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Development/Plasticity/Repair

Absence of Fyn and Src Causes a Reeler-Like Phenotype

Gloria Kuo, Lionel Arnaud, Priscilla Kronstad-O’Brien, and Jonathan A. Cooper

Fred Hutchinson Cancer Research Center, Seattle, Washington 98109

Nonreceptor protein tyrosine kinases of the Src family regulate the survival, proliferation, differentiation, and motility of many cell types,
but their roles in brain development are unclear. Biochemical and in vitro experiments implicate Src and Fyn in the Reelin-dependent
tyrosine phosphorylation of Dab1, which controls the positioning of radially migrating neurons in many brain regions. However, genetic
evidence that either Src or Fyn mediates Reelin-dependent migrations in vivo has been lacking. Here, we report that, although Src is
dispensable and although the absence of Fyn causes an intermediate phenotype, the combined absence of Src and Fyn almost abolishes
tyrosine phosphorylation of Dab1 and causes defects in the fetal cortex and cerebellum very similar to those of dabI mutants of the same
age. Neurogenesis is not detectably affected, but the layering of neurons in the cortex is inverted, and the formation of the Purkinje plate
is impaired. This implies that Src and Fyn are needed for Reelin-dependent events during brain development.
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Introduction

The Src family of nonreceptor protein tyrosine kinases has been
highly conserved over metazoan evolution and plays key roles in
relaying signals that regulate cell proliferation, differentiation,
and motility (Brown and Cooper, 1996). At least three Src-family
kinases (SFKs)—Src, Fyn, and Yes—have been detected in the
developing mammalian brain (Cotton and Brugge, 1983; Mar-
tinez et al., 1987; Sudol et al., 1988; Cooke and Perlmutter, 1989;
Zhao et al., 1991; Umemori et al., 1992). Targeted knock-outs of
src and yes in the mouse do not lead to obvious defects in brain
development (Soriano et al., 1991; Stein et al., 1994; Lowell and
Soriano, 1996), although src is required for cultured cerebellar
neurons to extend neurites on certain surfaces (Ignelzi et al.,
1994). In contrast, fyn gene disruption causes obvious pheno-
types in the developing and adult brain. There are increased num-
bers of granule cells in the dentate gyrus and pyramidal neurons
in the CA3 region of the temporal hippocampus (Grant et al.,
1992), the dendrites of pyramidal neurons of layer V of the me-
dial cortex are misoriented (Sasaki et al., 2002), and late-
generated cortical neurons are found in deeper layers than nor-
mal (Yuasa et al., 2004). These defects likely reflect a requirement
for Fyn in neurons or their progenitors during development. In
addition, Fyn is important for other aspects of brain function.
Cultured neurons require fyn for neurite extension on specific
extracellular ligands (Beggs et al., 1994), whereas oligodendro-
cytes require Fyn for myelination (Umemori et al., 1994; Sperber
etal,, 2001). In mature neurons, Fyn is involved in the regulation
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of NMDA and AMPA receptors (Grant, 1996; Kojima et al., 1997;
Miyakawa et al., 1997; Narisawa-Saito et al., 1999), and Fyn mu-
tant mice exhibit defects in learning and memory (Grant et al.,
1992; Kojima et al., 1997).

Src-family kinases share a common mechanism of activation
and can phosphorylate many of the same substrate proteins in
cells, thus there is the potential for redundancy. Indeed, although
individual knock-outs of src, fyn, or yes do not impact the survival
of embryos or pups, 85-90% of src fyn double mutants die peri-
natally, and all src fyn yes triple mutants die early in gestation,
suggesting that these Src-family kinases can partially compensate
for each other in vivo (Stein et al., 1994; Klinghoffer et al., 1999).
Compensation is also suggested by the observation that Src and
Fyn kinase activities are slightly increased in fyn and src mutant
neonatal brains, respectively (Grant et al., 1995). Specific devel-
opmental phenotypes caused by combined mutations of fyn and
src or yes in the nervous system have not been described
previously.

The mammalian neocortex has characteristic laminations,
containing different neuron types arranged in stereotypical pat-
terns. Layer formation requires proper migrations of projection
neurons from their origins in the neuroepithelium that lines the
ventricles. Layering is disrupted by mutations that either affect
the migratory ability of the neurons or their ability to sense the
position at which they should cease migration (Walsh and Goffi-
net, 2000; Rice and Curran, 2001; Gupta et al., 2002). In particu-
lar, mutations in Reelin pathway genes cause distinctive abnor-
malities in many laminated brain regions, known as the Reeler
phenotype. Reelin is a secreted protein, made by Cajal-Retzius
neurons of the marginal zones of the neocortex and hippocam-
pus and in the nuclear transitory pathway and external granule
layer of the cerebellum (D’Arcangelo et al., 1995; Rice et al,,
1998). In the cortex, reln mutations prevent splitting of the pre-
plate and cause inversion of the cortical plate. In addition, the
radial glia, which serve both as neuronal precursors and as guides
for migration, show abnormal end feet and branching, and the
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projection neurons in the cortical plate are misoriented. In the
cerebellum, reln mutations prevent proper migrations of the Pur-
kinje cells, and an inner granule cell layer fails to form.

The combined mutation of vidlr and apoER2, or the single
mutation of dab1, also causes a Reeler phenotype. The gene prod-
ucts VIdlr, ApoER2, and Dabl are expressed by radial glia and
migrating cortical plate cells of the neocortex and hippocampus
and by Purkinje cells of the cerebellum. Vldr and ApoER2 are
receptors that bind to Reelin through their extracellular domains
and to Dab1 through their cytoplasmic domains (D’Arcangelo et
al., 1999; Hiesberger et al., 1999; Howell et al., 1999b). Dabl1 is an
intracellular protein that becomes tyrosine phosphorylated, and
then degraded, in response to Reelin (Rice et al., 1998; Hiesberger
etal., 1999; Howell et al., 1999a; Arnaud et al., 2003b; Bock et al.,
2004). An allele of Dabl that lacks the phosphorylated tyrosine
residues behaves as a null allele (Howell et al., 2000).

Despite the importance of tyrosine phosphorylation in Reelin
signaling, there have been no reports of a Reeler phenotype re-
sulting from mutations in tyrosine kinase genes. However, bio-
chemical and genetic evidence implicates Src-family kinases in
Reelin-induced Dab1 phosphorylation. Inhibitors of Src-family
kinases reduce Dabl1 tyrosine phosphorylation in vitro (Arnaud et
al., 2003a; Bock and Herz, 2003) and inhibit preplate splitting and
formation of a normal cortical plate in cortical slice cultures,
although layer inversion was not documented (Jossin et al.,
2003). In addition, fyn mutant neurons show reduced Dab1 ty-
rosine phosphorylation and degradation in response to Reelin
(Arnaud et al., 2003a; Bock and Herz, 2003). Additional reduc-
tions in Dab1 tyrosine phosphorylation and degradation occur if
src gene dosage is reduced in fyn homozygotes, suggesting partial
redundancy (Arnaud et al., 2003a).

