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Cyclin-dependent kinase (Cdk) 5 is a unique member of the Cdk
family, because Cdk5 kinase activity is detected only in the nervous
tissue. Two neuron-specific activating subunits of Cdk5, p35 and p39,
have been identified. Overlapping expression pattern of these iso-
forms in the embryonic mouse brain and the significant residual Cdk5
kinase activity in brain homogenate of the p35—/— mice indicate the
redundant functions of the Cdk5 activators in vivo. Severe neuronal
migration defects in p35—/—Cdk5 +/— mice further support the idea
that the redundant expression of the Cdk5 activators may cause a
milder phenotype in p35—/— mice compared with Cdk5—/— mice.
Mutant mice lacking either Cdk5 or p35 exhibit certain similarities
with Reelin/Dab1-mutant mice in the disorganization of cortical
laminar structure in the brain. To elucidate the relationship between
Cdk5/p35 and Reelin/Dab1 signaling, we generated mouse lines that
have combined defects of these genes. The addition of heterozygos-
ity of either Dab1 or Reelin mutation to p35—/— causes the extensive
migration defects of cortical neurons in the cerebellum. In the double-
null mice of p35 and either Dab1 or Reelin, additional migration
defects occur in the Purkinje cells in the cerebellum and in the
pyramidal neurons in the hippocampus. These additional defects in
neuronal migration in mice lacking both Cdk5/p35 and Reelin/Dab1
indicate that Cdk5/p35 may contribute synergistically to the position-
ing of the cortical neurons in the developing mouse brain.

D uring brain development, cortical neurons are generated in a
proliferative zone called the ventricular zone. After final cell
division, neurons migrate variable distances before they settle and
form unique laminar structures. Several molecules are critical for
proper neuronal migration in the developing brain. Gene-targeting
experiments in mice identified certain genes including cyclin-
dependant kinase (Cdk) 5 and p35 that are involved in the
migration of cortical neurons (1, 2). Cdk5 is a serine/threonine
kinase with close homology to other Cdks (3-5). CdkS5 is a unique
Cdk, because its kinase activity can be detected mainly in postmi-
totic neurons (6). Association of Cdk5 with a neuron-specific
regulatory subunit, either p35 or its isoform p39, is critical for kinase
activity (7-9). Cdk5—/— mice exhibit embryonic lethality associ-
ated with disruption of the cortical laminar structures in the
cerebral cortex, olfactory bulb, hippocampus, and cerebellar cortex
(1). Neuronal birthdate labeling by BrdU revealed an inverted
pattern of cell layers in the cerebral cortex in Cdk5—/— mice (10).
An inverted pattern of layer structure in the cerebral cortex is a well
known characteristic of the spontaneous mouse mutants reeler and
scrambler /yotari. They exhibit nearly identical phenotypes suggest-
ing that the gene products mutated in these mutants, Reelin and
Dabl respectively, act in a common signaling pathway during
cortical development (11-17). Reelin is a secreted extracellular
matrix glycoprotein, and Dabl is an intracellular adapter protein.
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Recently, ApoER,, VLDLR, and CNR have been shown to be the
components of the Reelin receptor (18-21). The critical role of
Reelin-induced tyrosine phosphorylation of Dab1 has been dem-
onstrated by using transgenic mice in which the Dab1 protein had
all of the potential tyrosine phosphorylation sites mutated (22).
Despite these recent discoveries, downstream effectors of Reelin/
Dabl signaling remain to be identified.

Although Cdk5—/— and p35—/— mice demonstrate some sim-
ilarities with reeler and scrambler/yotari mice, the development of
the embryonic cerebral cortex in Cdk5—/— and p35—/— mice also
shows significant differences from reeler and scrambler /yotari such
as splitting of the preplate (10, 23). In wild-type mice, successive
waves of migrating neurons form the cortical plate in an inside-out
fashion, splitting the preplate into the marginal zone and subplate.
In reeler and scrambler /yotari mutants, the migrating cortical neu-
rons appear incapable of splitting the preplate, and cortical plate
neurons stack up in an inverted order beneath the preplate. In
Cdk5—/— and p35—/— mice, earlier-born neurons successfully
split the preplate; however, late-born neurons stack up in an
inverted layer under the subplate (10, 23). Because of the pheno-
typic similarities and differences between Cdk5/p35 and Reelin/
Dab1 mutants, several models have been proposed regarding the
relation between Reelin/Dabl signaling and Cdk5/p35 (24-26).
However, there is no evidence that Cdk5/p35 is a downstream
effector of Reelin/Dabl signaling. In the current study, we attempt
to clarify the relationship between Cdk5/p35 and Reelin/Dabl by
genetic approaches using mice in which both of these genes have
been mutated.

