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Racl Controls the Formation of Midline Commissures and
the Competency of Tangential Migration in Ventral
Telencephalic Neurons
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Previous studies using dominant-mutant constructs have implicated Racl GTPase in neuritogenesis and neuronal migration. However,
overexpression of dominant mutants generally blocks Rho—GTPase activity; thus, it may not reveal the specific or physiological functions
of Racl. To address this issue, we have applied a conditional gene-targeting strategy, using Foxgl-Cre mice to delete Racl in the
ventricular zone (VZ) of telencephalon and DIx5/6 —Cre-IRES (internal ribosomal entry site)-EGFP (enhanced green fluorescent protein)
(DIx5/6 —CIE) in the subventricular zone (SVZ) of ventral telencephalon, respectively. Surprisingly, the deletion of Racl in VZ progenitors
did not prevent axonal outgrowth of telencephalic neurons. However, the anterior commissure was absent, and the corpus callosal as well
as hippocampal commissural axons failed to cross the midline in Racl/Foxgl-Cre knock-out embryos. The thalamocortical and corti-
cothalamic axons also showed defasciculation or projection defects. These results suggest that Racl controls axon guidance rather than
neuritogenesis. In addition, although Racl/Foxgl-Cre knock-out embryos showed delayed radial migration of cortical projection neu-
rons and severe impairment of tangential migration by the ventral telencephalon-derived interneurons, deletion of Racl in the SVZ by
DIx5/6 -CIE mice produced no discernible defects in tangential migration. These contrasting effects of Racl deletion on tangential
migration suggest that Racl is dispensable for cellular motility per se during neuronal migration. Together, these results underscore the
challenge of deciphering the biological functions of Racl, and Rho-GTPases in general, during mammalian brain development. More-
over, they indicate that Racl has a critical role in axon guidance and in acquisition of migratory competency during differentiation of the

progenitors for the ventral telencephalon-derived interneurons.
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Introduction

Racl belongs to the Rho family of Ras-like small GTP-binding
proteins that control many important cellular functions includ-
ing actin polymerization, microtubule stability, migration, and
cell polarity (Ridley et al., 1992; Jaffe and Hall, 2005). Like all
Rho—GTPases, Rac acts as a binary switch cycling between an
inactive GDP-bound form and an active GTP-bound state
(Bishop and Hall, 2000). This cycling process is tightly regulated
by multiple guanine nucleotide exchange factors (GEFs), the
GTPase-activating proteins (GAPs), and the guanine nucleotide
dissociation inhibitors (GDIs) (Zheng, 2001; Moon and Zheng,
2003). Racl shares sequence homology with Rac2 and Rac3,
forming the Rac subfamily of Rho-GTPases. Although Racl is
widely expressed in many tissues, Rac2 is restricted in the hema-
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topoietic system, and Rac3 is highly enriched in the nervous sys-
tem (Haataja et al., 1997; Malosio et al., 1997).

The functions of Rho—GTPases have been studied mostly by
expressing dominant-negative or constitutive-active mutants in
cells or transgenic animals, which suggested a critical role of Racl
in neuritogenesis and neuronal migration (Govek et al., 2005).
However, this approach is compromised by the abundant
crosstalk between different subfamilies of Rho—GTPases. For ex-
ample, the dominant-negative mutant of Racl works by seques-
tering the upstream GEFs, but there are >70 GEFs in the genome,
and many are known to regulate multiple Rho—GTPases
(Etienne-Manneville and Hall, 2002). Moreover, because overex-
pression of dominant-negative mutant is needed to block the
endogenous Racl activity because of its noncatalytic nature, the
excessive amount of Racl mutant and GEF-impounding may
further inhibit the activity of multiple Rho—GTPases, including
Rac3, Cdc42, and RhoG. Conversely, the constitutively GTP-
bound Racl mutant could activate downstream effectors nor-
mally engaged by Cdc42 (Sarner et al., 2000; Aoki et al., 2004).
Furthermore, because continuous GTP-binding/GTP-hydrolysis
cycling is required for effective signaling flow of Rho—GTPases,
expression of constitutively GTP-bound Racl often causes simi-
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lar phenotypes like dominant-negative mutants (Woo and Go-
mez, 2006). Thus, it is necessary to compare the phenotypes of
dominant-mutant expression with those of targeted disruption
of individual Rho—GTPases to deduce its biological functions
(Wang and Zheng, 2007). However, the germline deletion of
Racl causes embryonic lethality in gastrulation, precluding the
analysis of Racl functions in brain development (Sugihara et al.,
1998). In contrast, the germline deletion of Rac3 causes no obvi-
ous brain malformations, suggesting that Racl either has a pre-
dominant role or redundant functions with Rac3 in neural devel-
opment (Corbetta et al., 2005).

To assess the biological functions of Racl in mammalian brain
development, we have applied a conditional gene-targeting strat-
egy using Foxgl—Cre mice to delete Racl in the ventricular zone
(VZ) of the entire telencephalon (Hebert and McConnell, 2000)
and DIx5/6 —Cre—internal ribosomal entry site (IRES)—enhanced
green fluorescent protein (EGFP) mice (DIx5/6—CIE) to delete
Racl in the subventricular zone (SVZ) of ventral telencephalon
(Stenman et al., 2003). Our analysis indicates that, in contrast to
previous studies using dominant-negative mutant, Racl is not
essential for neuritogenesis but has important functions in axonal
projection. Moreover, Racl has a unique role in the ventral tel-
encephalic progenitors for establishing the competency of subse-
quent migration by the olfactory and cortical interneurons.

