of Metamorph. In some cases we also calculated
raised from goat (1:500; R&D Systems, Minneapolis, MN). Primarythe migration/outgrowth ratio, which corresponds to the surface
antibodies were revealed by incubation with HRP-conjugated antieovered by migrating nuclei, divided by the surface covered by
mouse 1gG (1:25,000; Jackson ImmunoResearch), or biotingrowing axons in the proximal quadrant for each explant. Areas were
conjugated rabbit anti-goat secondary antibody (1:5000; Vectoexpressed in mfiand migration/outgrowth ratios were presented
Burlingame, CA) and HRP-conjugated streptavidin (1:1000,using arbitrary units and normalized to one in control conditions.

Amersham). Averages and distributions were analyzed. Differences were
considered as significant whBr0.05 using a non-parametric Mann-
Collagen assays Whitney test.

Collagen assays were performed as previously described (Causeret €To get a quantitative analysis of axon morphology, we measured
al., 2002), using rhombic lip explants from E11 or E12 mousedhe mean deviation between the axon trajectory and a theoretical
embryos facing cNetrin 1-secreting cells (Kennedy et al., 1994). Afterectilinear path (regression line), and values were expressed using
60-72 hours in a 5% CO37°C, 95% humidity incubator, collagen arbitrary units (normalized to one in control).
assays were fixed in 4% paraformaldehyde and immunolabeled with ) ) ) )
Tuj1 antibody for visualization of neuronal processes. Cell nuclei ifElectroporation and videomicroscopy experiments
explants and migrating cells were visualized with DAPIug/ml, E12 rhombic lip explants were transfected with pEGFP-N1 (Clontech,
Vector). F-actin staining was performed with rhodamine-conjugatedPalo Alto, CA), as a reporter construct, using electroporation. Using
phalloidin (1:200, Molecular Probes) (Gallo and Letourneau, 1998)a microcapillary glass pipette, 2 of plasmid DNA [2.5ug/ul in 25

o UM EDTA and 1 mM Tris (pH 8)] tied with 0.025% fast-green
Drug application (Sigma-Aldrich) were injected into the rhombencephalon (before
Several drugs were used to inhibit specific pathways involving precisgissection), and three pulses of 100 V were then applied to each side
Rho GTPases. Lethal toxin fro@lostridium sordelliistrain VPI9048  of the injected hindbrain using an Intracell electroporator and
[LT-9048 (Humeau et al., 2002)] was used at a final concentration €UY610 electrodes (Nepa Gene, Chiba, Japan). Videomicroscopy
1 ng/ml to inhibit Racl and Cdc42. TAT-C3 [a kind gift from Jacquesexperiments were performed using an inverted Zeiss microscope and
Bertoglio (Sauzeau et al., 2001)] was used at a final concentrati@amHamamatsu camera. Collagen assays were performed in phenol red-
of 20 pg/ml to inhibit RhoA, RhoB and RhoC signaling. Y-27632 free medium. Images were acquired from the second day of culture
(Calbiochem, San Diego, CA) (Ishizaki et al., 2000) was used and at a rate of one every 8 minutes. Quantification of axons and
various concentrations from 5-1Q0 to inhibit Rockl and Rock2 nuclei velocities was obtained using the tracking function in
effectors. These drugs were diluted in the collagen culture mediutdetamorph.
and applied from the first day in culture. We checked, by western blot, )
that none of them affected netrin 1 secretion by quantifying netrin £onfocal microscopy
protein in the supernatant of cells cultured in presence of workin@onfocal fluorescence microscopy was performed by using a Leica

concentrations of drugs. Microsystem confocal microscope (SP2) equipped with >Fl@r
) ) ) oil immersion objective (numerical aperture 1.25), He-Ne (ex=543
In vitro ADP-ribosylation nm) lasers.

Control rhombic lips treated in vivo with TAT-C3 were washed

with PBS, and then lyzed with ADP-ribosylation buffer [50 mM

triethanolamine/HCI (pH 7.5), 100 mM KCI, 5 mM MgCto mM  Results

containing leupeptin (fug/ml), pepstatin (1g/ml), 1 mM PMSF and PCN in mice

0.5% Triton X-100 (Marvaud et al., 2002). The extracts were .
centrifuged (100@, 5 minutes) and the supernatant (&pof total 10 assess the role of small Rho GTPases during the
protein) was ADP-ribosylated in vitro in a final volume ofi@@DpP-  development of PCN, we first analyzed their expression pattern
ribosylation buffer containing 2.5 mM 0$3P]JNAD (NEN-Du Pont  in the developing hindbrain. We focused on studying embryos
de Nemours, Boston, MA; 20,000 dpm/pmol) and’1@ TAT-C3. at E11, to analyze the initiation of migration from the rhombic
After incubation at 37°C for 30 minutes, samples subjected to SDSip of PCN when they enter the migratory stream (Taber-Piece,
PAGE, and the radioactive Rho bands were visualized and quantified73; de Diego et al., 2002). We also analyzed the expression

by Phosphorimager (Amersham) and the IQMac program. of Rho GTPases at E13, when ION stop and locate close to the
Scoring of cell migration and quantification of leading floor plate, yvhereas LRN migrate and cross the f.loor plate
process outgrowth ventro-marginally to locate contralaterally to their birthplace.