Materials and Methods

Mice. p35—/— mice were generated by targeted deletion of
amino acid residues 148 to the carboxyl terminus by insertion of
a neomycin-resistant gene cassette in the p35 gene locus. To
construct a targeting vector for the p35 gene, 0.5 kb of NotI-Spel
fragment and 5 kb of Spel-BamHI fragment from 129/Sv-
derived p35 genomic clone (27) were subcloned into Xkol and
Xbal/BamHI sites in the pPNT vector, respectively (28). Geno-
typing of the embryonic stem clones and F; mice was performed
by Southern blot analysis using a 5’ flanking probe (27) and/or
by PCR using primers, p35F1 (5'-GTCTCCTCTTCTGTCAA-

Abbreviations: Cdk, cyclin-dependant kinase; E, embryonic day; P, postnatal day.
5To whom reprint requests should be addressed. E-mail: ohshima@brain.riken.go.jp.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

www.pnas.org/cgi/doi/10.1073/pnas.051628498



GAAG-3") and p35R1 (5'-CTCTGCTAGACACATACTG-
TAC-3") for the wild-type allele, and p35F1 and PGK-1 (5'-
CCATCTGCACGAGACTAGT-3") for the mutated allele.
Mouse lines of p35 and yotari mutants were maintained in
C57BL/6 X 129/Sv hybrid background. Cdk5+/— mice were
maintained in C57BL/6 background after backcrossing of four
generations from C57BL/6 X 129/Sv hybrid. Homozygous reeler
mice were bred from heterozygous B6C3Fe-a/a-rl (The Jackson
Laboratory). Double-mutant mice were obtained after mating
each mouse line, and genotyping for Reelin and Dab1 alleles
were performed by PCR (29, 30). For the genotyping of the CdkS
allele, Cdk5F1 (5'-ATTGTGGCTCTGAAGCGTGTC-3') and
Cdk5R1 (5-CTTGTCACTATGCAGGACATC-3") primers
were used for wild-type allele and Cdk5F1 and PGK-1 for the
mutated allele (1).

Biochemical Analyses. For Western blot analysis, whole brains were
homogenized in RIPA buffer (150 mM NaCl/1% Nonidet P-40/
0.5% sodium deoxycholate/0.1% SDS/10 pg/ml leupeptin/10
wpg/ml aprotinin/1 mM phenylmethylsulfonyl fluoride/50 mM
TrissHCI, pH 8.0). The homogenates were centrifuged at 12,000 X
g for 20 min at 4°C. Protein from the supernatant (20 pg) was
subjected to Western blot analysis (31). To detect p35 protein, two
anti-p35 rabbit polyclonal antibodies, which recognize a peptide
corresponding to either the N terminus (amino acids 13-33) or the
carboxyl terminus (amino acids 280-307) of human p35 (ref. 32;
K.I, unpublished data) were used. Western blots were developed by
using enhanced chemiluminescence (BM Chemiluminescence,
Roche Molecular Biochemicals). CdkS immunoprecipitation was
performed by using anti-CdkS5 antibody (C-8, Santa Cruz Biotech-
nology; ref. 31). Kinase activity of the CdkS immunoprecipitate was
measured by using KSPXK peptide, which represents two KSP
repeat sequences corresponding to the C terminus of human
high-molecular-weight neurofilament protein (31, 33).