Here, we provide genetic evidence suggesting that fyn and src
are partly redundant members of the Reelin pathway. Although
postnatal src fyn double homozygous mutant mice cannot be
analyzed, because of perinatal lethality (Stein et al., 1994), the
development of the src fyn double-mutant fetal brain strongly
resembles that of dabl mutants. Combined with previous results
showing that Src-family kinases are required for biochemical
events in Reelin signaling, the new data provide genetic evidence
implicating Fyn and Src in the Reelin signaling pathway.

Materials and Methods

Animals and tissue preparation. Animals were derived from an src fyn yes
breeding colony in the mixed C57BL/6 X 129Sv strain background and
genotyped as described previously (Arnaud et al., 2003a). Embryos were
removed from timed pregnant dams and cerebral hemispheres were dis-
sected for protein assays and neuron cultures. For protein analysis, em-
bryonic day 16.5 (E16.5) embryo cerebra were frozen on dry ice and
stored at —80°C until use. Neuron cultures were prepared essentially as
described previously (Herrick and Cooper, 2002; Arnaud et al., 2003a).
For histology, embryo heads were fixed in 4% paraformaldehyde, the
brains were dissected out and soaked overnight in 4, 10, 20, and 30%
sucrose, and equilibrated and embedded in OCT on dry ice. Sections
(812 pm thick) were stored frozen until use.

Protein analysis. Brain samples and neuron cultures were lysed in neu-
ron radioimmunoprecipitation assay buffer (Arnaud et al., 2003a) for
Western blotting or in NP-40 lysis buffer (1% NP-40, 100 mm NaCl, 50
mu NaF, 25 mm HEPES, pH 7.4, 10% glycerol, 2 mm EDTA, and protease
and phosphatase inhibitors) for immunoprecipitation. Protein concen-
trations were normalized using Bradford protein assay (Bio-Rad, Her-
cules, CA). Dab1l was immunoprecipitated using rabbit anti-Dabl (B3;a
kind gift from Brian Howell, National Institute of Neurological Disor-
ders and Stroke, Bethesda, MD), focal adhesion kinase (FAK) with
affinity-purified rabbit antibody (catalog #sc-558; Santa Cruz Biotech-
nology, Santa Cruz, CA), and p190 Rho GTPase-activating protein
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(GAP) with mouse clone D2D6 (Upstate Biotechnology, Lake Placid,
NY). Mixed protein A and protein G agarose (Santa Cruz Biotechnology)
was used for precipitation. Protein samples were analyzed on 8% poly-
acrylamide gels, as described previously (Arnaud et al., 2003a). Blots were
probed with mouse anti-phosphotyrosine 4G10 (Upstate Biotechnol-
ogy), rabbit anti-Src-family kinases (recognizing Src, Fyn, and Yes;
SRC-2; Santa Cruz Biotechnology), mouse anti-BIII tubulin (TuJ1; Co-
vance, Princeton, NJ), rabbit anti-FAK pTyr397 (catalog #44-624; Bio-
source International, Camarillo, CA), or the same antibodies used for
immunoprecipitation. Dabl tyrosine phosphorylation stoichiometry
was determined using Image] to quantify Western blot signals from blots
that probed first for phosphotyrosine and then stripped and reprobed for
Dab1 protein. Phosphorylation level was divided by Dab1 protein level to
calculate phosphorylation stoichiometry, relative to wild type. Means,
SEs, and numbers of determinations are shown.

Immunohistochemistry. Slides were rehydrated with PBS for 5 min and
blocked with 5% goat serum in PBS and 0.1% Tween 20 at room tem-
perature for 1 h. A 20 min boil with 0.01 M sodium citrate, pH 6.0, was
used for antigen retrieval. Slides were incubated with primary antibodies
overnight at 4°C, washed three times with PBS, and then incubated with
secondary antibodies for 2 h at room temperature, washed, incubated
with 4',6’-diamidino-2-phenylindole dihydrochloride (2.5 pg/ml;
Sigma, St. Louis, MO) in PBS for 5-10 min, washed, and mounted with
ProLong Gold (Invitrogen, Carlsbad, CA).

The following primary antibodies were used in 5% goat serum in PBS
plus 0.1% Tween 20: mouse anti-chondroitin sulfate proteoglycan
(CSPG; diluted 1:100; Sigma), rabbit anti-calretinin (1:1000; Chemicon,
Temecula, CA), rabbit anti-calbindin (1:400; Chemicon), guinea pig
anti-Brn1 (1:500; kind gift from Robert J. McEvilly, University of Cali-
fornia, San Diego, CA), rabbit anti-Tbr1 (1:1000; kind gift from Robert
Hevner, University of Washington, Seattle, WA), rabbit anti-Cuxl
(1:400; kind gift from Chris Walsh, Harvard Medical School, Boston,
MA), mouse anti-reelin (1:400; kind gift from André M. Goffinet, Uni-
versity of Louvain Medical School, Brussels, Belgium), and rabbit anti-
Dab1 B3 (1:400).

The following secondary antibodies were used at 1:400 in 20% goat
serum in PBS plus 0.1% Tween 20: Alexa Fluor 488 anti-mouse (Invitro-
gen), Alexa Fluor 568 anti-rabbit (Invitrogen), and FITC anti-guinea pig
(Jackson ImmunoResearch, West Grove, PA). Images were collected by
epifluorescence with MetaMorph software (Universal Imaging, Down-
ingtown, PA) and levels adjusted in Photoshop (Adobe Systems, San
Jose, CA). The distribution of neurons was quantified by dividing the
thickness of the cortex, excluding the ventricular zone, into nine bins of
equal thickness, and counting the labeled cells in each bin. For each
genotype, the mean and SE of counts from replicate sections from two
embryos from different litters were calculated, except for Cux1, in which
data are based on sections from a single embryo.

Results

Fyn- and Src-dependent protein phosphorylation in the
developing cortex

To investigate the roles of Src and Fyn in brain development, we
generated a breeding colony of src+/—fyn—/— mice and set up
timed matings. Because most, but not all, src—/—fyn—/— pups
die perinatally (Stein et al., 1994), we were concerned that surviv-
ing pups might represent a subpopulation with less severe phe-
notype. Therefore, we recovered embryos at E16.5 or E18.5 for
analysis.