Materials and Methods

Generation of Foxgl—Cre- and DIx5/6 —CIE-directed conditional Racl mu-
tant mice. Racl %°1°% mice were crossbred with the Foxgl ©** mice to
derive the Racl 1°¥1°%; Foxgl ©™/* genotype. The genotype of Racl and
Foxg] alleles was performed by PCR as described previously (Hebert and
McConnell, 2000; Gu et al., 2003). The primer sequences for the Racl
allele are as follows: (1) TCCAATCTGTGCTGCCCATC; (2) CA-
GAGCTCGAATCCAGAAACTAGTA; and (3) GATGCTTCTA-
GGGGTGAGCC. The PCR product of wild-type (Rac1™"), floxed
(Racl %), and recombined-floxed (Racl27°%) allele of Racl is 115 bp,
242 bp, and 140 bp long, respectively (see Fig. 1). The targeted Foxgl ™
allele was PCR genotyped for Cre (Hebert and McConnell, 2000). The
Racl ~/1°% DIx5/6-Cre-IRES-EGFP (DIx5/6-CIE)'®* genotype was
derived by cross-breeding of Racl"*/1°* mice with Racl ™/~ DIx5/6—
CIE '®* mice that came from breeding between transgenic DIx5/6 —CIE
miceand Racl */~ mice. The DIx5/6 —CIE mice were also PCR genotyped
for Cre as mentioned above. Racl 1% and Racl ™/~ mice were ob-
tained from Dr. David Williams (Cincinnati Children’s Hospital Medical
Center). Foxgl “/* mice were obtained from Dr. Susan McConnell
(Stanford University, Stanford, CA). D1x5/6 —CIE mice were generated as
reported previously (Stenman et al., 2003).

Magnetic resonance imaging of embryos. Embryonic day 18.5 (E18.5)
embryos were decapitated and fixed in 4% paraformaldehyde and stored
in saline before the magnetic resonance imaging (MRI) analysis. MR data
were acquired using a 7T Bruker (Silberstreifen, Germany) BioSpec sys-
tem with 38.8 g/cm gradients and a 12 cm bore. A custom-built transmit/
receive solenoid coil with a 1.5 cm inner diameter oriented perpendicular
to the main bore of the magnet was used for data acquisition. A three-
dimensional (3D) RARE sequence (Hennig et al., 1986) with an echo
time of 12 ms, an effective echo time of 96.4 ms, repetition time of 1500
ms, two averages, a matrix of 256 X 128 X 144, and a field of view of
14.4 X 7.2 X 8 mm was used to acquire isotropic axial images. Images
were reconstructed in three dimensions using the Cincinnati Children’s
Hospital Image Processing Software.

Primary cortical neuron culture. The cortices of individual E15.5 em-
bryos were dissected out and digested in the papain/HBSS solution (2
mg/ml) for 20 min before mechanical dissociation. The cells were sus-
pended with the plating medium (10% fetal bovine serum in high-
glucose DMEM) and plated in 24-well culture dishes. The medium was
changed to the culture medium (10% horse serum in DMEM) 2 h later.
The body tissue of embryos was collected for genotyping before the brain
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dissection. The culture was fixed in 3.7% formaldehyde at 2 or 4 d after
culture. Immunocytochemistry was subsequently performed following
the procedure as described previously (Guo et al., 2003).

Immunohistochemistry. For timed pregnancy, the morning of vaginal
plug detection was designated as embryonic day E0.5. All embryos were
fixed overnight in 4% paraformaldehyde, rinsed extensively in PBS, and
sunk in 30% sucrose before sectioning at 10—14 wm on a cryostat. Im-
munostaining was performed as described previously (Toresson and
Campell, 2001). Primary antibodies used were as follows: rat anti-L1,
1:200 (Chemicon, Temecula, CA); rabbit anti-Tbr1, 1:5000 (provided by
R. Hevner, University of Washington, Seattle, WA); goat anti-Brn1 (1:
1000; Santa Cruz Biotechnology, Santa Cruz, CA); goat anti-calretinin
(1:2000; Chemicon); rabbit anti-calbindin (1:2000; provided by P. Em-
son, The Babraham Institute, Cambridge, UK); rabbit anti-parvalbumin,
1:1000 (provided by P. Emson); mouse anti-Taul (1:400; Chemicon);
mouse anti-nestin (1:200; provided by R. McKay, National Institute of
Neurological Disorders and Stroke, Bethesda, MD); mouse anti-tubulin
III (1:1000; Covance); rat anti-bromodeoxyuridine (BrdU; 1:200; Sero-
tec, Raleigh, NC); rabbit anti-Gad67 (1:2000; Chemicon); rabbit anti-
Er81 (1:5000; provided by S. Morton and T. Jessell, Columbia University,
New York, NY); rabbit anti-GFP conjugated to Alexa Fluor 488 (1:500;
Invitrogen, Eugene, OR); rabbit anti-GFAP (1:1000; Dako, Carpinteria,
CA); mouse anti-TAG1 (1:100; Developmental Studies Hybridoma
Bank, Iowa City, IA). The secondary antibodies used were biotinylated
swine anti-rabbit 1:200 (Dako), horse anti-goat (1:200), and goat anti-rat
(1:200; Vector Laboratories, Burlingame, CA) antibodies; Alexa 594 goat
anti-rat (1:1000); Alexa 594 goat anti-rabbit (1:1000); Alexa 594 goat
anti-mouse (1:2000); Alexa 488 goat anti-rabbit (1:1500); Alexa 488
goat anti-chicken (1:1000; Invitrogen); cyanine 3-conjugated donkey
anti-goat (1:200; Jackson ImmunoResearch). For biotinylated antibod-
ies, ABC kit (Vector Laboratories) was used to visualize the reaction
product using diaminobenzidine (Sigma, St. Louis, MO) as the final
chromogen.

Western blot. Forebrain tissues and cultured cortical neurons were
lysed and immunoblotted with mouse anti-Rac1 antibody (1:1000; BD
Biosciences, San Jose, CA); mouse anti-Cdc42 antibody (1:250; BD Bio-
sciences); rabbit anti-Rac3 antibody (1:100; provided by Dr. A. Cox,
University of North Carolina, Chapel Hill); mouse anti-phospho-focal
adhesion kinase (FAK) antibody (1:1000; BD Biosciences); rabbit anti-
phospho-LIMK antibody (Cell Signaling Technology, Beverly, MA); rab-
bit anti-phospho-MLCK (Cell Signaling Technology); or mouse anti-
actin antibody (1:5000; BD Biosciences).