Immunohistochemical Study and in Situ Hybridization. Mice were
perfused intracardially with 4% (vol/vol) paraformaldehyde in
0.1 M phosphate buffer (pH 7.4). Then 10-um cryostat sections
were stained with 0.9% toluidine blue solution for Nissl staining.
For immunohistochemistry, antibodies were diluted in PBS/
0.01% Triton X-100 and 5% BSA. Anti-IP;R mAbD (clone 4C11,
ref. 34) was used at 1:10 dilution. Secondary antibody was
visualized by using diaminobenzidine reaction product as spec-
ified by Vectastain Elite protocol (Vector Laboratories). Mono-
clonal anti-calbindin D-28K antibody (Sigma) was used at 1:1000.
For fluorescent staining, FITC-conjugated anti-mouse IgG
(Jackson ImmunoResearch) was used. In situ hybridization was
performed by using either 33S-labeled or digoxigenin-labeled
probe as described (35, 36). p39 cDNA clones were obtained by
screening the adult mouse-brain cDNA library (Stratagene) by
using a reverse transcription-PCR-generated human p39 cDNA
fragment (nucleotides 664-1038, GenBank accession no.
U34051) as a probe and verified by sequencing (37).

Results

p35—/— Mice Exhibit a Mild Phenotype Because of the Residual Cdk5
Kinase Activity in the Developing Brain. To study the expression
pattern of two CdkS activators in the brain, we performed a
comparative study of p35 and p39 mRNA expression in embry-
onic (embryonic days (E) 13.5, 14.5, and 16.5) and newborn
mouse brains by in situ hybridization with 3S-labeled anti-sense
probe on parasagittal sections (Fig. 1 A-F). At E13.5, only p35
but not p39 is detected in the brain including cerebral cortex
(data not shown). In general, an overlapping expression of these
two activators is observed in most of the brain areas except the
cerebral cortex. Apparently, very low expression of p39 and a
dominant expression of p35 is detected in the cerebral cortex at
E14.5 and E16.5. At birth, both isoforms are expressed to a
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Fig. 1. Overlapping expression of Cdk5 activating subunits. Comparison of

p35 and p39 gene expression in sagittal brain sections from E14.5 and E16.5
embryos and newborns with 33S-labeled riboprobes (A-F) and in coronal
sections from E18.5 embryos with digoxigenin-labeled probes (G and H) by in
situ hybridization. Expressions of p35 and p39 overlap in the brain except in
the cerebral cortex at E14.5and E16.5. CC, cerebral cortex; Cb, cerebellum; OB,
olfactory bulb; Hip, hippocampus.

similar degree in the cerebral cortex. Coronal sections from
E18.5 embryonic brain hybridized with digoxigenin-labeled anti-
sense p35 and p39 probes indicated expression of p35 and p39 in
the cerebral cortex (Fig. 1 G and H). These results are compa-
rable to those obtained in a rat study (38).

We generated p35—/— mice by targeted disruption of the p35
gene, and complete inactivation of p35 was confirmed by North-
ern blot analysis (data not shown) and also by Western blot
analysis using brain homogenates from p35+/+ and p35—/—
mice (Fig. 2 A-C). Unlike Cdk5—/— mice that die during
perinatal period (1), p35—/— mice were found to be viable and
fertile. Some of the mice experience sudden death in adult age
possibly because of spontaneous seizures. Histological abnor-
malities of laminar structure in p35—/— mice are evident in the
cerebral cortex (data not shown), whereas the other CdkS5
activator p39 is not expressed overtly until E18.5 (Fig. 1).
p35—/— mice also exhibit subtle abnormalities in laminar struc-
tures of the olfactory bulb (data not shown), hippocampus, and
cerebellum (Fig. 3 C and D and Fig. 5G), in which mRNA
expressions of both p35 and p39 are detected (Fig. 1 A-D). This
phenotype is almost identical to another p35—/— mouse line (2).
To determine the biochemical basis for the phenotypic differ-
ences observed between p35—/— and Cdk5—/— mice, we
performed CdkS-specific kinase assays by using CdkS immuno-
precipitates of brain homogenate from Cdk5—/— and p35—/—
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Fig.2. p35—/— mice retain residual Cdk5 kinase activity. (A-C) Western blot

