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Abstract
The Dab1 docking protein is required for the proper organization of brain laminae and for a signal
transduction pathway initiated by Reelin binding to the ApoER2 and VLDLR receptors on the cell
surface of neurons. Dab1 physically interacts with APP, however, it is not known whether the
APP gene influences Dab1 function. Here we demonstrate a genetic interaction between Dab1 and
APP. Dab1-hypomorphic animals have neuronal ectopias in the neocortex and reduced cerebellar
volume, possibly a consequence of Purkinje cell misplacement. These phenotypes are exacerbated
in transgenic animals overexpressing a mutant form of APP, APPswe, which is characterized by
increased processing at the β-secretase site. The Dab1-hypomorphic phenotype is improved in the
cerebellum of animals that are deficient for APP. Together this suggests that APP expression
constrains the consequences of Dab1 activity during brain development.
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Introduction
The Dab1 docking protein is an essential component of the Reelin signal transduction pathway,
which is required for the appropriate developmental placement of neurons (Howell et al.,
1999a; Rice et al., 1998). Mutant mice that lack Dab1 have pronounced neuronal ectopias in
the cerebral cortex, hippocampus, and cerebellum (Gonzalez et al., 1997; Howell et al.,
1997; Sheldon et al., 1997; Sweet et al., 1996; Ware et al., 1997). The cerebellar phenotype is
particularly profound. Cerebellar Purkinje cells, which normally express Dab1, fail to migrate
to their normal position, proximal to the granule cell precursors in the Dab1-null mutants. The
proliferation of granule cell precursors, which is promoted by Shh, a short-range acting
molecule secreted by Purkinje cells, is reduced when proximal Purkinje cells are missing or
displaced (Smeyne et al., 1995; Wechsler-Reya and Scott, 1999). The ultimate consequence is
a smaller and disorganized cerebellum (Gallagher et al., 1998; Yang et al., 2002).

Mutations in other genes that encode components of the Reelin signaling pathway have very
similar phenotypes (D'Arcangelo et al., 1995; Goffinet, 1997; Ogawa et al., 1995; Trommsdorff
et al., 1999). These include the genes encoding the secreted ligand Reelin, and the partially
redundant transmembrane Reelin receptors, ApoER2 and VLDLR. Reelin binding to the
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receptors induces Dab1-dependent activation of the Src family kinases, Src, Fyn and Yes
(SFY), and a SFY-dependent increase in Dab1 tyrosine phosphorylation (Arnaud et al.,
2003). Mice with mutation in two Src family kinase members share phenotypic similarities
with the other components of the signal transduction pathway, supporting a role for these
kinases in the signaling pathway (Kuo et al., 2005).

Dab1 interacts with a C-terminal motif in the ApoER2 and VLDLR receptors that is centered
around the peptide sequence N P X Y. Interestingly the Dab1 PTB/PI domain which mediates
this interaction has also been shown to bind to a similar motif in the C-terminus of APP (Howell
et al., 1999b). Confirmation of the legitimacy of the interactions has been provided by
resolution of crystal structures of complexes of the Dab1 PTB/PI domain and the cognate
peptides from ApoER2 (TKSMNFDNPVYRKT) and APP (NGYENPTYK) (Stolt et al.,
2005; Yun et al., 2003). The APP mutants have no resemblance to the Dab1 mutant phenotype
(Muller et al., 1994; Zheng et al., 1995), and the role for the Dab1-APP interaction is
unresolved.

We examined whether APP expression influences aspects of brain development regulated by
the Reelin pathway using mice that carry a novel Dab1 allele that expresses approximately
15% of normal levels and causes mild abnormalities in the cerebral cortex, hippocampus, and
cerebellum. Overexpression of a disease-causing allele of APP augments phenotypes
associated with the Dab1-hypomorphic allele. In contrast, loss of APP function partially
rescues the hypoplastic cerebellar phenotype. These effects support a model in which a
consequence of APP expression is to oppose or down-regulate Dab1 function during brain
development. In addition our findings show that overexpression of mutant APP may cause
anomalous brain development when Reelin-Dab1 signaling is suboptimal.