We first studied the levels of Dab1 protein and tyrosine phos-
phorylation in embryonic cortex and in cultured cortical neurons
(Fig. 1). Protein extracts were prepared from cortices dissected
from littermate E16.5 embryos from a src+/—fyn—/— intercross
and from two wild-type E16.5 embryos from a different litter, and
were analyzed by Western blotting (Fig. 1a). Tyrosine phosphor-
ylation of some proteins (Fig. 14, asterisks) was reduced by ho-
mozygous mutation of fyn (lane 2) relative to controls (lanes 1
and 7). Phosphorylation was further reduced by heterozygous
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Figure1. Expression levelsand tyrosine phosphorylation of Dab1in mutant embryonicbrain
and neuron cultures. a, b, Protein extracts were prepared from E16.5 embryo brains. fyn—/—
littermate embryos with various src genotypes were obtained from a src+/—fyn—/— inter-
cross. Wild-type embryo brains were from another litter. a, Protein samples were analyzed
directly by immunoblotting for phosphotyrosine, neuron-specific BlIl tubulin, Src-family ki-
nases, and Dab1. The asterisks indicates proteins whose phosphorylation was reduced by src fyn
mutation. Note the reduction in Src-family kinase expression and the increase in Dab1 protein
levels as src and fyn gene dosages were reduced. b, Dab1 was immunoprecipitated from the
protein extracts in @ and immunoblotted for phosphotyrosine and Dab 1. Relative phosphoryla-
tion levels were calculated after densitometry. ¢, Protein extracts from independent E16.5 em-
bryo brains were analyzed by immunoprecipitation of Dab1, p190 Rho GAP, and FAK and im-
munoblotted with the indicated antibodies. Mutation of srcand fyn caused decreases in tyrosine
phosphorylation of Dab1, p190, and FAK, a smaller decrease in FAK autophosphorylation
(pTyr397), and increases in Dab1 protein level, with no effect on protein levels of p190 or FAK. d,
Number of experiments, mean, and SE of the stoichiometry of Dab1 tyrosine phosphorylation
from different experiments. e, Neurons from littermate fyn—/— embryos of various src geno-
types were cultured for 5 d and stimulated for 15 min with Reelin-containing or mock superna-
tants. Samples were analyzed by immunoblotting with antibodies to phosphotyrosine and
Dab1.f, Stoichiometry of tyrosine phosphorylation of Dab 1 after in vitro stimulation with Reelin.
Both basal and Reelin-stimulated tyrosine phosphorylation of Dab1 were greatly decreased in
src—/—fyn—/— (s—/—f—/—) neurons. WB, Western blot; IP,immunoprecipitation.

(lanes 3 and 5) or homozygous (lanes 4 and 6) mutation of src in
the fyn—/— background. Probing for neuron-specific BIII-
tubulin (TuJ1) showed equal loading and probing with an anti-
body that recognizes many SFKs showed the expected reductions
when fyn and src were mutated. As expected, if Dab1 degradation
depends on tyrosine phosphorylation, protein levels of Dabl
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were strongly increased by mutation of fyn and were further in-
creased by additional mutation of src. Dab1 tyrosine phosphory-
lation was then assessed by immunoprecipitating Dab1 and blot-
ting for phosphotyrosine (Fig. 1b,c). Although homozygous
mutation of fyn reduced Dab1 phosphorylation to ~20% of con-
trol (Arnaud et al., 2003a) (Fig. 1d), heterozygous and homozy-
gous mutation of src reduced the stoichiometry to ~14 and 3% of
control, respectively (Fig. 1d). We also assessed the tyrosine phos-
phorylation of two other proteins: p190 Rho GAP and FAK (Fig.
1¢). Tyrosine phosphorylation of p190 Rho GAP was reportedly
reduced in fyn—/— and reduced further in src—/—fyn—/— neo-
natal brains (Brouns et al., 2001). P190 is also a substrate for the
unrelated tyrosine kinase Arg (Hernandez et al., 2004). We de-
tected a major reduction in pl190 tyrosine phosphorylation
attributable to fyn mutation and a slight additional reduction
attributable to src mutation (Fig. 1c). FAK activation involves
autophosphorylation at Y397, followed by SFK-mediated
phosphorylation at other sites (Schlaepfer et al., 1999). Ac-
cordingly, we detected stronger decreases in overall FAK ty-
rosine phosphorylation than in phosphorylation at Y397,
when fyn alone or fyn and src were mutated (Fig. 1c). These
results show that primarily Fyn, and secondarily Src, is re-
quired for high-level phosphorylation of p190, FAK, and Dab1
in developing cortex.

To determine the effect of Reelin on Dab1 tyrosine phosphor-
ylation in the absence of Fyn and Src, neurons were prepared
from individual embryos derived from src+/—fyn—/— inter-
crosses. After genotyping, selected cultures were stimulated with
Reelin in vitro, and the phosphorylation of Dabl was measured.
As shown in Figure 1e, all cultures have high levels of Dab1 pro-
tein, as expected when Fyn is absent. Slight additional increases in
Dab1 protein level were detected as one or both copies of src were
deleted. However, there was a striking decrease in both the basal
and Reelin-stimulated levels of Dab1 tyrosine phosphorylation in
src+/—fyn—/— neurons (lanes 1-2) relative to fyn—/— neurons
(lanes 5-6), and an additional decrease in src—/—fyn—/— neu-
rons (lanes 3—4 and 7-8). Src—/—fyn—/— neurons had only
one-seventh the basal and Reelin-stimulated levels of Dabl ty-
rosine phosphorylation as fyn—/— neurons. Residual Reelin-
induced tyrosine phosphorylation of Dabl in src—/—fyn—/—
neurons is presumably attributable to other SFKs, such as Yes
or Lyn.

Effects of double mutation of fyn and src on cortical
development: expression of Reelin and Dabl

We examined the structure of the developing cortex in em-
bryos derived from src+/—fyn—/— intercrosses at E16.5 and
E18.5. For comparison, we used embryos of the same ages
derived from dabl+/— intercrosses. To control for regional
variation, we compared regions of dorsomedial cortex near
the hippocampus.

Fyn mutation, or src fyn double mutation, did not signifi-
cantly affect Reelin expression, which in all cases was restricted
to scattered neurons (presumably Cajal-Retzius neurons) in
the marginal zone (Fig. 2). However, as expected from West-
ern blots (Fig. 1), Dabl levels were increased throughout the
developing cortical plate, subplate, and ventricular zone in fyn
and src fyn mutants (Fig. 2). The Dabl antibody was specific,
because staining of dabl mutant cortex was strongly reduced
(Fig. 2).

Nissl staining revealed no significant differences in the brain
size, cortex thickness, or total number of nuclei in control,
fyn—/—,src—/—, or src—/—fyn—/— E18.5 embryos (supplemen-
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cortical plate, respectively; SP, subplate; IZ, intermediate zone; v, ventricle.

tal Figs. S1, S2, available at www.jneurosci.org as supplemental
material). In addition, we used antibodies to phosphohistone H3
to identify dividing cells at E16.5. The number and distribution of
dividing cells in src—/—fyn—/— cortex was similar to that in control
(supplemental Fig. S3, available at www.jneurosci.org as supplemen-
tal material). This suggests that symmetric and asymmetric divisions
in the neuroepithelium do not require Src or Fyn. However, there
clearly were differences in neuron positions, because there was a
cell-poor marginal zone in control, but not in dabl, fyn, or src fyn
mutant embryo cortices, and lamination was not clear in dabl and
src fyn mutants (supplemental Figs. S1, S4, available at www.
jneurosci.org as supplemental material).