analysis of p35 protein of the brain homogenate (A and B) and immunopre-
cipitate with anti-Cdk5 antibody (C) from the indicated genotype at postnatal
day (P) 2 by using p35 antibodies that recognize the carboxyl terminus of p35
protein (A and C) and the N terminus of p35 protein (B). No p35 protein was
detected in p35—/— brain, and areduced amount of p35 protein was detected
in the p35+/— brain (A and Q). (D and E) Cdk5 kinase activity in brain
homogenates from Cdk5+/+ (white bar) and Cdk5—/— (D) and p35+/+
(white bar) and p35—/— (black bar) homogenates (E). The diagram represents
mean =+ standard deviation (n = 3) of Cdk5 activity. Cdk5 kinase activity is
expressed as pmol of phosphate incorporated per hr per mg protein. Approx-
imately 10 and 20% residual Cdk5 kinase activity is detected in the cerebral
cortex and cerebellum of p35—/— brain, respectively, but none in the
Cdk5—/— brain.

mice with littermate wild-type controls (Fig. 2 D and E). As we
reported in the earlier study, no detectable CdkS5 kinase activity
was observed in Cdk5—/— brain homogenate (1). On the other
hand, p35—/— brain homogenates exhibit substantial residual
Cdk5 kinase activity, corresponding to 10 and 20% in the
cerebral cortex and the cerebellum, respectively, compared with
the wild-type controls. The cerebellum of p35—/— mice has
much higher residual activity, indicating more contribution of
p39 (or yet another unidentified CdkS5 activator) to Cdk5 kinase
activity in the cerebellum that develops postnatally.

To understand whether this residual CdkS5 kinase activity con-
tributes to the mild phenotype of p35—/— mice, we generated a
p35—/—Cdk5+/— mouse line and compared its histological phe-
notype with that of p35—/— mice. The p35—/—Cdk5+/— mice
showed additional abnormalities in the cerebellum. In the cerebel-
lum of p35—/— mice, the alignment of Purkinje cells in the Purkinje
cell layer was disturbed in some areas at which Purkinje cells form
2-3 cell-width layers (Fig. 4 E and F). Additionally, significant
numbers of granule cells are found in the molecular cell layer (Fig.
3D). In the cerebellum of p35—/—Cdk5+/— mice, extensive
migration defects of Purkinje and granule cells are present (Fig. 3
E and F). Ectopic Purkinje cells are found frequently in the granule
cell layer, and greater numbers of granule cells are observed in
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Defects in neuronal migration in p35—/— mice are accentuated by
Cdk5 heterozygosity. Parasagittal sections of cerebella of wild-type litter-

mates (A and B) and p35—/— (Cand D) at P21, and p35—/—Cdk5+/— at P35
(E and F) are stained with toluidine blue. B, D, and F are higher magnification
of A, C, and E, respectively. In the p35—/— cerebellum, the alignment of
Purkinje cells is disturbed slightly in some areas, and significant numbers
of granule cells are found in the molecular layer (D). In the cerebellum of
p35—/—Cdk5+/— mice, defects in the alignment of Purkinje cells are accen-
tuated in the most areas (E and F). Purkinje cells are found occasionally in the
granule cell layer, and increased numbers of granule cells are trapped in the
molecular layer (F). (Bar in A, 1 mm; bar in B, 200 pm.)

the molecular layer in the cerebellum of p35—/—Cdk5+/— mice

(Fig. 3F).