In vivo migration assay. From timed mating, pregnant females were
injected intraperitoneally at the appropriate embryonic stages with 0.1
mg/g BrdU in PBS. Embryos were collected at appropriate stages, and
cryosections were cut. Antigen exposure was achieved by 4N HCl treat-
ment. BrdU-positive cells were counted and plotted as a function of
distance from the SVZ.

In situ hybridization. In situ hybridization was performed using
digoxigenin-labeled cRNA probes as described previously (Toresson et
al,, 1999). The probe for Lhx6.1 was described previously (Kimura et al.,
1999).

Dye-tracing experiment. Corticothalamic tract tracing experiment was
performed using fluorescent carbocyanine dye [1,1’-dioctadecyl-
3,3,3",3'-tetramethyl-indocarbocyanine (Dil; Invitrogen) following a
previous publication (Molnar et al., 1998). Briefly, the Dil crystal was
embedded into the cortex of E18.5 mouse embryos, which were kept in
4% paraformaldehyde for 2 weeks at room temperature, lightproof, be-
fore the brain tissues were sectioned coronally with vibratome and ex-
amined under fluorescence microscope.

Results

Conditional gene targeting of Racl by Foxgl-Cre mice

To better define the biological functions of Racl GTPase in neu-
rodevelopment, we crossed Foxgl—-Cre mice with a line of mice
carrying a floxed Racl allele (Gu et al., 2003). In Foxgl-Cre
(Foxgl Cre/*+) mice, which have Cre knocked in at the Foxgl locus,
the expression of Cre recombinase starts in the anterior neural
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Figure 1.  Generation of Foxg1—Cre-driven, forebrain-specific Rac1 conditional knock-out
mice. A, Schematic representations of the floxed Rac1 locus before and after the Cre-mediated
recombination. Also indicated are the PCR products of wild-type (Rac1""), floxed (Rac1 "),
and recombined—floxed (Rac1 2™®) alleles of Rac1. B, Comparison of PCR genotyping analysis
using genomic DNA collected from the tail or the forebrain of embryos of different genotypes.
Note that the presence of Foxg1 ™' transgene converts Rac1 "™ into the Rac1 2™ allele in
genomic DNA in the forebrain but not the tail. ¢, Immunoblot analysis of Rac1, Rac3, and Cdc42
in the E18.5 forebrain lysates of wild-type (WT), Racl ™/ Foxg1 <" (Rac1 */), and
Rac1 1/ Foxg1 ¢/ * (Rac1 /%) embryos. Actin was used as a loading control. This assay
shows that RacT is specifically deleted in the Rac1 "/ Foxg1 “/* embryo without changing
the protein levels of Rac3 and Cdc42.

ridge at E8.5 and expands predominantly to the telencephalon
and several other brain regions, including the anterior optic ves-
icle, the isthmus, and the otic vesicle (Hebert and McConnell,
2000). This approach allows us to avoid early (E9.5) embryonic
lethality resulting from the germline Racl-null mutation (Sugi-
hara et al., 1998) and to achieve regional deletion of Racl in the
forebrain neuroepithelial progenitors. By breeding Foxgl-Cre
and Racl "¥/%°* mice, we obtained embryos of the Racl o*/fox;
Foxgl “"/* genotype (Fig. 1 A). PCR analysis revealed an effective
replacement of the floxed Racl allele by the recombined-floxed
(Aflox) allele in the brain, but not the tail, of E18.5 Rac1 o¥/flox,
Foxgl “*/* embryos (Fig. 1B). In these embryos (hereafter re-
ferred to as Racl/Foxgl—Cre embryos), immunoblot analysis in-
dicated the removal of Racl protein in the E18.5 forebrain
(Fig. 1C). Importantly, the protein levels of the closely related
Rac3 and Cdc42 were similar between Racl/Foxgl-Cre and
Racl */flox embryos (hereafter referred to as control embryos)
(Fig. 1C). Interestingly, although the Racl/Foxgl-Cre em-
bryos were present in a Mendelian ratio from E12.5 to E18.5
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(n = 158 genotyped embryos), there were no viable newborn
Racl/Foxgl-Cre pups (n > 300) (supplemental Table 1, avail-
able at www.jneurosci.org as supplemental material). This re-
sult suggests that Racl has an essential role for the survival of
near-term embryos.

Racl deficiency causes corpus callosal and commissural

axons defects

We first used Nissl stain to examine potential brain abnormality
caused by Racl deficiency in control and Racl/Foxgl-Cre em-
bryos. Nissl stain revealed that the cortex and the striatum were
smaller, and the ventricles were consistently enlarged in E16.5
and E18.5 Rac1/Foxgl—Cre embryos (n > 10) (Fig. 2A, B). More-
over, the cerebral cortex of E18.5 Racl/Foxgl-Cre embryos had
disorganized lamination lacking a distinct subplate layer (Fig. 2 A,
SP). Nissl stain also suggested that Rac1/Foxg1-Cre embryos lack
the anterior commissure (AC), which bilaterally connects the
olfactory bulb and the temporal cortex, and have enlarged fornix,
which carries the hippocampal efferent fibers to the hypothala-
mus and the septal area (Fig. 2 B). To confirm this phenotype, we
performed immunohistochemical detection of the L1 cell-
adhesion molecule that preferentially labels the thalamocortical,
corticofugal, and commissural axons (Fukuda et al, 1997;
Brouns et al., 2001). The L1 immunostaining confirmed the ab-
sence of AC and the enlargement of the fornix fiber in Racl/
Foxgl-Cre embryos (Fig. 2C,D). There was also a reduction of
coronal radiata fibers in the internal capsule (IC) containing the
thalamocortical and corticothalamic axons in Racl/Foxgl-Cre
embryos (Fig. 2 D). Finally, although the corpus callosal (CC) and
hippocampal commissural (HC) axons were formed and pro-
jected medially in the Racl/Foxgl-Cre embryos, they did not
cross the midline (Fig. 2E-H).