Preplate splitting in src fyn mutant embryos

One of the earliest defects detected in the Reeler neocortex is
abnormal splitting of the preplate (Angevine and Sidman, 1961;
Sheppard and Pearlman, 1997). The preplate is composed of
Cajal-Retzius neurons, which migrate into the marginal zone
from either local or distant origins (Hevner et al., 2003;
Takiguchi-Hayashi et al., 2004), and subplate neurons, which
migrate radially from the neocortical ventricular zone to lie below
Cajal-Retzius neurons. Subsequent divisions in the neocortical
ventricular zone give rise to cortical plate neuroblasts, which en-
ter the subventricular zone and may go through one or two divi-
sions before migrating outward along or between radial glia
guides. Each neuron migrates almost to the pial surface, passing
between the subplate neurons and stopping short of the Cajal-
Retzius neurons in the marginal zone. The preplate is thus split
into subplate and Cajal-Retzius neurons. In the Reeler mouse,
subplate neurons remain close to the Cajal-Retzius neurons and
are displaced outward above the developing cortical plate to form
a “superplate.”

Dab1 staining is increased in the src—/—fyn—/— neocortex. Coronal sections of E18.5 neocortices were double
stained with antibodies against Reelin and Dab1. The separate channels are shown. All images were captured using the same
exposure time, and levels were adjusted equally. a- d, Reelin was expressed equally by scattered neurons in the marginal zone
across all genotypes. However, Dab1 staining was absentin dab—/— (b") and elevated in fyn—/— (¢’) and src—/—fyn—/—
(d") neocortices relative to wild-type (a") neocortex. ps, Pial surface; MZ, marginal zone; Il and V, layers II/Ill and V/VI of the
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We used antibodies to CSPG, which is
secreted by subplate neurons (Sheppard et
al., 1991; Sheppard and Pearlman, 1997),
to visualize the subplate. As shown in Fig-
ure 3, the subplate was readily detected in
E18.5 control embryos and was absent in
dabl—/— embryos (Fig. 3a,b). CSPG stain-
ing was more dispersed in fyn—/— cortex
(Fig.  3¢) and was weak in
src—/—fyn—/— cortex (Fig. 3d). Similar
results were obtained at E16.5 (Fig. 3e,f)
and at E18.5 with antibodies to calretinin,
which marks cells and axons in the subplate
and marginal zone (Fonseca et al., 1995)
(Fig. 3g,h). The defects in preplate splitting
likely contribute to the hypercellularity of
the marginal zone in mutant embryos
(supplemental Figs. S1, S4, available at
WWW.
jneurosci.org as supplemental material).

Cortical inversion in src fyn

mutant embryos

Because each cortical plate neuron stops
migrating when it reaches the edge of the
marginal zone, the outer, shallower layers
of wild-type cortex contain younger neu-
rons than the inner, deeper layers (Rakic,
1972; Caviness and Sidman, 1973; Cavi-
ness, 1982). In the Reeler mutant mouse,
this inside-out layering order is inverted
(Caviness and Sidman, 1973; Caviness, 1982). The later-born
neurons seem to have difficulty passing their earlier siblings,
which are in abnormally close contact with radial glia fibers
(Pinto-Lord et al., 1982). The cortex is also inverted in dabl
mutants, and dabl mutant neurons remain closely associated
with radial glia fibers (Gonzalez et al., 1997; Howell et al., 1997;
Sheldon et al., 1997; Sanada et al., 2004).

Layering of the cortical plate in fyn src mutant cortex was
assessed using layer-specific markers at E18.5. Tbrl1 is expressed
in the preplate and cortical plate, most abundantly in the subplate
and layer VI cortical plate neurons (Hevner et al., 2001) (Fig. 4a).
In dabl mutants, as shown before (Herrick and Cooper, 2002),
Tbrl+ neurons migrate excessively and are found in the mar-
ginal zone and upper cortical plate (Fig. 4b). In src fyn double-
mutant cortex, Tbrl+ neurons were present in superficial layers
of the cortex and marginal zone (Fig. 4d). This suggests that src
fyn mutation, like dabl mutation, causes early-born cortical plate
neurons to migrate excessively into the Reelin-containing mar-
ginal zone.

We used Brnl and Cuxl as markers for late cortical plate
neurons. Brnl is expressed throughout the cortical plate but at
highest levels in layers II-IV (McEvilly et al., 2002). Similarly,
Cuxl is most strongly expressed by a subset of layer II-IV neu-
rons (Feng and Walsh, 2004; Nieto et al., 2004). It is not clear
whether Cux1 and Brn1 are always coexpressed. By E18.5 in wild-
type cortex, most Brnl+ and Cux1+ neurons have settled in the
upper cortical plate (Fig. 4e). In dabl mutant cortex, Brnl and
Cux1 were expressed at high levels in the lower cortical plate, as
well as in the intermediate zone (Fig. 4f), although some neurons
in the intermediate zone were Brnl and Cux1 positive and were
presumably in transit (Fig. 4e). This is consistent with cortical
plate inversion. In src fyn double-mutant cortex, Cuxl+ and
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Brnl+ neurons were excluded from the
marginal zone and upper cortical plate and
were positioned in the lower cortical plate,
as in the dabl mutant (Fig. 4h). The corti-
cal phenotypes were quantified and are
shown in Figure 4i—k. The results show
that src fyn mutation causes layer inversion
similar to, but not as pronounced as, dabl
mutation. Although only five E18.5 and
four E16.5 src fyn double-mutant embryos
were analyzed using Tbrl and Brnl, layer
inversion was found in all cases. This is sta-
tistically significant (p < 0.005; x test).

The fyn mutant phenotype was more
subtle. Tbrl+ neurons were positioned
above the residual subplate in a broader
region than in controls (Fig. 4c). Fyn—/—
Tbrl+ neurons were not detected in the
upper layers or marginal zone. This sug-
gests that, although most Tbrl+ neurons
responded to Reelin and positioned appro-
priately, some may have migrated exces-
sively before settling. Cux1+ neurons were
found in a broad region, including the
marginal zone and entire cortical plate
down to the top of the residual subplate
(Fig. 4¢). Thus, some late-born Cuxl+
neurons have overmigrated into the mar-
ginal zone, some are positioned correctly
in the upper cortical plate, some are mis-
positioned in the lower cortical plate, and yet others are in transit
in the intermediate zone. Brnl+ neurons were also broadly scat-
tered, but a majority were positioned, as in dabl mutant cortex, at
the bottom of the cortical plate (Fig. 4¢). This suggests a partial
Reeler phenotype, with most early cortical plate neurons posi-
tioned correctly. Some late cortical plate neurons may be trapped
below excessively adherent early cortical plate neurons, whereas
others successfully migrated into the upper cortical plate but
failed to stop at the Reelin-containing marginal zone.