Results
Generation of the Dab1-conditional allele

We generated mice with a targeted insertion of a floxed Dab1 expression cassette in place of
the Dab1 exon that encodes residues 23 to 69 of Dab1 p80 (Figure 1). The Dab1-conditional
knock-in (cKI) places loxP sites upstream and downstream of a Dab1 expression cassette,
comprised of the endogenous splice acceptor, Dab1 p80 coding sequence from residue 23 to
residue 555, and a triple polyadenylation sequence. Insertion of a wild-type expression cassette,
excluding the loxP sites, has previously been successful in supporting normal brain
development (Howell et al., 2000). This targeting vector also includes a splice acceptor
preceding a β-galactosidase reporter, which was introduced to indicate successful Cre-
mediated excision in cells with active Dab1 locus transcription.

Chimeric founder mice were generated through standard embryo transplant procedures with
ES cells harboring the Dab1 cKI allele and retaining the PGK-neo sequence (Dab1 cKIneo).
In the homozygous state Dab1 cKIneo did not cause an overt behavioral phenotype, in contrast
to the Dab1-1 null or Dab1 5F alleles (Howell et al., 1997; Howell et al., 2000; data not shown).
This suggested that the Dab1 cKIneo allele is at least partially functional before Cre-mediated
excision of the Dab1 expression cassette.

Removal of the Dab1 expression cassette by Cre-mediated recombination in germ cells
produced an excised Dab1 allele, Dab1 exKIneo, which behaves like the Dab1-null allele.
Animals that are homozygous for Dab1 exKIneo have the typical ataxic behavior and
developmental neurological disease characteristic of Dab1-null animals (Supplementary
Figure S1 E and data not shown). This demonstrates that the Dab1 cKIneo allele is inactivated
by Cre expression, a feature that will be useful for studies into the role of Dab1 in late
development or adulthood.
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The Dab1 cKIneo allele is hypomorphic and leads to a dosage sensitive phenotype
Other conditional alleles, especially in the form that retain the drug selectable marker, express
less efficiently than their wild-type counterparts and cause hypomorphic phenotypes. This
feature has been used to generate allelic series, which are useful in the study of gene dosage
effects on brain development (Hirotsune et al., 1998). The Dab1 cKIneo mice have reduced
Dab1 expression, which was approximately 15% of wild-type levels in postnatal day 1 (P1)
animal brains (Supplementary Figure S2) as compared to Dab1-1 heterozygous animals that
express approximately 50% of wild-type levels and do not demonstrate defects in brain
lamination (Howell et al., 1997).

Examination of the brains of mice that are homozygous for the Dab1 cKIneo allele revealed
mild ectopias and reduced cerebellar size (Supplementary Figure S1 C and data not shown).
The most dramatic neuronal ectopia was identified in the cerebellum where Purkinje cells are
displaced from the typical monolayer in several folia (Supplementary Figure S1). It is apparent
that the cerebellar phenotype correlates with Dab1 gene dose. For instance, animals with one
wild type allele have improved foliation and cerebellar size compared with Dab1 cKI
homozygotes, where as animals with one null allele have more a severe cerebellar phenotype
(Supplementary Figure S1 B, C, D). Purkinje cell ectopias are worse in mice with combined
Dab1 cKIneo and Dab1-null alleles than in Dab1 cKIneo homozygous animals (data not
shown). Further reduction in Dab1 expression, such as in Dab1 exKI homozygous animals,
results in an even more severe phenotype (Supplementary Figure S1 E). Since the cerebellar
phenotype is sensitive to Dab1 gene dose, the Dab1 cKIneo allele is potentially valuable for
evaluating genetic interactions. We reasoned, therefore, that genetic modifiers that influenced
Dab1 function might enhance or suppress the cerebellar phenotype.