p35 and Reelin/Dab1 Double Mutants Exhibit Additional Migration
Defects of Cortical Neurons. To elucidate the relationship between
Cdk5/p35 and Reelin/Dabl signaling, we generated double-
mutant mice for p35 and Reelin/Dabl genes. The viability of
p35—/— mice provides an opportunity to analyze double-mutant
mice lacking p35 and Reelin or Dabl in the mature brain. This
feature is important particularly for the analysis of brain structures
such as the cerebellum, in which most development occurs post-
natally. We first analyzed p35—/—Dab1¥°"* mice. Because mouse
lines of both p35—/— and Dab1°¥ " are maintained in a129/Sv X
C57BL/6 hybrid background, a bias of genetic background will not
be a factor in the phenotypic analysis. Clear effects of the addition
of heterozygosity of Dabl mutation to the p35—/— genotype are
detected in the cerebellar cortex. As compared with the subtle
migration defects of the granule and Purkinje cells in the p35—/—
cerebellum (Figs. 3D and 4 E and F), additional migration defects
of cerebellar cortical neurons, granule cells, and Purkinje cells are
observed in p35—/— Dab1¥°* mice (Fig. 4 C and D). To examine
the location of Purkinje cells and the appearance of their dendrites,
we stained sections with anti-IP;R antibodies, specific markers for
Purkinje cells. In the cerebellum of p35—/— mice, Purkinje cells
that are localized abnormally within the granule cell layer extend
their dendrites into the molecular layer (Fig. 4F). The alignment of
Purkinje cells is disturbed in the most areas in p35—/—Dab1Y°"/*
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Fig. 4. Migration defects of cerebellar cortical neurons in p35—/— mice are
accentuated by Dab1 heterozygosity. Comparative histology of cerebella of
Dab1¥°%/* (A and B), p35—/— (E and F), and p35—/—Dab1¥°¥/* (C, D, G, and H)
at P21 in the parasagittal sections stained with toluidine blue (A-D) and with
anti-IPsR antibody (E-H). B, D, F, and H are higher magnificationsof A, C, E, and
G, respectively. Arrows in E and G indicate magnified areas in F and H,
respectively. Subtle disturbances of the alignment of Purkinje cells are ob-
served in p35—/— (arrows in F). Extensive migration defects of Purkinje cells
and granule cells are observed in p35—/—Dab1¥°t/* compared with p35—/—
cerebellum (D, G, and H). (Bar in A, 1 mm. A, C, E, and G are identical
magnification. Bar in B, 200 um.)

cerebellum. Dendrites of the abnormally localized Purkinje cells in
the granule cell layer occasionally do not extend to the molecular
layer. Instead, their dendrites are tangled and irregular in shape
(Fig. 4H). Identical defects in the migration of cerebellar cortical
neurons are detected in the p35—/—r1l/+ cerebellum (data not
shown). In addition to the accentuated migration defects of cere-
bellar cortical neurons, pyramidal cell layers of hippocampus are
less compact and split into two layers in p35—/— Dab1¥°¥*+ and
p35—/—1l/+ mice (data not shown). This separation of pyramidal
neurons in the hippocampus is characteristic of the reeler-phenotype
(Fig. 5H).

We next analyzed the double-null mice for p35 and Dabl. In
the cerebellum of yotari mouse (Dabl1¥o!/sot)  cerebella are
hypoplastic and lack typical foliation. The majority of Purkinje
cells are clumped in central clusters; however, a small but
significant number of mutant Purkinje cells successfully com-
plete migration to the Purkinje cell layer as reported in the reeler
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mouse (39). Therefore, thin but significant molecular layer and
granule cell layers are detected with scattered Purkinje cells
between these layers (Fig. 5 A, C, and E). In the cerebellum of
p35—/—Dab1¥°%y°! mice, the extensive disturbance of Purkinje-
cell migration results in narrowing of the molecular layer that
consists of dendrites of Purkinje cells (Fig. 5 B, D, and F). A
decrease in the number of granule cells also is observed (Fig. 5
B and D). Identical defects in the cerebellum are also observed
in p35—/—rl/rl mice (data not shown). In addition to the
cerebellar phenotypes, apparent disorganization in the hip-
pocampus, dilated lateral ventricles, and hypogenesis of the
septum are observed in p35—/—Dab1¥°ty°t and p35—/—rl/1l
mice (Fig. 5 1, J, and M). Pyramidal neurons are scattered in the
hippocampus in both double-null mutants (Fig. 5 I and J).