In contrast to fyn mutant cortex, the positions of Tbr1+ and
Brnl+ neurons in src—/— cortex were normal (supplemental
Fig. S2, available at www.jneurosci.org as supplemental mate-
rial). Thus, Src is only needed for cortical lamination when Fyn is
absent.

Figure 3.

Cerebellar Purkinje cell migrations require Src and Fyn

Cerebellar Purkinje cells arise between E11 and E13 and migrate
outwards along radial glia to lie below the external granule layer.
In Reeler mutants, the Purkinje cells move away from the ven-
tricular zone but do not reach the Purkinje plate (Rice and Cur-
ran, 2001). Although the primary defect is unknown, Purkinje
cells appear to be obstructed by disorganized radial glia in the
intermediate zone (Yuasa et al., 1993). Purkinje cells can be de-
tected with antibodies to calbindin (Jande et al., 1981) or Dabl
(Gallagher et al., 1998; Rice et al., 1998). At E18.5, calbindin
staining revealed a Purkinje layer in wild-type embryos, with
characteristic gaps corresponding to future parasagittal stripes (Fig.
5a). In both dabl and src fyn mutants, most Purkinje cells were
misplaced in clusters between the ventricular zone and the external
granule layer, although a partial Purkinje layer was detected in src fyn
cerebellum (Fig. 5b,¢). Similar results were obtained with Dabl
staining (supplemental Fig. S5, available at www.jneurosci.org as
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fyn”-

src”-fyn”-

The src—/—fyn—/— mutant shows defects in preplate splitting. a, b, (SPG antibody stained the subplate in
wild-type E18.5 neocortex (a) and faintly stained the superplate and scattered subplate cells in dab7—/— (b). ¢, d, Subplate
staining was dispersed in fyn—/— (c), and CSPG+ cells were dispersed through the cortical plate in src—/—fyn—/— (d). e, f,
(SPGstaining atE16.5 in wild-type (e) and src—/— fyn—/— (f) showed the same pattern seen at E18.5. g, h, Calretinin staining
was detected in the subplate of wild type (g) but stained fibers and cells throughout the src—/—fyn—/— cortex (h). Scale bars:
a(fora—f), g (forg, h), 100 . ps, Pial surface; sp, subplate; v, ventricle; CalR, calretinin.

supplemental material). Thus, the dabl and src fyn double mutation
cause similar defects in Purkinje cell migration in the cerebellum.

Discussion

Although mutational activation of Src-related kinases can have
dramatic effects on cell biology, ranging from malignant trans-
formation to induction of differentiation, loss-of-function mu-
tations cause a phenotype in only a subset of the cells in which the
genes are normally expressed. Here, we report that src—/— em-
bryo brains seem normal, whereas fyn—/— embryo brains have a
complex phenotype, with scattering of both early and late cortical
neurons into inappropriate layers. However, the phenotype is
clearly distinct from dabl, and, by implication, from Reeler. In
contrast, mutation of both src and fyn reveals a phenotype that is
similar to, but less severe than, the dabI null and Reeler pheno-
types. The marginal zone is hypercellular, and the cortical plate is
inverted (Fig. 4). This phenotype correlates with a virtual absence
of Reelin-induced Dab1 tyrosine phosphorylation and Dab1 deg-
radation in cultured src—/—fyn—/— neurons and in fetal cortex
(Fig. 1). These results provide genetic evidence that src/fyn, to-
gether with reelin, vidlr/apoer2, and dabl, are involved in the
Reelin signaling pathway.

Src fyn double-mutant fetal brains are subtly different from
those of dabl mutants. There is a residual subplate, the cortical
plate is not as clearly inverted, and a rudimentary Purkinje plate is
detected. The incomplete phenotype is consistent with the slight
residual response of cultured src—/—fyn—/— neurons to Reelin
stimulation and is likely attributable to other Src-family kinases.
Yesand lyn are also expressed at low levels in developing forebrain
(Sudol et al., 1988; Zhao et al., 1991; Umemori et al., 1992) and
are candidates for phosphorylation of Dabl when Fyn and Src are
absent. However, brain development cannot be studied in
src—/—fyn—/—yes—/— mutant embryos because they die too
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Figure 4.

Pial surface; v, ventricle; WT, wild type.

early (Klinghoffer et al., 1999). Src—/—fyn—/—Ilyn—/— mutant
embryos have not been generated.

Adult fyn—/— mouse cortex has a clear marginal zone and
normally placed early cortical plate neurons (assessed by BrdU
labeling on E13) (Yuasa et al., 2004) (T. Herrick and J. A. Cooper,
unpublished results). However, layer II-1II neurons (detected
using BrdU on E16 or using antibodies to calmodulin-regulated
kinase II) are deeper than normal, suggesting that Fyn is impor-

Cortical lamination is inverted in the src—/—fyn—/— mutant. a—d, E18.5 cortices stained with antibodies to
Tbr1 (red) and Brm1 (green). e— h, Staining with antibodies to Cux1 (red) and Brn1 (green). Tbr1 marks subplate and early-born
cortical plate neurons, whereas Cux1and Brn1 mark overlapping populations of late-born cortical plate neurons. Note approx-
imate layer inversion in dab7—/— and src—/—fyn—/— relative to wild type. i- k, Quantification of phenotypes. The per-
centage of Tor1+ (i), Brn1+ (), and Cux1+ (k) in different layers from marginal zone (bin 1) to the top of the ventricular zone
(bin 9) was calculated based on replicate sections from one (Cux1) or two (Tbr1 and Brn1) embryos of each genotype. Thr1 and
Brn1 staining of a total of five E18.5 and four E16.5 src—/—fyn—/— cortices showed that all had an inverted cortical plate. ps,
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tant for these neurons to migrate to the
marginal zone (Yuasa et al., 2004). Our
analysis of fyn—/— fetal cortex suggests
that preplate splitting is incomplete, that
some early cortical plate neurons are shal-
lower, and that later cortical plate neu-
rons are found in both shallower and
deeper positions than normal. These dif-
ferences may be attributable to strain
background or to changes in neuron
position during postnatal development.

One surprising outcome of this study is
that neuron numbers and cell proliferation
in the cortex were not detectably altered
when Fyn and Src were absent, although
there was an overall reduction in tyrosine
phosphorylation of many cell proteins. The
role of Src-family kinases in proliferation of
other cell types is controversial. It is clear
that Ick gene disruption causes reduced
numbers of thymocytes, but this appears to
be because of a block before a proliferative
developmental stage (Molina et al., 1992).
Disruption of other SFK genes generally
does not cause decreases in cell numbers
(Lowell and Soriano, 1996). For example,
src disruption does not interfere with oste-
oclast numbers, but does interfere with
their function in resorbing bone (Boyce et
al., 1992). In an extreme case, mutation of
src, hek, fgr, and Iyn does not inhibit blood
platelet production, but the platelets are de-
fective (Obergfell et al., 2002; Lowell, 2004).
In addition, immortalized fibroblasts that
lack src, fyn, and yes proliferate and respond
to growth factors (Klinghoffer et al., 1999).
However, primary fibroblasts fail to prolif-
erate in response to growth factors if SFK
activity is inhibited (Broome and Courtnei-
dge, 2000). Thus, SFKs are required for pro-
liferation of some cell types under some
conditions. Our results do not exclude a re-
quirement for low-level SFK activity in neu-
ronal progenitors for their symmetric and
asymmetric divisions, but we do suggest
that SFK activity can be greatly reduced (to
<5% of normal, judging from Dab1 phos-
phorylation) without compromising prolif-
eration of neuronal precursors and produc-
tion of postmitotic neurons.