APP expression spatially and temporally overlaps with Reelin signaling molecules
As a first step in analyzing whether APP influences Reelin-signaling, we investigated APP
expression in mouse brain by immunohistochemistry, at P4. We also examined APP
overexpression in age matched APPswe transgenic animals. APP is expressed in the cerebellum,
cerebral cortex, and hippocampus of neonatal animals (Figure 2 A, C, and data not shown). In
the cerebellum, APP expression is highest in Purkinje cells, but it is also present in other cells,
particularly in the internal granule cell layer (IGL; Figure 2 A). In the cortex, APP is expressed
in cortical plate cells (Figure 2 C), and in the hippocampus it is highest in the neuronal cell
layer (data not shown). This expression pattern is supported by in situ hybridizations with anti-
sense probes to APP performed by the Allen Brain Project (http://www.brainatlas.org/aba/).
The APP 695 isoform in particular is highly expressed in the nervous system during this time.
Dab1 is expressed in the projection neurons in the neocortex, the pyramidal neurons in the
hippocampus and the Purkinje cells in the cerebellum (Gallagher et al., 1998; Rice et al.,
1998). This indicates that APP is expressed during the developmental time frame and in the
brain regions that are regulated by Reelin signaling.

APPswe transgenic animals have higher APP expression than their wild-type counterparts in
cerebellar Purkinje cells and cortical plate neurons in the neocortex at P4 (Figure 2 B, D). In
the cerebellum the most marked increase in expression was observed in cells located in the
IGL, which are likely granule cell neurons. Expression from the APPswe transgene overlaps
with but is broader than endogenous expression and may impact neuronal processes that are
regulated by Reelin signaling.

Neither Dab1 protein levels nor tyrosine phosphorylation are affected by APP expression
If APP influences Dab1 function directly, we might expect to observe changes in Dab1
phosphorylation or protein levels in mice that overexpress APP. In brains of P1 animals,
expression of APPswe does not alter Dab1 protein expression in mice either wild-type or
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hypomorphic for Dab1 (Supplementary Figure S2). It was difficult to detect Dab1 tyrosine
phosphorylation in the Dab1-hypomorphic animals at P1, a time when phosphorylation is
known to be low. We therefore examined Dab1 tyrosine phosphorylation in E16 mice of the
same genotypes. APPswe expression does not alter Dab1 tyrosine phosphorylation in animals
at this age (data not shown). We previously demonstrated that cultured neurons derived from
APPswe transgenic mice have reduced levels of Dab1 tyrosine phosphorylation in response to
Reelin, compared to wild-type neurons treated in the same manner (Pramatarova et al.,
2006). The acute nature of Reelin stimulation in culture may put more demands on the pathway
that reveal consequences of APPswe overexpression on Dab1 tyrosine phosphorylation, which
are not apparent in biochemical analysis of whole brain.

It has recently been shown that Dab1 expression is not altered in mice that carry combined
deficiencies for all three APP family members (Herms et al., 2004). In addition Dab1 protein
or tyrosine phosphorylation levels are not altered in APP null animals (data not shown). Despite
this lack of evidence for alterations in Dab1 expression or tyrosine phosphorylation in animals
that have higher or lower levels of APP, APP could directly regulate Dab1; for example, by
altering its subcellular localization, or access to key binding partners.

APPswe expression exacerbates the developmental phenotype of Dab1 hypomorphs
Previous studies examining APP transgenic animals have not identified lamination defects in
the brains of animals with wild-type levels of Dab1. We confirmed this in the strain background
used for our genetic tests by comparing the cerebella of wild-type and APPswe mutant animals.
We did not observe changes in the overall size, and appearance of the folia, or Purkinje cell
ectopia in the cerebellum. The organization of neuronal lamina in the cerebral cortex or
hippocampus also appeared unchanged (Figure 3 and data not shown). This suggests that the
overexpression of APPswe in animals with wild-type levels of Dab1 does not cause obvious
lamination defects in the cerebellum, cerebral cortex, or hippocampus.