To further examine the major axon tract defects caused by
Racl deficiency, we used T2-weighted MRI and 3D reconstruc-
tion to examine E14.5 to E18.5 Rac1/Foxgl—Cre and control em-
bryos (n = 3 for each). The T2-weighted MRI reveals global brain
morphology and major axonal bundles, including the AC, the
HC, the CC, and the fornix (F). Moreover, the 3D reconstruction
allows us to examine these axon tracts in different axial planes
and to trace their trajectory at sequential levels. This analysis
confirmed the absence of AC in E18.5 Racl/Foxgl—Cre embryos
(compare the transverse view in Fig. 3A, B with the coronal view
in Fig. 2 E, F and the sagittal view in Fig. 31,]). The CC fibers were
formed in Racl/Foxgl-Cre embryos, but they did not cross the
midline (Fig. 3, compare C,D; E,F; G,H). The midline-crossing
defects of commissural axons were best illustrated in the sagittal
view near the center, where the fornix and the AC, CC, and HC
bundles were clearly identified in the control embryos (Fig. 3I).
In contrast, the Racl/Foxgl—Cre embryos displayed only a prom-
inent fornix bundle near the midline (Fig. 3]). Finally, the Racl-
mutant embryos had reduced and uncrossed HC fibers but a
thicker fornix bundle projecting to the septal area, strongly sug-
gesting rerouting of the hippocampal efferent fibers (Fig. 3, com-
pare F, H).

Abnormal formation and projection of midline commissural
tracts, similar to those observed in the Rac1/Foxgl—Cre embryos,
have been reported in mice lacking netrin (Serafini et al., 1996),
the receptor of netrin/deleted in colorectal cancer (DCC) (Fazeli
etal., 1997), or specific midline glial populations (Richards et al.,
2004). However, immunocytochemical detection of GFAP
showed no obvious difference of midline glial populations be-
tween Racl/Foxgl—Cre and control embryos from E14.5 to E16.5
(n > 2 for each age) (supplemental Fig. 1, available at www.jneu-
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Commissural tract defects in the Rac1-mutant (Rac1 ™™™ Foxg1 /™) em-

Figure 2.
bryos. A, B, Niss| stain shows the abnormalities of E18.5 Rac1-mutant embryo including en-
larged ventricles, the absence of AC, irreqular cortical lamination, and the disappearance of a
distinct SP layer, as well as a thicker fornix (F) bundle. ¢, D, Immunostaining for the L1 cell-
adhesion molecule confirms the absence of ACand reduction of the ICfibers in the Rac1-mutant
embryos. E=H, The L1 immunostain also confirms midline-crossing defects in the CC and HC
fibers in the forebrain. Ctx, Cortex. Scale bar (in H): A-D, 200 m; E=H, 20 um.

rosci.org as supplemental material). These results suggest that
Racl may be needed in the axonal terminals of commissural fi-
bers to sense environmental cues for crossing the midline.

Racl deficiency causes thalamocortical and corticothalamic
axon defects

The irregular cortical lamination and reduction of coronal ra-
diata fibers in Racl/Foxgl—Cre embryos prompted us to examine
the thalamocortical and the corticothalamic axons using immu-
nocytochemical detection of L1 and transient axonal glycopro-
tein (TAGL1), respectively. E18.5 control embryos showed diffuse
L1 immunoreactivity in the cortical plate, suggesting the
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thalamocortical axons are ascending to their final targets of the
layer 4 cortical neurons (Fig. 4A). In contrast, the L1-positive
thalamocortical axons remained as thick bundles in the interme-
diate zone beneath the cortical plate in Racl/Foxgl—Cre litter-
mate embryos (n > 6) (Fig. 4 B). This result suggests the absence
of Racl in the cerebrum leads to a nonpermissive environment,
e.g., the absence of a distinct subplate layer (Fig. 3B) (Ghosh etal.,
1990), for the formation of thalamocortical connections.

The formation of corticothalamic axons in Racl/Foxgl-Cre
embryos between E14.5 and E16.5 (n > 3) was examined by
immunostaining of TAGL (Wolfer et al., 1994; Denaxa et al.,
2001). This analysis showed that Racl deficiency does not pre-
clude the formation of corticofugal axons, although their exten-
sion toward the subcortical structures appears to be more limited
(Fig. 4C,D). To trace the corticofugal projection, crystals of the
fluorescent dye Dil were placed in the lateral cortex of E18.5
control and Racl/Foxgl-Cre embryos (n = 4 for each). After 2
weeks of incubation in 4% paraformaldehyde, the Dil-placed
control embryos showed projection of fluorescent fibers toward
the thalamus (Fig. 4E). In contrast, Racl/Foxgl—-Cre embryos
showed very little extension of the corticofugal axons (Fig. 4E).
These results are consistent with the reduction of coronal radiata
fibers (Fig. 2 D) and suggest that the absence of Racl impairs the
projection of cortical efferent fibers.

Racl is dispensable for neuritogenesis

Previous studies using a dominant-negative mutant suggested
Racl has important functions in neurite formation and extension
(Threadgill et al., 1997). However, the phenotypes of Racl/
Foxgl—Cre embryos suggest that Racl directs axon guidance but
is not required for neuritogenesis. To examine whether Racl de-
ficiency causes cell-autonomous defects in neurite formation, we
cultured the telencephalic neurons from control and Racl/
Foxgl-Cre embryos for in vitro analysis. PCR analysis indicated
the floxed Racl allele was largely converted to a recombined-
floxed (Afloxed) allele in neurons isolated from E14.5 Racl ¥
flox; Foxgl " embryos (Fig. 5A). Immunoblot analysis also
showed a great reduction of the Racl protein level in the mutant
neurons (Fig. 5B). The levels of phosphorylated FAK (p-FAK),
LIM kinase (p-LIMK), and MLC kinase (p-MLCK) were similar
between control and Racl-deficient neurons in the culture me-
dium containing 10% horse serum (Fig. 5B).