Another conclusion of this study is
that neurons can migrate in the absence of
Src and Fyn. Src—/—fyn—/— Cajal-
Retzius, as well as subplate and cortical
plate neurons all migrate successfully
away from their origins. In many cell types, Src-family kinases
are important for cytoskeletal remodeling and cell movements
in response to integrin and other signals from the exterior
(Boyce et al., 1992; Klinghoffer et al., 1999; Obergfell et al.,
2002; Lowell, 2004). We and others have observed that ty-
rosine phosphorylation of p190 Rho GAP and FAK is inhibited
in fyn—/— and src—/—fyn—/— embryo cortex (Grant et al.,
1995; Brouns et al., 2001). In fibroblasts, p190 and FAK are

src '/'fyn <
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a wildtype
pcl

Figure5.  Purkinje cell migration defects in src—/—fyn—/— cerebellum. Coronal sections
of E18.5 cerebellum were stained with antibody to calbindin and 4',6’-diamidino-2-
phenylindole dihydrochloride (DAPI) to show nuclei. Each figure is a montage of high-power
images. a, Purkinje cells in the wild-type cerebellum had largely migrated out to form the
Purkinje cell layer. b, In the dab7—/— cerebellum, Purkinje cells were located in clusters deep
inthe cerebellum. ¢, A partial phenotype was seen in the src—/—fyn—/— cerebellum, where
avestigial partial Purkinje cell layer had formed, but most Purkinje cells were in clusters deep in
the cerebellum. In all cases, an external granule layer could be detected. mb, midbrain; pcl,
Purkinje cell layer; Pj, ectopic Purkinje cells; egl, external granule layer; vz, ventricular zone; v4,
fourth ventricle. The asterisks indicate fiber tracts.

both important for integrin signaling and cell movement (Ilic
etal., 1995; Parsons and Parsons, 1997; Schlaepfer et al., 1999;
Arthur et al., 2000; Kulkarni et al., 2000). p190 deletion inhib-
its axon guidance and fasciculation (Brouns et al., 2001).
Serine phosphorylation of FAK is important for radial migra-
tions (Xie etal., 2003), and FAK is required for normal cortical
lamination (Beggs et al., 2003), but it is not known whether
FAK tyrosine phosphorylation is required. In addition, FAK
and Src-family kinases are involved in axon guidance deci-
sions (Liu et al., 2004). However, Src kinase inhibitors do not
inhibit neuronal migration in cortical slices (Jossin et al.,
2003). Although SFKs are important for organization of the
actin cytoskeleton, cortical neuron migrations are heavily re-
liant on microtubules (Walsh and Goffinet, 2000; Gupta et al.,
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2002; Xie et al., 2003). Together, these results suggest that
neurons migrate independently of Src-family-catalyzed phos-
phorylation events.

To date, the Reeler phenotype results whenever mutations are
made in components acting in the signaling cascade. Thus, mu-
tations in Reelin, its receptors VIdlr and ApoER?2, the substrate
Dabl, and, as shown here, the tyrosine kinases Fyn and Src, all
cause a Reeler-like phenotype. When homozygous mutations at
different levels of the cascade have been combined, there are no
additional phenotypes, implying that the pathway is linear (How-
ell et al., 1999a). However, genetic interactions have not been
apparent when transheterozygotes of reelin and dabl are pre-
pared (B. Howell and Cooper, unpublished results). The pathway
seems to be robustly buffered from variation, presumably by neg-
ative feedback loops such as the regulation of Dab1 protein levels
after Reelin stimulation. It will be interesting to see whether other
components in the signaling cascade, working downstream of
activated Src-family kinases and Dabl, are also required for nor-
mal neuron positioning.

References

Angevine JB, Sidman RL (1961) Autoradiographic study of cell migration
during histogenesis of cerebral cortex in the mouse. Nature 25:766—768.

Arnaud L, Ballif BA, Forster E, Cooper JA (2003a) Fyn tyrosine kinase is a
critical regulator of disabled-1 during brain development. Curr Biol
13:9-17.

Arnaud L, Ballif BA, Cooper JA (2003b) Regulation of protein tyrosine ki-
nase signaling by substrate degradation during brain development. Mol
Cell Biol 23:9293-9302.

Arthur WT, Petch LA, Burridge K (2000) Integrin engagement suppresses
RhoA activity via a c-src-dependent mechanism. Curr Biol 10:719-722.

Beggs HE, Soriano P, Maness PF (1994) NCAM-dependent neurite out-
growth is inhibited in neurons from fyn-minus mice. J Cell Biol
127:825-833.

Beggs HE, Schahin-Reed D, Zang K, Goebbels S, Nave KA, Gorski ], Jones KR,
Sretavan D, Reichardt LF (2003) FAK deficiency in cells contributing to
the basal lamina results in cortical abnormalities resembling congenital
muscular dystrophies. Neuron 40:501-514.

Bock HH, Herz ] (2003) Reelin activates SRC family tyrosine kinases in
neurons. Curr Biol 13:18-26.

Bock HH, Jossin Y, May P, Bergner O, Herz J (2004) Apolipoprotein E
receptors are required for reelin-induced proteasomal degradation of the
neuronal adaptor protein disabled-1. ] Biol Chem 279:33471-33479.

Boyce BF, Yoneda T, Lowe C, Soriano P, Mundy GR (1992) Requirement of
pp60c-src expression for osteoclasts to form ruffled borders and resorb
bone in mice. J Clin Invest 90:1622-1627.

Broome MA, Courtneidge SA (2000) No requirement for src family kinases
for PDGF signaling in fibroblasts expressing SV40 large T antigen. Onco-
gene 19:2867-2869.

Brouns MR, Matheson SF, Settleman ] (2001) p190 RhoGAP is the principal
Src substrate in brain and regulates axon outgrowth, guidance and fascic-
ulation. Nat Cell Biol 3:361-367.

Brown MT, Cooper JA (1996) Regulation, substrates, and functions of Src.
Biochim Biophys Acta 1287:121-149.

Caviness Jr VS (1982) Neocortical histogenesis in normal and reeler mice: a
developmental study based upon [3H|thymidine autoradiography. Brain
Res 256:293-302.

Caviness Jr VS, Sidman RL (1973) Time of origin of corresponding cell
classes in the cerebral cortex of normal and reeler mutant mice: an auto-
radiographic analysis. ] Comp Neurol 148:141-151.