Since Reelin signaling may be robust enough to mask subtle effects of APP overexpression in
wild-type animals, we investigated whether an effect could be detected in mice with
compromised Dab1 function. Ectopic Purkinje cells are clearly apparent in Dab1 cKIneo
homozygous animals, both with and without the APPswe transgene (arrowheads; Figure 3 G,
H), but the extent of the ectopia varies from one histological section to another. The cerebellar
size as judged from sagittal sections near the midline is consistently smaller in Dab1 cKIneo
homozygous animals that carry the APPswe transgene than those that are wild-type for APP
(Figure 3 C, D) and a loss of the division between some folia is apparent (arrow; Figure 3 D).
On the basis of these findings we chose to quantify cerebellar volumes to assess genetic
interactions between Dab1 and APP.

To quantify the effects of hypomorphic levels of Dab1 on brain development and examine
whether APP overexpression affected it, we compared vermal volumes that were normalized
by the whole brain volume (Figure 4 A, B). The homozygous Dab1 cKIneo mice have smaller
vermis to whole brain ratios than their wild-type siblings, which is consistent with our
histological data. Mice that carry the APPswe transgene, and are wild-type for Dab1, have
vermis to whole brain ratios that are similar to wild-type animals. In contrast, when the
APPswe transgene was introduced into the Dab1 cKIneo homozygous background the vermis
to whole brain ratios were significantly reduced compared to their Dab1 cKIneo littermates.
This indicates that when Dab1 expression is decreased, APPswe overexpression can interfere
with brain development.

The Reelin signaling pathway also regulates development of the neocortex and the
hippocampus (Tissir and Goffinet, 2003). We therefore investigated whether these regions
were also affected by APPswe expression. We examined the cortical lamination with antibodies
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against the transcription factors CDP and FoxP2, which are expressed in superficial layers
(layers II-IV) and deep layers (layers V-VI), respectively. CDP positive neurons are more
broadly distributed in Dab1-hypomorphic animals than animals expressing wild-type levels of
Dab1, and they are evident in layers V and VI (Figure 4 C, E).

In the neocortex, APPswe expression in Dab1-hypomorphic mice was associated with a greater
dispersion of CDP positive neurons (Figure 4 E versus F). In these APPswe expressing animals
more CDP positive neurons are found in layers V and VI, and large numbers are also observed
in the marginal zone (Figure 4 F). APPswe expression did not noticeably affect the position of
CDP positive neurons in animals with a wild-type Dab1 genotype (Figure 4 D versus C). FoxP2
expressing neurons in the neocortex were appropriately positioned in layer V-VI in all
genotypes, suggesting that early migration events, which form the deep layers, are not affected
in these animals (data not shown). Since the more superficial layers are formed later, this
suggests that Dab1 expression may be more critical at later times when Reelin levels are
declining. APP expression may also have more impact later in development than it does at
earlier stages. The hippocampal lamination in Dab1-hypomorphic animals is not altered by
their APP genotype (data not shown). These observations suggest that expression of a form of
APP that has been linked with Alzheimer's disease in humans can influence the development
of the cerebellum and cerebral cortex in animals with compromised Dab1 function.

The effects of APPswe overexpression on brain development in mice that are deficient for Dab1
suggest that APPswe may directly interfere with Dab1 function or indirectly oppose a
consequence of Dab1 activity. The mutations in APPswe are known to augment the production
of Aβ,a peptide found in amyloid plaques in brains of Alzheimer's patients. The experiments
above cannot distinguish whether the observed consequence of overexpressed APP are
dependent upon the higher than normal production of Aβ peptides, increased levels of
biologically active APP intracellular domain (AICD), or if expression of a wild-type version
of APP would have the same activity.

APP loss-of-function partially rescues the cerebellar phenotype in Dab1-hypomorphic
animals

To investigate if physiological levels of wild-type APP influence development of the
cerebellum or the neocortex, we generated animals that have reductions in both Dab1 and
APP gene expression. This approach circumvents general concerns associated with transgenic
animals, where protein expression potentially exceeds physiological levels, spatial ranges or
temporal limits. We examined APP null animals on a C57BL/6 congenic background and did
not observe defects in lamination in the neocortex, cerebellum, or hippocampus (data not
shown). In addition, the vermis to whole brain ratio in MR images are similar between APP
null and wild-type animals (Figure 5).