Morphological analysis indicated that Racl-deficient neurons
exhibited significant neurite outgrowth at 2 d in vitro (DIV) cul-
ture, similar to control neurons (Fig. 5D, E). Phalloidin staining
showed concentration of actin filaments at the tips of neurite
processes in both control and Racl-deficient neurons (Fig. 5F, G,
arrows). By 4 DIV, the control and Racl-deficient neurons both
showed additional extension of the neurite (Fig. 5H,I), and ex-
pression of the axonal marker Tau-1 (supplemental Fig. 2, avail-
able at www.jneurosci.org as supplemental material). Interest-
ingly, compared with the control neurons, Racl-deficient
neurons had an increased number of primary neurites (6.1 vs 3.6,
n = 20, p < 0.01 by ¢ test) and secondary branches (4.2 vs 1.45,
p < 0.01 by £ test) (Fig. 5C). The observed increase of neurite
branching in Racl-deficient neurons is opposite to the conse-
quence caused by overexpression of a dominant-negative Racl
mutant (Threadgill et al., 1997). Together, the in vivo and in vitro
results strongly suggest that Racl GTPase is dispensable for neu-
ritogenesis per se.
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Figure3. Three-dimensional analysis of major axon tract defectsin the telencephalic Rac1-deleted embryos. A=J, E18.5 control (Rac1 /1) and Rac1-mutant (Rac1 "% Foxg1 /") embryos
were analyzed by T,-weighted MRI and 3D reconstruction for visualization in the transverse (A-D), coronal (E-H ), and sagittal (/,J) axes. Note the absence of ACand uncrossed CCas well as HCaxons
in the Rac1-mutant embryos. There was also an increase in thickness of the fornix (F) bundle in the Rac1-mutant embryos. H, Rac1-deficient embryos.

Racl deletion delays, but does not prevent, radial migration
of cortical neurons
A previous study using in utero electroporation to introduce
dominant-negative (N17) Racl mutant into VZ cells of the
cerebral cortex caused 95% of E14-born neurons, which nor-
mally migrate to layers II-IV, to be misplaced in the interme-
diate zone (Kawauchi et al., 2003). This study suggested that
Racl plays a critical role in directing cortical neuronal migra-
tion. To test this possibility, the birth-dating analysis was per-
formed in Racl/Foxgl—-Cre embryos and control littermates.
In this analysis, BrdU was injected in the pregnant mice at
E10.5/E11.5 or E15.5 to label newborn neurons, and the dis-
tribution of BrdU-positive incorporated cells in the cerebrum
was examined at E17.5 or E18.5, respectively. According to the
inside-to-outside sequence of cortical neurogenesis (Angevine
and Sidman, 1961), the majority of E10.5/E11.5-born layer
6/subplate (VI/SP) neurons will locate in the intermediate
zone, whereas the later-born E15.5 neurons migrate to the
upper cortical plate in E17/18 embryos. Conversely, if Racl
has essential functions in neuronal migration, there should be
areverse distribution of E10.5/E11.5- and E15.5-born neurons
in the cerebrum as has been shown in the reeler and p35-null
mutants (Caviness and Sidman, 1973; Chae et al., 1997).
This analysis revealed that the majority of E10.5/E11.5-
born VI/SP neurons were located in the intermediate zone of

E17.5 cerebral cortex in both control and Racl/Foxgl—Cre
embryos (Fig. 6 A, B). Immunostaining of Tbr1 and calretinin,
markers for the deep and superficial layer cortical neurons,
respectively, also showed an identical pattern in both control
and Racl/Foxgl-Cre embryos at E18.5 (supplemental Fig.
3A-D, available at www.jneurosci.org as supplemental mate-
rial). The nestin-positive radial glial fibers, which are the scaf-
fold of cortical neuronal migration, also developed properly in
Racl/Foxgl-Cre embryos (supplemental Fig. 3E, F, available
at www.jneurosci.org as supplemental material). However,
when compared with control embryos, Racl/Foxgl-Cre em-
bryos displayed a larger percentage of E15.5-born neurons in
the bottom quarter (41% vs 18%; p << 0.01 by ¢ test) and a
smaller percentage in the top quarter (18% vs 38%; p < 0.01 by
ttest) in the E18.5 developing cerebrum (Fig. 6C-E) (a total of
5640 cells were counted in three embryos of each genotype).
Similarly, immunocytochemistry of Brn-1, a marker of neu-
rons destined for the superficial cortical layers, showed that an
increased number of positively stained cells remained in the
intermediate zone in E18.5 Racl/Foxgl-Cre embryos, when
compared with control littermates (Fig. 6F,G). Together,
these results indicate that Racl deficiency is insufficient to
avert cortical neuronal migration. However, Racl deficiency
may delay the onset or reduce the speed of cortical neuronal
migration.
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Figure 4. Racl deletion causes defects of thalamocortical and corticothalamic connections.
A, B, L1immunostaining shows the thalamocortical axons have ascended into the developing
cortical plate (CP) in control (Rac1 */) embryos at E18.5, whereas their counterparts in the
Rac1-mutant (Rac1 "™ Foxg1 “®/*) embryos are halted in the intermediate zone (7). C, D,
TGAT immunostaining shows the formation of corticothalamic axons (arrows) in the base of
developing cerebrum of both control and Rac1-mutant embryos at E16.5. St, Striatum. E-H,
Crystals of Dil placed in the lateral cerebral cortex (Ctx) label the efferent fibersinto the thalamus
(Th) in E18.5 control embryos (E) but not in Rac1-mutant embryos (F). Scale bar (in F): 4, B, 40
um; €, D, 200 um; E, F, 400 pem.