For quantification of cell migration and axon outgrowth in coIIagenWe first delineated the cartography of Rho GTPases expression

assays, pictures of each explant were taken using a Leica fluoresc&t In Situ hybridization on hindbrain cryosections. ION were
microscope and a Photometrics Coo|srfapmonochrome CCD |dent|f|ed through the|r eXpI’ESSIOI’]B!fn3th’anSCI‘IptS (Turner

camera (Roper Scientific, Duluth, GA). The blue channel allowe®t al., 1994; Bloch-Gallego et al., 1999) and LRN were
visualization of cell nuclei staining with DAPI, the red channelidentified throughTaglexpression (Backer et al., 2002) (data
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not shown). At E11, when PCN migration is initiat€tic42 E13, Racl, Cdc42 and RhoA proteins were detected in the
andRac1transcripts were expressed in the ventricular (vz) andhedioventral part (ION plus migrating LRN) of the hindbrain
subventricular (svz) zones of the hindbrain, although som@-ig. 1J).

expression was also observed in neighboring structures in theAs shown schematically in Fig. 1iCdc42 RaclandRhoa
hindbrain (Fig. 1A,AC). No expression was detected in thetranscripts were expressed in the ventricular and subventricuar
marginal (mz) and submarginal (smz) migratory zones. At E1Zones at E11, wheredghob transcripts were located in the
Cdc42transcripts were highly expressed in the migrating LRNmigratory streams. At E13Cdc42 Racl and Rhoa/b

and ION masses (Fig. 1BRacl transcripts were similarly transcripts were expressed in LRN, a@dc42 and Rhob
expressed in the LRN but showed a lower expression in IOManscripts were additionally expressed in ION that were
(Fig. 1D). At E11,Rhoaexpression (Fig. 1E) was similar to compacted close to the floor plate.

that ofCdc42andRac], whereas, by contrasthobtranscripts ) o ]

were absent in the ventricular and subventricular zones b@dc42/Racl are required for initial extension of the

were highly expressed in the early migratory stream (FigPCN leading process whereas nuclear migration

1G,G). At E13,RhoaandRhobtranscripts were both strongly depends on RhoA/B/C activity

expressed in the marginal stream that contains migrating LRFo study the role of Cdc42, Rac and RhoA/B/C GTPases in
that cross the floor plate ventro-marginally (Fig. 1F,H)both axon outgrowth and nuclear translocation of PCN, we
whereas ION expresséthoato a lesser extent (Fig. 1F) than used pharmacological approaches in a collagen assay that had
Rhobtranscripts (Fig. 1H)Rhoctranscript localization was been previously set up (Causeret et al., 2002). In this assay,
coincident with that observed fdRhoa transcripts, but the E11 or E12 rhombic lip explants were faced with netrin 1-
intensity was much lower (data not shown). By western blosecreting cells in collagen gel matrix. Under those conditions,
analysis, we revealed the presence of Racl, Cdc42 and Rha#tial extension of neurites out of the explant toward the netrin
proteins in the rhombic lips at E11 and E12 (Fig. 1I). Atl source occurred from the first day in culture (DIC). Nuclear