Discussion

Our results indicate overlapping expression patterns of p35 and p39
in the developing mouse brain, particularly in the olfactory bulb,
hippocampus, and cerebellar cortex, in which p35—/— mice display
subtle abnormalities. In the cerebral cortex, however, only p35
appeared to be expressed highly during the embryonic stage of
E13.5 to E16.5. The extent of the abnormalities in the laminar
structure in the cerebral cortex of p35—/— mice is milder than in
Cdk5—/— mice (refs. 1,2, 10, and 23; T.O. and A.B.K., unpublished
data). In the p35—/— mice, layer I of the cerebral cortex appears
normal, but in Cdk5—/— mice it is very thin (1, 2, 10). In addition,
the final position of the subplate at birth is quite different between
Cdk5—/— and p35—/— mice (10, 23). This alteration may be
attributed to delayed activation of Cdk5 by p39. This deduction is
supported by higher expression of p39 mRNA observed in the
cerebral cortex at birth. We also have demonstrated substantial
residual Cdk5 kinase activity in p35—/— brains. These findings are
in contrast to the reported undetectable CdkS kinase activity in the
p35—/— mice by other investigators (2). This discrepancy is prob-
ably because of different substrates used in these assays. We used
the synthetic KSPXK repeat polypeptide derived from human
high-molecular-weight neurofilament protein, whereas Chae et al.
(2) used histone H1 as a substrate. Histone H1 is a general substrate
for other cdc2 kinases, whereas KSPXK polypeptide is a more
restricted substrate for Cdk5 (31, 33). The gene-expression pattern
and biochemical analysis of p35—/— brain indicate that the redun-
dant functions of the activators p35 and p39 (or yet another
unidentified CdkS activator) in vivo may be responsible for the
phenotypic differences between Cdk5—/— and p35—/— mice. This
deduction is supported by the observed accentuation of migration
defects of cerebellar cortical neurons in p35—/—Cdk5+/— mice
compared with p35—/— mice. We reported earlier a complete
migration arrest of Purkinje cells in Cdk5—/— mice and also in
Cdk5+/+/Cdk5—/— chimeric mice (40). Moreover, an inward
migration of granule cells was found also to be Cdk5-dependent in
a cell-autonomous fashion (40). These results indicate that the
migration of cerebellar cortical neurons largely depends on Cdk5
kinase activity.

As a second objective of the present studies, we attempted to
determine whether Cdk5/p35 and Reelin/Dabl interact in a
common signal-transduction pathway. Our results demonstrate
that the addition of heterozygosity of Dabl mutation to the
p35—/— genotype results in severe migration defects of granule
and Purkinje cells in the cerebellum. Similar results are seen also
in p35—/—r1l/+ mice indicating that this phenomenon depends
on additive gene mutations. This effect is similar to the addition
of Cdk5 heterozygosity to p35—/— genotype. The further de-
terioration in granule-cell migration by the addition of heterozy-
gosity of Dabl or Reelin is unexpected; granule cells secrete
Reelin and lack Dab1 expression, and therefore they do not seem
to be direct target cells of Reelin signaling (11). We next
analyzed mice null for both p35 and Reelin/Dab1. The number
of Purkinje cells in the Purkinje cell layer in these mutants is
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Fig. 5.

deceased significantly resulting in a defective molecular layer in
the cerebellum (see Fig. 5 B, D, and F). Decreased numbers of
granule cells in the double-null mutants are presumably a
consequence of the accentuation of defects in Purkinje-cell
migration. It is likely that an inadequate mitogenic support from
Purkinje cells (41) may result in a suppression of the numbers of
granule cells in double-null mutants. A similar reduction of
granule cells was also reported when Purkinje cells were ablated
experimentally during development (42). In the present study of
double mutants, we observed typical additive effects on the
migration defects in the cerebellar cortical neurons. This alter-
ation presumably is related to the relatively high residual CdkS
kinase activity in the cerebellum (see Fig. 2F).

It has been reported that the phenotype of mutant mice for both
Reelin and Dab1 resemble the phenotypes of individual mutants of
these genes (17). The lack of additional defects in the double
mutants supports the model that Reelin and Dab1 act on the same
signaling pathway (17). Because the double-null mice for p35 and
Reelin/Dabl demonstrate an accentuation of migration defects in
several types of cortical neurons, it is unlikely that Cdk5/p35 and
Reelin/Dab] act on the same signal pathway. It is obvious also that
Cdk5/p35 and Reelin/Dabl1 contribute synergistically to the posi-
tioning of the cortical neurons in certain areas of the developing
mouse brain such as the cerebellar cortex and hippocampus.