Racl deletion in the VZ averts tangential migration of ventral
telencephalic neurons

In addition to radial migration of cortical projection neurons,
recent studies have uncovered tangential migration by neurons
born in the ventral telencephalon during embryogenesis (Corbin
et al., 2001; Marin and Rubenstein, 2003; Metin et al., 2006).
There are two major routes of the long-distance tangential mi-
gration: the lateral ganglionic eminence (LGE)-derived neurons
migrate anteriorly, giving rise to olfactory interneurons (Wich-
terle et al., 2001); the medial ganglionic eminence (MGE)-
derived cells migrate to the cerebral cortex and become GABAer-
gic interneurons (Anderson et al., 1997). Interestingly, all Racl/
Foxgl-Cre embryos have particularly smaller olfactory bulbs
compared with control embryos (Fig. 7A, B). This conspicuous
anomaly suggests that Racl deficiency may affect the tangential
migration of LGE-derived olfactory neurons. To test this possi-
bility, we examined the olfactory bulbs of E18.5 control and Rac1/
Foxgl-Cre embryos by Nissl stain and anti-GAD67 immuno-
staining. This analysis showed the absence of GABAergic neurons
in the granule cell layer and in the glomerular layer in Racl/
Foxgl-Cre embryos (rostral sections shown in Fig. 7C,D; caudal
sections of olfactory bulbs shown in supplemental Fig. 4A,B,
available at www.jneurosci.org as supplemental material). The
number of Er81-positive interneurons was also reduced in the
olfactory bulb of Racl/Foxgl—-Cre embryos (supplemental Fig.
4C,D, available at www.jneurosci.org as supplemental material).
In contrast, GAD67-positive cells were found in the ventral tel-
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encephalon of Racl/Foxgl-Cre embryos (Fig. 7E, F), suggesting
that Racl deficiency interferes with tangential migration rather
than the formation of LGE-derived olfactory interneurons.

Furthermore, almost no GAD67-positive cells were found in
the cerebral cortex of E18.5 Racl/Foxgl-Cre embryos (Fig.
7K,L), suggesting that the migration of MGE-derived cortical
interneurons was also affected by Racl deletion. To further test
this possibility, we used in situ hybridization of Lhx6.1, a marker
for MGE-derived neurons (Kimura et al., 1999; Lavdas et al.,
1999), to examine control and Rac1/Foxgl-Cre embryos between
E14.5 and E16.5 (n = 2 from each age). At E14.5, the Lhx6.1
transcripts were found inside the MGE in both control and Rac1/
Foxgl-Cre embryos, suggesting that the formation of the pre-
sumptive cortical interneurons was not precluded by Racl defi-
ciency (Fig. 7G,H ). By E16.5, the Lhx6.1-postive cells were widely
dispersed in the striatum and the developing cortical cerebrum in
control embryos (Fig. 7I), consistent with the migratory pattern
of MGE-derived neurons (Lavdas et al., 1999). In contrast, the
Lhx6.1-postive cells remained confined in the mantle region of
the MGE in E16.5 Racl/Foxgl-Cre embryos (Fig. 7], arrow).
Together, these results indicate that the Foxgl-Cre-directed de-
letion of Racl in the VZ severely disrupts the tangential migration
of both LGE- and MGE-derived olfactory and cortical
interneurons.

Racl deletion in the SVZ does not affect the migration of
ventral telencephalic neurons

The contrasting severity of migratory defects of dorsal (Fig. 6)
and ventral telencephalic neurons (Fig. 7) in Racl/Foxgl-Cre
embryos may indicate that Racl is differentially required for cel-
lular motility between these two populations of neurons. Alter-
natively, Racl may have a unique role during progenitor differ-
entiation in the ventral telencephalon to establish the
competency of migration in nascent neurons. Similar examples
of ventral telencephalic progenitor-specific requirement of sig-
naling molecules for neuronal differentiation have been demon-
strated previously (Mason et al., 2005; Xu et al., 2005).

To distinguish between these two possibilities, we used an-
other line of Cre-driver, DIx5/6 —CIE mice (Stenman et al., 2003),
to delete Racl in cells emerging from the VZ in the ventral telen-
cephalon. In DIx5/6 —CIE mice, the expression of EGFP (a surro-
gate marker of Cre recombinase) starts as early as E10.5 in the
SVZ of the future LGE and MGE, which contains SVZ progeni-
tors and nascent postmitotic neurons (Fig. 8A). At E14.5, the
expression of EGFP can be detected in the entire striatum except
the VZ (Fig. 8 B). After the cross of Racl */~; DIx5/6-CIE'*®'* and
Racl 119X mice, pups of the Racl ~/%; DIx5/6~CIE'®* geno-
type were derived in an expected Mendelian ratio (supplemental
Table 2, available at www.jneurosci.org as supplemental mate-
rial). PCR analysis showed near-complete recombination at the
floxed-Racl locus in the striatum of E18.5 Racl /1%, DIx5/6—
CIE'®* genotype (hereafter referred to as Racl/DIx5/6—CIE)
(Fig. 8C). Interestingly, no discernible abnormality was found in
the brains of E18.5 Rac1/DIx5/6 —CIE embryos by Nissl stain (Fig.
8D, E). Immunostaining by anti-GAD67 antibody also revealed
proper formation of the granule cell layer and the glomerular
layer of the olfactory bulb in these embryos (Fig. 8 F,G). More-
over, numerous ventral telencephalic-derived EGFP-positive
cells were found in the cerebral cortex of E18.5 control and Racl/
DIx5/6—CIE embryos (Fig. 8 H,I). In addition, at postnatal day
12 (P12), control and Racl/DIx5/6—CIE mice showed a similar
number and an identical distribution pattern of parvalbumin-
and calbindin-positive interneurons in the cerebrum (Fig.
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8L,M). Together, these results suggest
that Racl is not essential for the motility
per se during tangential migration of LGE-
and MGE-derived interneurons.
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Discussion