Fig. 1. Expression oCdc42

Rgclandlghoa/bin mouse at | E11 ” E13 |
embryonic day 11-13. At
E11,Cdc42 RaclandRhoa
expression was located in tt
ventricular (vz in A; short
arrows in A,C,E) and
subventricular zone (svz in ,
large arrows in AC,E),
whereafRhobtranscripts
were present in the early
migratory stream in the
marginal zone (mz in A; shc
arrows in G,8, as well as in
the submarginal zonemz in
A; large arrows in G,G. At
E13,Cdc42 RaclandRhoa/k
genes were strongly
expressed by migrating LR}
located in the marginal stree
(arrowheads in B,D,F,H). Tt
ION (asterisks in B,D,F,H)
showed strong levels of
Cdc42andRhobexpression
(B,H), and lower levels of
RaclandRhoaexpression
(D,F). In addition, all four
transcripts were present in t
developing floor plate (fp; A
H). The roof plate (rp) at
E11-E13 and the ventral
ventricular zone of the
hindbrain at E13 (arrows in
B,D,F) showed different
levels ofCdc42 Racland
RhoAexpression. Note the
presence oRhobtranscripts
in the hypoglossal nucleus (XII; G,H). (1,J) Western blot illustrating the presence of Cdc42, Racl and RhoA proteins itiplair&iit
(delimited ventrally by dotted line in A) and E12 (l), as well as in the LRN and ION domains (into the dotted square irBB))atE)L
Schematic drawings of the spatio-temporal changes i@dled2 RaclandRhoa/bexpression at E11 and E13. Scale bars: in A,j200or
A,CE,G;in A, 140pum; in B, 400um for B,D,F,H.
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migration developed on the second DIC, in the sam&TPases to establish whether they could be involved in axon
orientation as axons (i.e. toward the netrin 1 source). Culturesitgrowth and/or nuclei migration of PCN. We first tested the
were maintained for 3 DIC, and then both axon outgrowth andbility of various concentrations of lethal toxin (LT-9048) to
nuclear migration were analyzed (Fig. 2A,C) (Causeret et alinhibit Racl and Cdc42 in PCN explants, and determined that
2002). Quantifications revealed the surfaces covered by Tujan application of 1 ng/ml was an optimal concentration to
positive neurites and by migrating nuclei toward the netrin analyze the effects of LT-9048 without any toxicity (as was
source after 3 DIC. observed at 10 ng/ml, data not shown). Application of 1 ng/ml
We tested the effects of blocking Cdc42, Rac and RhoA/B/CT-9048 in culture resulted in a 54% reduction of axon

[ Control | Lethal toxin

TU-1

Fig. 2.Rac and Cdc42 GTPases
play an essential role in axon
outgrowth of PCN toward a netrin 1
source. E11 rhombic lip explants
were faced with netrin 1-secreting
cells (Net) and cultured for 3 days.
Axon outgrowth and nuclear
migration were then analyzed after
Tujl and DAPI staining,
respectively. In control conditions,
axon growth developed mainly
toward the netrin 1 source (A) and
nuclear migration occurred almost
exclusively within the netrin 1-
attracted neurites (C). Addition of 1
ng/ml of lethal toxin, to specifically
inhibit Rac and Cdc42, resulted in a
severe impairment of axon growth
(B) but did not affect nuclear
migration (D). Measurement of the
surface covered by migrating nuclei
F oo T & (E), or quantification of their
- number (F), represented as
cumulative distributions and
histograms (meanzs.e.m.), revealed
no significant difference between
control (=24) and drug-treated
(n=24) explants. (G) Axon
outgrowth toward (proximal) and
away (distal) from the netrin 1
source (proximal and distal
: : = . : : . | ' quadrants are represented in A;
Q 0,005 0m 0,8 0,02 o 100 200 300 400 500 600 01 o 01 02 03 *P<0001 Compared W|th Contr0|,
Nuclear migration (mm?) Number of migrating nuclei Axon outgrowth (mm?) error bars represent s.e.m.).

(H) Migration/outgrowth ratio in

control and drug-treated explants
* Lethal toxin (*P<0.001). (1,9) High
magnification of axons stained with
rhodamine-conjugated phalloidin to
visualize F-actin structures.
Whereas control growth cones
showed F-actin enrichment (arrows
in 1), lethal toxin-treated axons
lacked phalloidin staining at their
distal tip (arrows in J). Scale bars:
A, 500pum (for A,B); C, 200um
(for C,D); 1,3, 10um.
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Fig. 3.RhoA/B/C GTPases are —
strictly required for nuclear
migration to occur. (A) RhoA
modification by TAT-C3 through
ADP-ribosylation at E11. In vitro
ADP-ribosylation of explants pre-
treated with TAT-C3 showed that
the radiolabeled Rho band was
markedly decreased, indicating that
TAT-C3 efficiently modified Rho
substrate in neurons. (B,C) When
E11 rhombic lip explants were
treated with 2Qug/ml TAT-C3,
neurites lost their preferential
orientation toward the netrin 1