The precise roles of Cdk5 /p35 kinase and Reelin/Dab1 signaling
in the migratory process of cortical neurons still are unknown.
Several studies indicate that Cdk5/p35 kinase may regulate actin
dynamics and/or microtubules. The localization of Cdk5 and p35 in
the growth cone and interactions with rac and Pakl suggest that
Cdk5/p35 kinase may be involved in the modulation of actin
cytoskeletal dynamics (43). CdkS/p35 also may regulate microtu-
bules, because microtubule-associated protein tau and MAP2 are
good substrates of Cdk5/p35 kinase (44-46). Interestingly, the
causative genes for human lissencephaly, Lis1 and doublecortin, are
implicated in microtubule reorganization (47-49). Another possi-
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Double-null mutant mice for p35 and Reelin/Dab1 display additional defects. (A-F) Comparison of the histological appearance of cerebella between
Dab1¥ot/yot (A, C, and E) and p35—/—Dab1¥°t/yt at P22 (B, D, and F) in parasagittal sections stained with toluidine blue (A-D) and with anti-calbindin antibody (£ and
F). The molecular layer is defective in the p35—/—Dab1¥°t/¥ot cerebellum (B, D, and F). The arrow in Findicates the molecular layer with dendrites of Purkinje cells. (Bar
in Band E, 500 um; bar in D, 200 um.) Mo, molecular layer; Gr, granule cell layer. (G-M) Coronal sections of Nissl staining at the level of hippocampus (G-J) and of septum
(K-M) from wild type (K), p35—/— (G and L), and Dab1¥et/¥ot (H) at P21 and p35—/—Dab1¥°t/¥°t (M) and p35—/—rl/rl (/ and J) at P15. Accentuated disorganization of
the pyramidal cell layer is observed in p35—/—rl/rl (arrows in / and J). The upper part of the septum is hypoplasticin p35—/— (arrow in L). Separation of the upper part
of the septum is observed in p35—/—Dab1¥°t/¥°t mice (arrow in M). (Bar in G, 400 um; bar in J, 80 um; bar in K, 200 um.)

ble role of Cdk5/p35 kinase is regulation of cell adhesion mediated
by N-cadherin during cortical development (50). Reelin/Dabl
signaling also may influence the microtubule dynamics or cell
adhesion. It could influence the positioning of target cells by
providing a stop signal through modification of microtubule dy-
namics. Another model was proposed for Reelin function in which
Reelin may trigger homotypic adhesion mechanisms among target
neurons. Recent identification of CNR, a family of cadherin-related
neural receptors, as a possible component of Reelin receptors
supports this theory (21). mRNA levels for Reelin and Dab1 are not
altered in the brain of Cdk5—/— mice (41). Although Dabl1 protein
level is increased in the reeler brain, levels of Reelin and Dabl
proteins are not altered in CdkS—/— brains (T.O. and A.BK,
unpublished data). Therefore, it is unlikely that Cdk5 /p35 regulates
the levels of either transcription or translation of Reelin and Dab1
genes. Although in vitro studies indicate that serine/threonine
residue(s) of Dab1 can be phosphorylated by Cdk5 /p35 kinase (20),
there is no evidence that CdkS/p35 phosphorylates Dab1 in vivo. It
has been shown that the Reelin-induced phosphorylation of ty-
rosine residue(s) of Dabl is essential for its function (22). However,
the significance of the phosphorylation of serine/threonine resi-
due(s) remains to be investigated. Our present studies indicate the
possibility of interactions of Cdk5/p35 kinase and Reelin/Dabl
either in signaling pathways or in indirect regulation of common
targets. The identification of the downstream molecules of the
Reelin-signaling pathway and also of the unknown targets of CdkS
kinase will provide us with insights into the process of the neuronal
migration and their precise positioning in the developing brain.
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