Overexpression of dominant-negative or
constitutive-active mutants of Rho-GT-
Pases, including Racl, has been the pre-
dominant strategy for deducing their
functions. Although this approach has re-
vealed many important functions of Racl
(for review, see Govek et al., 2005), there is
also concern of the specificity of the phe-
notypes induced by the mutants. A good
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outgrowth, subsequent genetic studies
showed that progressive loss of Dracl,
Drac2, and the related Mtl activity leads
first to defects in axonal branching, then
guidance, and finally axonal outgrowth
(Luo et al., 1994; Ng et al., 2002). These
subtle but important functions of Rac GT-
Pases would have been masked without
specific gene mutation studies. Hence, it is
necessary to compare the phenotypes of
overexpression of dominant mutants with
those of targeted disruption of individual
Rho GTPase to deduce its biological functions (Wang and Zheng,
2007). In the present study, we have applied a conditional gene-
targeting strategy to examine the roles of Racl during mouse
forebrain development. To our knowledge, this is the first di-
rected gene-deletion study of Racl in the mammalian nervous
system.

Figure 5.

FOXg1 Cre/+)

Role of Racl in axon projection versus neuritogenesis
Previous studies using dominant mutants have implicated Racl
GTPase in neurite formation and growth cone functions (Govek
etal., 2005). It is generally agreed that Racl and Cdc42 promote,
whereas RhoA inhibits, neurite outgrowth (Da Silva and Dotti,
2002). In addition, a signaling cascade from Cdc42 to PAR-6/
PAR-3/Sif and Tiaml-like exchange factor (STEF) to Rac was
implicated in establishing the axon/dendrite polarity in neurons
(Nishimura et al., 2005). However, our results in Foxgl—Cre-
mediated deletion of Racl show that Racl-null neurons are
mostly unaffected in axon formation per se (Figs. 3—5). These
results indicate that Racl is not essential for neuritogenesis, in
contrast with previous studies using dominant-negative Racl
mutant. One likely explanation of this discrepancy is that over-
expression of dominant-negative mutant may disrupt the activi-
ties of other Racl-related GTPases, such as Rac3 or Cdc42, which
also contribute to neuritogenesis.

Although Racl is dispensable for neuritogenesis, our results
indicate that Racl has a critical role in the projection of commis-
sural and corticothalamic axons (Figs. 2—4). In the absence of
Racl, the corpus callosal and hippocampal commissural axons
projected medially but failed to cross the midline despite the
formation of specific midline glial cell populations that are im-
portant factors for midline crossing (Serafini et al., 1996; Rich-
ards et al., 2004). Interestingly, similar defects of commissural
tracts were also seen in mice lacking the netrin receptor DCC

Secondary neurites

Neurite formation in the absence of Rac1 GTPase. A, PCR analysis shows the floxed Rac1 allele is near-completely
replaced by the recombined—floxed allele of Rac1 (Rac12™¥) in the telencephalic neurons cultured from E14.5 Rac1 fox/fox,
embryos. WT, Wild type. B, Imnmunoblots show great reduction of the Rac1 protein level, but not those of phospho-
PAK, phospho-LIMK, and phospho-MLCK in the neuronal cell lysates. Shown are representatives of three sets of experiments. C,
Histogram of the average numbers of primary and secondary neurite in Rac1 */* and Rac1-mutant (Rac1 /1%%; Foxg1 @/ *)
neurons. Rac1-mutant neurons have a significantly increased complexity of the neurite formation ( p << 0.01 by ¢ test). D, E,
Immunostaining of B-tubulin Ill of Rac1 */* and Rac1-mutant neurons at 2 DIV. F, G, Double labeling of anti-3-tubulin Il
(green) and phalloidin (red) shows that F-actin is also concentrated in the growth cones of control and Rac1-mutant neurons. H,
1, Immunostaining of B-tubulin Il of control and Rac1-mutant neurons at 4 DIV. Note the extension of axons (arrow) in neurons
of both genotypes. Scale bar (in /): D, E, 80 um; F, G, 20 m; H, 1, 100 wm.

(Fazeli et al., 1997). Furthermore, genetic studies suggested that
CED-10/Rac is one of the downstream effectors of the UNC-40/
DCC signaling in Caenorhabditis elegans (Gitai et al., 2003). Col-
lectively, our results and the previous studies indicate that mam-
malian Racl may relay the signaling cascade from DCC in the
growth cone of callosal and commissural axons as suggested re-
cently (Shekarabi et al., 2005). In addition, Racl may have a
broader function in axon guidance because the deletion of Racl
also disrupts the formation of proper corticothalamic connec-
tions (Fig. 5). Together, we propose that Racl has important
functions in the growth cone for sensing a spectrum of external
guidance molecules. Future studies using in vitro cultures of
Racl-null neurons are needed to define the detailed mechanisms.

Differential roles of Racl in tangential versus radial

neuronal migration

Studies using dominant mutants suggest that Racl and/or Cdc42
modulate the assembly of microtubules during cell migration
(Watanabe et al., 2004; Raftopoulou and Hall, 2004). Consistent
with this hypothesis, in utero electroporation of dominant-
negative Racl or its upstream regulator STEF/Tiaml into VZ
progenitors in mouse embryos almost completely inhibited the
radial migration of cortical neurons (Kawauchi et al., 2003). It
was shown that 95% of layer 2—4 neurons were halted in the
intermediate zone of mutant Racl-transfected brains. However,
compared with this severe consequence after mutant Racl trans-
fection, the migration defect in cortical neurons caused by dele-
tion of Racl with Foxgl—Cre mice is milder. Our results indicate
that the inside-to-outside sequence of neurogenesis and migra-
tion is preserved in the Racl-deficient cerebrum (Fig. 6). The
different severity of migration defects between these two ap-
proaches suggests that overexpression of dominant-negative mu-
tants in previous studies may have altered the activity of other
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Figure 6.  Preserved radial migration of cortical neurons in the absence of Rac1 GTPase. A, B, Birth-dating analysis with BrdU injected at E10.5 and E11.5 and the embryos examined at E17.5.
Similar to control embryos, the majority of BrdU-positive, VI/SP neurons (highlighted by white lines) are located in the intermediate zone (IZ) of both control (Racl /M%) and Rac1-mutant
(Rac1 1o/M%: Foxg1 ®/+) embryos. MZ, Marginal zone. C—E, Birth-dating analysis with BrdU injected at E15.5 and the embryos examination at E18.5. The number of BrdU-positive cells in four equal
sectors (I-1V) of the cortex were quantified for comparison (3 embryos for each genotype and a total of 5640 cells were counted to derive the histogram). The percentage of BrdU-positive cells is
significantly increased in the bottom quarter (1) and decreased in the top quarter (V) of developing cerebral cortex in Rac1-mutatnt embryos (*p << 0.01 by t test). F, G, Inmunostaining of Brn1, a
marker of neurons destined for the upper cortical layer, shows more positively labeled cells in the IZ in E18.5 Rac1-mutant embryos compared with age-matched control embryos. This pattern is