(Net) source (B) and cell nuclei
failed to translocate within those
neurites (C). (D,E) Quantification
analysis of (D) migration
(cumulative distributions and
histograms) and (E) axon
outgrowth (=13 in TAT-C3-treated
explantsp=19 in control explants).
(F) Migration/ougrowth ratio of
control and TAT-C3-treated
explants. Error bars in D, E and F
represent s.e.mPx 0.001. Scale
bars: B, 50Qum; C, 200um. _—
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outgrowth at E11 after 3 DIC (compare proximal quadrants ihethal toxin specifically altered axon outgrowth without
Fig. 2A with 2B; quantifications in Fig. 2@2<0.001,n=24  modifying nuclear migration toward the netrin 1 source.
control and treated explants). The outgrowth showed a 63% To assess the specific requirement of RhoA/B/C in PCN
decrease at E12 (data not showr0.001;n=21 for control; neuronal migration and axon outgrowth, we treated rhombic
n=19 for LT-treated explants). In addition, phalloidin staininglip explants in collagen assays with the toxin C3 fused with a
was used to visualize F-actin in control and LT-9048-treatedAT domain in order to optimize intracellular penetration of
explants. Whereas control growth cones revealed F-actin-riche toxin (Sauzeau et al., 2001). We first controlled TAT-C3
structures by labelling with rhodamine-conjugated phalloidirefficiency on ION explants through ADP-ribosylation assays
(Fig. 2I), these actin structures were severely affected in LTsee Materials and methods, and Fig. 3A). In vitro ADP-
9048-treated axons that lacked phalloidin staining at their distalbosylation of neurons pre-treated with TAT-C3 showed that
tip (Fig. 2J). the radiolabeled Rho band was markedly decreased, indicating
Interestingly, the surface covered by migrating nuclei upotthat TAT-C3 efficiently modified Rho substrate in neurons.
lethal toxin treatment represented 101% of control at E11, anlipplication of 20ug/ml of TAT-C3 in a collagen assay resulted
113% at E12 (Fig. 2C,D,E; not significaR50.94 and®=0.53, in a significant reduction of nuclear migration outside E11
respectively). The number of migrating nuclei was alsqFig. 3C,D) or E12 (data not shown) rhombic lip explants (at
evaluated using the Integrated Morphometry Analysis functiole11, 75% reductionn=19 control explantsn=13 TAT-C3-
(Metamorph) at E11 (2427 in control and 28421 in the treated explant$<0.001; at E12, 71% reductiam;12 control
presence of 1 ng/ml lethal toxil=0.28; Fig. 2F). As a explants,n=17 TAT-C3-treated explant®<0.001), combined
consequence, the migration/outgrowth ratio was significantlyith a potentiation of axon outgrowth (Fig. 3B,E,F). Tujl-
different in control explants and in explants treated with lethgbositive neurites appeared less fasciculated (compare Fig. 3B
toxin (Fig. 2H; 82% increas®<0.001). Altogether, these data with Fig. 2A); they lost their preferential orientation, extending
show that Rac/Cdc42 inhibition through application of 1 ng/mkimilarly towards and away from the netrin 1 source (Fig. 3E,
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Fig. 4. TAT-C3 treatment affects
axonal morphology. The individual
morphology of neuronal processes
from E12 explants could be
visualized after GFP
electroporation. Control neurons
showed straight axons (A),
whereas TAT-C3-treated neurons
exhibited tortuous axons (B). For
E quantification analysis, the
trajectory of entire axons in control
(C,n=11) and TAT-C3 treated

explants (Ep=11) was drawn, and
the mean deviation from a straight
line measured (D). Data are
/Bi presented using arbitrary units;
*P<0.001. Scale bar in A: 1Qm

CTRL TAT-C3 for A,B.

mean deviation O

and compare proximal and distal quadrants in Fig. 3B). IfFig. 5B,C,D). Activated Rho was detected at E11 in the
addition, TAT-C3 treatment affected axonal morphology. Aventricular zone (vz), in the most dorsal part of the hindbrain
detailed analysis of axonal morphology was performed aftgfarrow, Fig. 5B), as well as in the initial migratory pathway of
GFP electroporation that allowed the visualization ofPCN (mz and smz; Fig. 5B). Scattered GST-RBD-Rhotekin-
individual processes. Control axons showed a straighgositive cells (arrowheads, Fig. 5C) were observed when
morphology (Fig. 4A,C), whereas TAT-C3-treated explantdeaving the ventricular zone (vz; large arrow, Fig. 5C) toward
exhibited tortuous axons (Fig. 4B,E). The deviation from &he early migratory stream in the periphery of the dorsal
straight line was measured to quantify the trajectories of thkindbrain (short arrows, Fig. 5C). At E12, active RhoA/B/C-
axons from the drawings of 11 control and TAT-C3-treatedsTPases could be detected in throughout the migratory
axons (Fig. 4D). pathways of caudal hindbrain, with GST-RBD-Rhotekin
Taken together, these data suggest that Rac, and/or Cdcéi)ding in the migratory streams (data not shown). At E13,
is involved in mediating axon outgrowth of PCN explants, and5ST-RBD-Rhotekin proteins stained the whole marginal
RhoA/B/C would control axon fasciculation and polarity of stream that contains LRN and ECN migrating neurons
PCN facing a netrin 1 source. In addition, we show for the firfarrowhead, Fig. 5D). Lower levels of Rhotekin binding could
time that the RhoA/B/C signaling pathway regulates PCNbe detected when ION ended their migration in the vicinity of