Cooke MP, Perlmutter RM (1989) Expression of a novel form of the fyn
proto-oncogene in hematopoietic cells. New Biol 1:66-74.

Cotton PC, Brugge JS (1983) Neural tissues express high levels of the cellular
src gene product pp60 <**. Mol Cell Biol 3:1157-1162.

D’Arcangelo G, Miao GG, Chen SC, Soares HD, Morgan JI, Curran T (1995)
A protein related to extracellular matrix proteins deleted in the mouse
mutant reeler. Nature 374:719-723.

D’Arcangelo G, Homayouni R, Keshvara L, Rice DS, Sheldon M, Curran T
(1999) Reelin is a ligand for lipoprotein receptors. Neuron 24:471-479.



Kuo et al. ® Reelin Signaling Requires Fyn and Src

Feng Y, Walsh CA (2004) Mitotic spindle regulation by Ndel controls cere-
bral cortical size. Neuron 44:279-293.

Fonseca M, del Rio JA, Martinez A, Gomez S, Soriano E (1995) Develop-
ment of calretinin immunoreactivity in the neocortex of the rat. ] Comp
Neurol 361:177-192.

Gallagher E, Howell BW, Soriano P, Cooper JA, Hawkes R (1998) Cerebellar
abnormalities in the disabled (mdabl-1) mouse. ] Comp Neurol
402:238-251.

Gonzalez JL, Russo CJ, Goldowitz D, Sweet HO, Davisson MT, Walsh CA
(1997) Birthdate and cell marker analysis of scrambler: a novel mutation
affecting cortical development with a reeler-like phenotype. J Neurosci
17:9204-9211.

Grant SG (1996) Analysis of NMDA receptor mediated synaptic plasticity
using gene targeting: roles of Fyn and FAK non-receptor tyrosine kinases.
J Physiol (Paris) 90:337-338.

Grant SG, O’Dell TJ, Karl KA, Stein PL, Soriano P, Kandel ER (1992) Im-
paired long-term potentiation, spatial learning, and hippocampal devel-
opment in fyn mutant mice. Science 258:1903-1910.

Grant SG, Karl KA, Kiebler MA, Kandel ER (1995) Focal adhesion kinase in
the brain: novel subcellular localization and specific regulation by Fyn
tyrosine kinase in mutant mice. Genes Dev 9:1909-1921.

Gupta A, Tsai LH, Wynshaw-Boris A (2002) Life is a journey: a genetic look
at neocortical development. Nat Rev Genet 3:342-355.

Hernandez SE, Settleman J, Koleske A] (2004) Adhesion-dependent regula-
tion of pl90RhoGAP in the developing brain by the Abl-related gene
tyrosine kinase. Curr Biol 14:691-696.

Herrick TM, Cooper JA (2002) A hypomorphic allele of dabl reveals re-
gional differences in reelin-Dab1 signaling during brain development.
Development 129:787-796.

Hevner RF, Shi L, Justice N, Hsueh Y, Sheng M, Smiga S, Bulfone A, Goffinet
AM, Campagnoni AT, Rubenstein JL (2001) Tbrl regulates differentia-
tion of the preplate and layer 6. Neuron 29:353-366.

Hevner RF, Neogi T, Englund C, Daza RA, Fink A (2003) Cajal-Retzius cells
in the mouse: transcription factors, neurotransmitters, and birthdays sug-
gest a pallial origin. Brain Res Dev Brain Res 141:39-53.

Hiesberger T, Trommsdorff M, Howell BW, Goffinet A, Mumby MC, Cooper
JA, Herz] (1999) Direct binding of Reelin to VLDL receptor and ApoE
receptor 2 induces tyrosine phosphorylation of disabled-1 and modulates
tau phosphorylation. Neuron 24:481-489.

Howell BW, Hawkes R, Soriano P, Cooper JA (1997) Neuronal position in
the developing brain is regulated by mouse disabled-1. Nature
389:733-737.

Howell BW, Herrick TM, Cooper JA (1999a) Reelin-induced tyrosine phos-
phorylation of disabled 1 during neuronal positioning. Genes Dev
13:643-648.

Howell BW, Lanier LM, Frank R, Gertler FB, Cooper JA (1999b) The dis-
abled 1 phosphotyrosine-binding domain binds to the internalization
signals of transmembrane glycoproteins and to phospholipids. Mol Cell
Biol 19:5179-5188.

Howell BW, Herrick TM, Hildebrand JD, Zhang Y, Cooper JA (2000) Dabl
tyrosine phosphorylation sites relay positional signals during mouse brain
development. Curr Biol 10:877—-885.

Ignelzi MAJ, Miller DR, Soriano P, Maness PF (1994) Impaired neurite out-
growth of src-minus cerebellar neurons on the cell adhesion molecule L1.
Neuron 12:873—884.

Ilic D, Furuta Y, Kanazawa S, Takeda N, Sobue K, Nakatsuji N, Nomura S,
Fujimoto J, Okada M, Yamamoto T (1995) Reduced cell motility and
enhanced focal adhesion contact formation in cells from FAK-deficient
mice. Nature 377:539-544.

Jande SS, Maler L, Lawson DE (1981) Immunohistochemical mapping of
vitamin D-dependent calcium-binding protein in brain. Nature
294:765-767.

JossinY, Ogawa M, Metin C, Tissir F, Goffinet AM (2003) Inhibition of SRC
family kinases and non-classical protein kinases C induce a reeler-like
malformation of cortical plate development. ] Neurosci 23:9953-9959.

Klinghoffer RA, Sachsenmaier C, Cooper JA, Soriano P (1999) Src family
kinases are required for integrin but not PDGFR signal transduction.
EMBO ] 18:2459-2471.

Kojima N, Wang J, Mansuy IM, Grant SG, Mayford M, Kandel ER (1997)
Rescuing impairment of long-term potentiation in fyn-deficient mice by
introducing Fyn transgene. Proc Natl Acad Sci USA 94:4761-4765.

J. Neurosci., September 14, 2005 - 25(37):8578 — 8586 = 8585

Kulkarni SV, Gish G, van der Geer P, Henkemeyer M, Pawson T (2000) Role
of p120 Ras-GAP in directed cell movement. J Cell Biol 149:457—470.
Liu G, Beggs H, Jurgensen C, Park HT, Tang H, Gorski J, Jones KR, Reichardt
LF, Wu J, Rao Y (2004) Netrin requires focal adhesion kinase and Src
family kinases for axon outgrowth and attraction. Nat Neurosci

7:1222-1232.

Lowell CA (2004) Src-family kinases: rheostats of immune cell signaling.
Mol Immunol 41:631-643.

Lowell CA, Soriano P (1996) Knockouts of Src-family kinases: stiff bones,
wimpy T cells, and bad memories. Genes Dev 10:1845-1857.

Martinez R, Mathey-Prevot B, Bernards A, Baltimore D (1987) Neuronal
pp60 < contains a six-amino acid insertion relative to its non-neuronal
counterpart. Science 237:411-415.