consistent with delayed migration of cortical neurons. Scale bar (in G): A-D, 200 .m; F, G, 40 pum.
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Figure7.  Abnormal distribution of ventral telencephalon-derived interneuronsin Rac1 "/ Foxg1 “®'* embryos. 4, B, The
olfactory bulbs (arrow) were disproportionately small in E16.5 to E18.5 Rac1 ™®/1°%: Foxg1 '+ embryos compared with litter-
mates. C, D, Immunohistochemistry for GAD67 shows the LGE-derived GABAergic interneurons are markedly decreased in the olfactory
bulb of Rac1-mutant embryos. GL, Glomerular layer; GCL, granule cell layer. E, F, In contrast, GAD67-positive cells were detected in the
basal forebrain of both control and Rac1-mutant embryos. G-J, In situ hybridization of Lhx6.1 shows equal formation of GABAergic
interneurons in the MGE (small arrow) of control and Rac1-mutant embryos at E14.5. However, Lhx6.1-expressing cells are halted in the
mantle region of MGE (large arrow) in the Rac1-mutant embryos at E16.5 (/), when compared with control littermate embryos (/). K, L,
Immunostaining shows many GAD67-positive cells, a marker for cortical interneurons, in the cerebral cortex of E18.5 control embryos (K),
but not in Rac1-mutant embryos (L). Scale bar (in L): €, D, 100 m; E=J, 400 um; K, L, 40 pum.

Rho—GTPases that are collectively needed for the radial migra-

rons in the Foxgl—Cre-directed Racl mu-
tant embryos (Fig. 7), suggesting that Racl
has an essential role in the tangential mi-
gration of LGE- and MGE-derived neu-
rons. In situ hybridization of Lhx6.1 re-
veals that the MGE-derived neurons are
formed in the Racl-null embryos, but they
are halted in the mantle region of ventral
telencephalon unable to engage in the
long-distance ~ tangential ~ migration
(Anderson et al., 1997; Corbin et al., 2001;
Marin and Rubenstein, 2003). Although
the abnormality of TAG1-positive corti-
cofugal axons may contribute to tangential
migration defects in Foxgl—Cre-mediated
Racl mutant embryos (Denaxa et al.,
2001), the failure of migration in both ol-
factory and cortical interneurons suggests
cell-autonomous defects in the LGE- and
MGE-derived neurons.

Progenitor-specific function of Racl for
the competency of neuronal migration
Cell-autonomous defects in migration,
however, may be because of an inability to
execute cell movement (motility defect) or
improper expression of receptors for the
attractive and/or repulsive cues, rendering
the neurons unable to respond to environ-
mental cues for migration (competency
defect). In addition, previous studies have
shown that, before migration, neurons
have to enter a proper differentiation state

tion of cortical neurons. to use the cell movement machinery (Kuhar et al., 1993; Hatten,
In contrast to the mild defect of radial neuronal migration, ~ 1999). Because migration is so intimately linked to the establish-
there is a severe reduction of the olfactory and cortical interneu-  ment of cell fate, the defects of tangential migration of LGE- and
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MGE-derived interneurons in Racl/ A
Foxgl-Cre embryos may indicate
progenitor-specific functions of Racl for
establishing the competency of migration

in subsequent neurons. This is an exciting MGE
possibility, although almost nothing is
known about the role of Racl GTPasein B
neural progenitors (Govek et al., 2005).

To test this possibility, we have used a
second line of Cre-driver mice, the DIx5/
6—Cre—IRES-EGFP mice, to delete Racl in
the ventral telencephalon (Stenman et al.,
2003). An important difference between
these two lines of Cre-driver mice is that
Foxgl-directed Cre expression occurs in
neural progenitors in the VZ (Hebert and
McConnell, 2000), whereas the DIx5/6-
directed Cre expression starts in cells exit-
ing the VZ and into the SVZ (Fig. 8A).
Hence, the progenitor functions of Racl
are preserved in the VZ progenitors by
DIx5/6 —Cre-mediated deletion. We found
that, although both lines of mice produced
effective deletion of Racl in the striatum,
only Foxgl-Cre-mediated deletion of
Racl in the VZ progenitors caused defects
of tangential migration of LGE- and MGE-
derived interneurons. Therefore, the fail-
ure of tangential migration in Racl/
Foxgl—Cre embryos is not attributable to a
primary abnormality of cell motility. In-
stead, these contrasting outcomes suggest
a novel function of Racl during the VZ
progenitor differentiation to establish the
migratory competency of subsequent ven-
tral telencephalic neurons.

In conclusion, the present study of
regional-specific deletion of Racl uncovers its functions not
widely appreciated in previous studies using dominant mutants.
Specifically, our genetic study demonstrates that Racl has a crit-
ical role in axon guidance and in neural progenitor
differentiation.

Non-transgenic

LGE

DIx5/6-CIE (E14.5)
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