nuclear translocation. the floor plate, when ION stop their migration. A decreasing
) ) . gradient of activated RhoA/B/C was observed from
RhoA/B/C are in a GTP-bound active state in the ventrolateral ION to ventromedially stopped ION (asterisk,
rhombic lips and in the early migratory stream of Fig. 5D). However, significant levels BhobmRNA were still
PCN expressed in ION ending their migration (Fig. 1H). At E11 and

We have focused on the regulation of the migratory proceds13, no binding of a GST-tagged non-relevant protein (M-
during development of PCN that appeared, from expressioGadherin) was observed (Fig. 5E,F).

patterns and inhibition experiments, to be regulated by Altogether (Fig. 5G), the data show that activated Rho
RhoA/B/C GTPases. As the Rho GTPases cycle betweenGr'Pases can be detected at E11 in the rhombic lips and in the
GDP-bound inactive state and a GTP-bound active statmigratory streams of PCN. At E13, RhoA/B/C activity was
(Ridley, 1997), we aimed to measure Rho GTPase activatiodecreased in ION that had achieved their migration and reached
We first analyzed the amount of active RhoA GTPase in Elthe floor plate, whereas migrating LRN still strongly expressed
rhombic lips using pull-down assays. Rhombic lips containe@dctive RhoA/B/C-GTPases when they cross the floor plate.

a low but detectable amount of active RhoA-GTPase (Fig. 5A). o

We aimed to get a precise localization of active RhoA/B/GRock1/2 are implicated downstream RhoA/B/C

GTPases during PCN migration. For this purpose, we adaptéliring PCN nuclei migration in response to netrin 1

the assay initially developed for studying in situ Rho GTPas®nce the in situ localization of active Rho GTPases had been
activation in optic tectal cells (Li et al., 2002b). We analyzedletermined, we aimed to characterize the Rho target(s)
the localization of active RhoA/B/C GTPases at key stages afivolved in nuclear migration. The main effector proteins of
the migration, when ION and LRN initiate their migration (atRhoA GTPases are Rockl (also named RPamano et al.,

E11 and E12, respectively), and at E13, when ION stop theR000) and Rock2 (also named R@K(Leung et al., 1995;
migration ventrally, whereas LRN continue migrating andMatsui et al., 1996; Nakagawa et al., 1996).

cross the floor plate. In situ binding assays, with the Rho- First, we analyzedRockl/2expression in the rhombic lips,
binding domain (RBD) of the specific Rho effector Rhotekinand in the migratory pathways of ION and LRN in vivo. In situ
fused to glutathione-S-transferase (GST) (which couldRNA hybridization on hindbrain cryosections revealed a clear
only bind active RhoA/B/C-GTPases), were performed orabeling of neurons located in the vz and subventricular zone
cryosections at different stages of embryonic developmerfsvz) at E11 for botiRockl1(Fig. 6A) andRock2(data not
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shown). Rock1 transcripts were also detected in the initialstream. As shown in Fig. 6C,D, significant levels of Rock

migratory streams (Fig. BA At E13, a developmental stage proteins could be detected at all three stages.

allowing visualization and discrimination of both LRN/ECN We further investigated the Rho downstream signal
and ION, Rockl transcripts (Fig. 6B), as well aRock2 transduction pathway that leads to PCN nucleokinesis
transcripts (not shown), were strongly expressed in tha&iggered by netrin 1 using a specific inhibitor of Rock1/2

marginal migratory stream that contains LRN and ECN, and &tinases, Y-27632 (Uehata et al., 1997). This pharmacological
a lower level in late migrating and stopping ION. reagent is a cell-permeant compound, which is highly specific