McEyvilly R], de Diaz MO, Schonemann MD, Hooshmand F, Rosenfeld MG
(2002) Transcriptional regulation of cortical neuron migration by POU
domain factors. Science 295:1528 -1532.

Miyakawa T, Yagi T, Kitazawa H, Yasuda M, Kawai N, Tsuboi K, Niki H
(1997) Fyn-kinase as a determinant of ethanol sensitivity: relation to
NMDA-receptor function. Science 278:698-701.

Molina TJ, Kishihara K, Siderovski DP, van Ewijk W, Narendran A, Timms E,
Wakeham A, Paige CJ, Hartmann KU, Veillette A, Davidson D, Mak TW
(1992) Profound block in thymocyte development in mice lacking
p56lck. Nature 357:161-164.

Narisawa-Saito M, Silva AJ, Yamaguchi T, Hayashi T, Yamamoto T, Nawa H
(1999) Growth factor-mediated Fyn signaling regulates alpha-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor expres-
sion in rodent neocortical neurons. Proc Natl Acad Sci USA
96:2461-2466.

Nieto M, Monuki ES, Tang H, Imitola J, Haubst N, Khoury SJ, Cunningham
J, Gotz M, Walsh CA (2004) Expression of Cux-1 and Cux-2 in the
subventricular zone and upper layers II-IV of the cerebral cortex. ] Comp
Neurol 479:168-180.

Obergfell A, Eto K, Mocsai A, Buensuceso C, Moores SL, Brugge JS, Lowell
CA, Shattil §J (2002) Coordinate interactions of Csk, Src, and Syk ki-
nases with [alpha]IIb[beta]3 initiate integrin signaling to the cytoskele-
ton. J Cell Biol 157:265-275.

Parsons JT, Parsons S] (1997) Src family protein tyrosine kinases: cooperat-
ing with growth factor and adhesion signaling pathways. Curr Opin Cell
Biol 9:187-192.

Pinto-Lord MC, Evrard P, Caviness Jr VS (1982) Obstructed neuronal mi-
gration along radial glial fibers in the neocortex of the reeler mouse: a
Golgi-EM analysis. Brain Res 256:379-393.

Rakic P (1972) Mode of cell migration to the superficial layers of fetal mon-
key neocortex. ] Comp Neurol 145:61-83.

Rice DS, Curran T (2001) Role of the reelin signaling pathway in central
nervous system development. Annu Rev Neurosci 24:1005-1039.

Rice DS, Sheldon M, D’Arcangelo G, Nakajima K, Goldowitz D, Curran T
(1998) Disabled-1 acts downstream of Reelin in a signaling pathway that
controls laminar organization in the mammalian brain. Development
125:3719-3729.

Sanada K, Gupta A, Tsai LH (2004) Disabled-1-regulated adhesion of mi-
grating neurons to radial glial fiber contributes to neuronal positioning
during early corticogenesis. Neuron 42:197-211.

Sasaki Y, Cheng C, Uchida Y, Nakajima O, Ohshima T, Yagi T, Taniguchi M,
Nakayama T, Kishida R, Kudo Y, Ohno S, Nakamura F, Goshima Y
(2002) Fyn and Cdk5 mediate semaphorin-3A signaling, which is in-
volved in regulation of dendrite orientation in cerebral cortex. Neuron
35:907-920.

Schlaepfer DD, Hauck CR, Sieg DJ (1999) Signaling through focal adhesion
kinase. Prog Biophys Mol Biol 71:435—-478.

Sheldon M, Rice DS, Darcangelo G, Yoneshima H, Nakajima K, Mikoshiba K,
Howell BW, Cooper JA, Goldowitz D, Curran T (1997) Scrambler and
yotari disrupt the disabled gene and produce a reeler-like phenotype in
mice. Nature 389:730-733.

Sheppard AM, Pearlman AL (1997) Abnormal reorganization of preplate
neurons and their associated extracellular matrix: an early manifestation
of altered neocortical development in the reeler mutant mouse. ] Comp
Neurol 378:173-179.

Sheppard AM, Hamilton SK, Pearlman AL (1991) Changes in the distri-
bution of extracellular matrix components accompany early morpho-



8586 - J. Neurosci., September 14, 2005 - 25(37):8578 — 8586

genetic events of mammalian cortical development. J Neurosci
11:3928-3942.

Soriano P, Montgomery C, Geske R, Bradley A (1991) Targeted disruption
of the c-src proto-oncogene leads to osteopetrosis in mice. Cell
64:693-702.

Sperber BR, Boyle-Walsh EA, Engleka MJ, Gadue P, Peterson AC, Stein PL,
Scherer SS, McMorris FA (2001) A unique role for Fyn in CNS myelina-
tion. ] Neurosci 21:2039-2047.

Stein PL, Vogel H, Soriano P (1994) Combined deficiencies of Src, Fyn and
Yes tyrosine kinases in mutant mice. Genes Dev 8:1999-2007.

Sudol M, Alvarez-Buylla A, Hanafusa H (1988) Differential developmental
expression of cellular yes and cellular src proteins in cerebellum. Onco-
gene Res 2:345-355.

Takiguchi-Hayashi K, Sekiguchi M, Ashigaki S, Takamatsu M, Hasegawa H,
Suzuki-Migishima R, Yokoyama M, Nakanishi S, Tanabe Y (2004) Gen-
eration of reelin-positive marginal zone cells from the caudomedial wall
of telencephalic vesicles. ] Neurosci 24:2286-2295.

Umemori H, Wanaka A, Kato H, Takeuchi M, Tohyama M, Yamamoto T
(1992) Specific expressions of Fyn and Lyn, lymphocyte antigen

Kuo et al. ® Reelin Signaling Requires Fyn and Src

receptor-associated tyrosine kinases, in the central nervous system. Brain
Res Mol Brain Res 16:303-310.

Umemori H, Sato S, Yagi T, Aizawa S, Yamamoto T (1994) Initial events
of myelination involve Fyn tyrosine kinase signalling. Nature
367:572-576.

Walsh CA, Goffinet AM (2000) Potential mechanisms of mutations that
affect neuronal migration in man and mouse. Curr Opin Genet Dev
10:270-274.

Xie Z, Sanada K, Samuels BA, Shih H, Tsai LH (2003) Serine 732 phosphor-
ylation of FAK by Cdk5 is important for microtubule organization, nu-
clear movement, and neuronal migration. Cell 114:469—482.

Yuasa S, Kitoh J, Oda S, Kawamura K (1993) Obstructed migration of Pur-
kinje cells in the developing cerebellum of the reeler mutant mouse. Anat
Embryol (Berl) 188:317-329.

Yuasa S, Hattori K, Yagi T (2004) Defective neocortical development in
Fyn-tyrosine-kinase-deficient mice. NeuroReport 15:819—822.

Zhao YH, Baker H, Walaas SI, Sudol M (1991) Localization of p62c-yes
protein in mammalian neural tissues. Oncogene 6:1725-1733.