Thus, at E11Rock1/2were expressed in the vz and svz thatand efficient for inhibition of the catalytic activity of Rock1/2
also expresfhog and Rockl/2were also expressed in the (Ishizaki et al., 2000). We faced E11 and E12 rhombic lip
migratory stream from the rhombic lips, similar Rhob  explants with netrin 1-secreting cells in the presence of 5-100
(compare Fig. 6A,Awith Fig. 1E,G). At E13Rockl/2showed uM of Y-27632. We analyzed axon pathfinding and nuclear
strong expression in ION and LRN, as was observeRifimb  migration in fixed collagen assays to quantify both processes
transcripts (compare Fig. 6B with Fig. 1H). In addition, theafter 3 DIC. Quantification of nuclear migration toward the
presence of Rockl/2 proteins was visualized by westemetrin 1 source revealed a gradual inhibition from 5 to {0
blotting of E11 and E12 rhombic lip explants, and E13 ION(Fig. 7C). We then chose to apply R0 Y-27632, which
altogether with LRN located below ION in the marginalallowed a strong inhibition of nuclei migration and was

A consistent with doses generally used in the literature (e.g.
Wylie and Chantler, 2003). At 20M, the migration showed

an 85% decrease at EI$=42 control,n=24 Y-27632-treated,

- » P<0.001; Fig. 7B,C,E) and a 74% decrease at HE24
control, n=18 Y-27632-treatedP<0.001; data not shown).
Neurons treated with 2AM Rock inhibitor exhibited a loss
| In situ binding assay for RhoA/B/C activity | of fasciculation (compare Fig. 7A with Fig. 2A) and
morphological abnormalities similar to those observed in TAT-
C3-treated PCN (compare Fig. 7A with Fig. 3B). Analyzing
axon polarity revealed that Y-27632 treatment also mimicked
the effects of RhoA/B/C inhibition but to a lesser extent.
Although axon growth was significantly increased in the distal
quadrant (opposite to netrin 1-secreting cells), compared with
control conditions (distal quadrants in Fig. 7A and Fig. 2A), it
did not reach the values of axon outgrowth in the presence of
TAT-C3 (compare Fig. 7A,D and Fig. 3B,E). Thus, Rock
inhibition impaired but did not completely abolish the
orientation of PCN axon outgrowth toward netrin 1.

To obtain a dynamic view of the morphological changes
induced by Y-27632 treatment, video-microscopy experiments
were performed using PCN from E12 in collagen assays. In
control conditions, axon pathfinding appeared as a continuous
process whereas nuclear migration occurred through saltatory

E11

Fig. 5.Localization of active Rho GTPases in vivo at E11-E13.

(A) Rhombic lips from E11 were lyzed and incubated with GST-
RBD-Rhotekin protein. GTP-bound RhoA (active) was detected by
western blot using an anti-RhoA antibody and compared with total
RhoA contained in cell lysates before the incubation with GST-RBD-
Rhotekin. (B) Section through the caudal hindbrain at E11 after
incubation with RBD-Rhotekin fused to the GST and then treatment
with an anti-GST antibody. A strong RhoA/B/C GTPase activity was
observed in the ventricular zone (vz) and the dorsal border (arrow) of
the rhombic lip. The marginal (mz) and submarginal (smz) zones
also showed GST-RBD-Rhotekin labeling. No staining could be
observed in the subventricular zone (svz). (C) Higher magnification
of image in B, showing scattered GST-RBD-Rhotekin-positive cells
(arrowheads) leaving the ventricular zone (large arrow) toward the
early migrating stream (short arrows). (D) At E13, migrating LRN
located in the marginal stream showed strong GST-RBD-Rhotekin
binding (arrowhead). ION (asterisk) reaching the vicinity of the floor
plate showed faint Rho GTPase activity. (E,F) Control experiments
(CTRL) were performed with a non-relevant GST-tagged protein (M-
Cadherin) at E11 (E) and E13 (F). No staining could be observed.
(G) The expression patterns of RhoA/B GTPases and active RhoA/B

_ ) proteins at E11 and E13. Scale bars: B,E,|200C, 500um; D,F,
=1 Rho mRNA Bl Active Rho protein 260um.

E13

CTRL

E11
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translocation (see Movie 1 at http://dev.biologists.orgin control conditions moved at 17.5t1.@n/hour (=4, 374
supplemental/). Migrating neurons presented a long monopoléiames corresponding to 49 hours 52 minutes).

process, and often a small transient trailing process. PCN Taken together, these results suggest that Rock1/2 act
exposed to 2QUM Y-27632 failed to extend straight axons downstream RhoA/B/C to direct migration of PCN nuclei
toward the netrin 1 source, but appeared to grow faster and ioward a netrin 1 source. In addition, Rho/Rock activation is
various orientations; no nuclear migration occurred (see Movieequired to allow correct attraction and fasciculation of axons.
2 at http://dev.biologists.org/supplemental/). Quantification

revealed that axons in control conditions grew at a meaB. .

velocity of 27.0+1.3um/hour =7, 359 frames corresponding ISCuUssIon

to 47 hours 52 minutes of tracking), whereas Y-27632-treateldecent evidence suggests that cues, in particular chemotropic
axons grew at 38.2+1.8um/hour (=4, 349 frames factors governing axon outgrowth may also be involved in
corresponding to 46 hours 32 minutBs0.001). Cell bodies neuronal migration (Hu and Rutishauser, 1996; Wu et al., 1999;
Bloch-Gallego et al., 1999; Alcantara et al., 2000). Whether
identical or distinct intracellular cascades are required for each
Rock1 process in response to a common diffusible factor remains to
be determined. We have focused on the migration of PCN
= A" s whose migratory process occurs in repeated sequences of axon
] % outgrowth followed by neuronal migration through nuclear
translocation. We aimed to characterize small GTPases that
regulate both processes during tangential neuronal migration,
in order to analyze whether both events were strictly dependent
on, and/or regulated through, the same or distinct pathways.
We show here thaRacl Cdc42 and Rhoa/b GTPases are
expressed by migrating PCN (ION and LRN). The two
processes that govern tangential migration, i.e. axon outgrowth
and nuclear translocation, can be uncoupled and depend on
distinct pathways. Pharmacological inhibition of Rac and
Cdc42 affected leading process elongation but allowed nuclear
migration of both ION and LRN. Conversely, inhibition of
RhoA/B/C GTPase or of their effector kinases (Rock1/2)
blocked nuclear migration, whereas axon outgrowth was
enhanced and presented morphological abnormalities.

E11

E13

Rac1/Cdc42 activity is necessary for axon
outgrowth, and RhoA/B/C is implicated in axon
morphology/orientation and nuclear migration of

PCN in vitro
We show that Cdc42 and Rac inhibition by lethal toxin results
in severe impairment of PCN axon outgrowth. Interestingly, 1
¢ Rock?2 ng/ml lethal ?oxin did not affect migrati%n because migrgt)i/on
; 3 e +——205KDa occurrgd normally in shorteneq neurites, indicating that it is
w7 <—— 130KDa not strictly dependent on previous long axon extension. By
- contrast, PCN axon outgrowth could develop independently of
o e & 205KDa nucleokinesis as, following RhoA/B/C blockade with TAT-C3,
] <4—— 130KDa axon outgrowth extensively developed whereas nuclear
migration toward netrin 1 was completely blocked.
D Rock2 In addition, we report that TAT-C3 totally abolished the
_ tropic effect of netrin 1 on axon attraction, as axon outgrowth
Ol ot oy 205KDa developed extensively and in a similar fashion all around the
1 <—— 130KDa explant. Thus, RhoA/B/C activity is absolutely required to
maintain an oriented axonal outgrowth of PCN toward a netrin
Fig. 6. Expression oRockin mouse at E11-E13. At E11 (A)A 1 source. The requirement of RhoA/B/C for oriented axon
Rock1ImRNA could be detected by in situ hybridization in the outgrowth in response to a chemoattractant may be specific to

ventric_ular (short arrow) and subventriculg_r zone (Iarge arrow) of they particular biological system or to a tropic molecule such as
rhombic lip. Note the presence Rbcklpositive cells in the early netrin 1. For instance, in culturé@énopus laevispinal neurons,
migratory pathway (arrowheads iM)AAt E13 (B),Rocklexpression chemoattraction toward a source of brain-derived neurotrophic

could be detected in ION (asterisk) and in migrating LRN . .
(arrowhead). The floor plate (fp) showed str&®tugrklexpression factor is Cdc42 dependent, whereas chemorepulsion by

(A,B). (C,D) Western blot illustrating the presence of Rockl and ~ lySophosphatidic acid is RhoA dependent (Yuan et al., 2003).
Rock?2 proteins in rhombic lip at E11 and E12 (C), as well as in the ~ Altogether, these data indicate that: (1) axon outgrowth
LRN and ION domains at E13 (D). Scale bars: A, 1B A, 90 and migration of PCN are not strictly dependent on each
pm; B, 100um. other because a shortened axon extension allows nuclear
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Fig. 7.Rock1/2 inhibition impairs the | Y-27632 |
orientation of axon outgrowth toward B
netrin 1 and the nuclear migration of
PCN. (A) When E11 rhombic lip
explants were exposed to gM Y-
27632 to inhibit Rock1/2 signaling,
axons exhibited a tortuous aspect ang,
grew toward and away from the
netrin 1 source (Net). (B) Nuclear
migration within those axons failed
to occur. (C,D) Quantification
revealed a gradual inhibition of
nuclear migration from 5 to 1@V
Y-27632 (C; PP<0.001;8P<0.01
compared with control), and a
significant increase in proximal and
distal axon growth at 2AM (D;
*P<0.001;8P<0.01 compared with
corresponding orientation in control;
n=42 controln=24 Y-27632 treated
explants). (E) Migration/ougrowth
ratio of treated and control explants
(*P<0.001 compared with control).
Error bars in C, D and E represent
s.e.m. Scale bars: A, 5@in; B,
200pum.
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translocation and axon outgrowth can develop withoumammalian leukocytes and neural crest cells, and cancer cells
nucleokinesis; (2) Racl/Cdc42 are necessary for axon growthiu and Jessell, 1998; Itoh et al., 1999; Alblas et al., 2001);
of PCN; and (3) RhoA/B/C are necessary for nucleahowever, intracellular cascades involved in nucleokinesis were
migration, axon fasciculation and tropism in response to netrinot characterized. Nucleokinesis had been previously reported
1. During tangential migration of PCN, the activity of both Racto be a process dependent on the microtubule network, which
and Rho has to be locally controlled in order to get coordinatedould involve proteins interacting with microtubules such as
axon and nuclei pathfinding. This cellular process probabliisl and doublecortin (Lambert de Rouvroit and Goffinet,
requires crosstalk between Rho and Rac pathways, whi@001). From mutant mice analyses, it has been proposed that
could regulate spatio-temporally growth cone and cell bodiethe reelin signaling pathway and Cdk5 could also regulate
dynamics, as has been reported in fibroblasts to determimeicleokinesis (for a review, see Walsh and Goffinet, 2000). We
cellular morphology and migratory behavior (Sander et al.report here the possible involvement of Rock in nucleokinesis
1999), or for chemorepulsion of spinal neurons fidxemopus during tangential migration. Rocks are serine/threonine

laevis(Yuan et al., 2003). kinases, with multiple functional domains involved in

. actomyosin assembly. Several reports have analyzed the
Rock1/2 act as key effectors in the RhoA/B/C respective role of the different domains of Rho-kinase in
signaling pathway for nuclear migration various cell lines (Amano et al., 1999; Chen et al., 2002; Riento

We report evidence for the involvement of Rock1/2 in theet al., 2003). It will be informative to overexpress various
regulation of neuronal migration in response to netrin 1. Wenutant Rock proteins in PCN to further characterize the
show here that upon pharmacological blockade of Rock1/2 biypvolvement of their sub-domains in the migratory process.
Y-27632, the aspect of Y-27632-treated axons was similar to Interestingly, Y-27632 treatment less severely affected axon
the one observed after TAT-C3 treatment. Thus, upon TAT-Cattraction by the netrin 1 source than did TAT-C3 treatment.
or Y-27632 treatments, initiation of axon outgrowth and axorThe latter directly inhibits RhoA/B/C GTPases, whereas Y-
fasciculation of PCN were modified, suggesting that Rho/RocR7632 acts as a specific inhibitor of one of the targets of
played a role in the control of growth cone dynamics of variouRhoA/B/C, the Rho effector Rock family of kinases (Rho-
neurons, including PCN, cultured chick neurons from dorsatinase/Rok/Rock) (Uehata et al., 1997). Several other proteins
root ganglion (Fournier et al., 2003) and cerebellar granulbave been isolated as putative Rho effectors on the basis of
neurons (Bito et al., 2000). their selective interaction with the GTP-bound form of Rho.
Pharmacological experiments revealed that inhibition offhese include, in addition to the Rock family comprising
Rock1/2 abolishes PCN nuclear migration toward a netrin p160Rock (Rock-l) (Ishizaki et al.,, 1996) and Rok/Rho-
source in collagen assays, confirming that Rock1l/2 arkinase/Rock-lIl (Leung et al., 1995; Matsui et al., 1996;
involved in nucleokinesis. Our data are consistent witiNakagawa et al., 1996), protein kinase PKN (Amano et al.,
previous reports that describe Rock proteins as critical996; Watanabe et al., 1996), citron kinase (Madaule et al.,
modulators of Rho-mediated actin dynamics in several995; Madaule et al.,, 1998; Madaule et al., 2000), and
migratory processes in nematodes (Spencer et al., 200lpammalian diaphanous homologs mDial and mDia2
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(Watanabe et al., 1997; Alberts et al., 1998). Studying ththe French Ministry of Research (ACI), the Fondation pour la
possible involvement of these different effectors in axorRecherche Médicale (FRM) and INSERM. M.H.-S. received
morphology and tropism will bring new insights into the fellowships from FRM and ARC.

responses of PCN mediated by the small GTPases of the RhoA

family proteins.
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