To determine whether loss of APP modified the cerebellar phenotype of the Dab1-
hypomorphic animals, we compared mutants that were homozygous for Dab1 and were wild-
type for APP or had lost one or both copies of the APP gene. Reduction in APP levels are
correlated with significant improvement of cerebellar size in Dab1-hypomorphic animals
(Figure 5). Both heterozygous and homozygous APP mutant animals show partial
improvement of the cerebellar volume phenotype. This suggests that physiological levels of
APP regulate brain development through genetic influences on Dab1 function.

We investigated whether loss of APP improved the neocortical phenotype of the Dab1-
hypomorphic animals, since APP overexpression made it worse. The organization of CDP
positive neurons in the neocortex in Dab1-hypomorphic mice was not improved by loss of
APP function (data not shown). The cerebellar phenotype may be more sensitive to APP levels
than the neocortical phenotype, or perhaps other APP family members have a more critical
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role in the development of the neocortex. However, it seems probable that Dab1 function is
influenced by APP expression in the neocortex, since APPswe exacerbated the phenotype of
this brain region in Dab1 hypomorphs.

Discussion
In this study we revealed a genetic interaction between Dab1 and APP, which highlights a role
for APP in brain development. Previously, our understanding of APP function in development
has been limited since APP overexpression does not cause overt developmental phenotypes
(Hsiao et al., 1995; Mucke et al., 2000) and APP loss-of-function results in only subtle
phenotypes (Zheng et al., 1995). Disruption APP and two paralogs APLP1 and APLP2 does
produce a profound phenotype, however, and results in neonatal death and type II cobblestone
lissencephaly (Herms et al., 2004). In the triple mutant animals the lamination of the brain is
relatively normal outside of the areas of focal heterotopias. This is distinct from the Reelin
pathway mutant phenotypes and suggests that the APP family members do not play an essential
role in promoting Dab1 function downstream of Reelin signaling. The demonstration here that
APPswe overexpression enhances, and APP loss-of-function suppresses a Dab1-hypomorphic
phenotype suggests that APP antagonizes Dab1 function during brain development.

Dab1 is not the only PTB/PI domain containing protein to bind the YENPTY motif in the
cytoplasmic domain of APP. The docking proteins X11/Mint, Fe65 and related adaptors bind
to the same sequence (Borg et al., 1996; Fiore et al., 1995; Rogelj et al., 2006). Interestingly,
combined mutations in Fe65 and Fe65L1 lead to phenotypes with leptomeningeal eruptions
and focal dysplasias very similar to the triple APP family deficiency phenotype (Guenette et
al., 2006). Notably, the phenotypes of Fe65 and APP homologs in C. elegans, Feh-1 and
Apl, share a similar pharyngeal pumping defect suggesting that a common function for APP
and Fe65 family members may be evolutionarily conserved (Zambrano et al., 2002). It has
been demonstrated by a number of groups that Fe65 and the AICD fragment, the product of
γ-secretase activity on APP, function together to promote transcription (Cao and Sudhof,
2001; Chang and Suh, 2005). In support of the concept that Fe65 and the AICD have a role in
development, mutations in Psen1, a component of γ-secretase that produces AICD, result in
leptomeningeal eruptions similar to those mentioned above (Hartmann et al., 1999). Since the
Dab1-null and -hypomorphic animals have distinct phenotypes it appears that Dab1 does not
participate in a pathway with APP and Fe65 family members to promote the integrity of the
external limiting membrane of the brain.

Instead, the genetic interactions reported here suggest that APP opposes Dab1 function in some
developmental events at least. We have observed a similar antagonism between Drosophila
APP-like and Dab1 in a Drosophila eye model system (Pramatarova et al., 2006). In aged mice
it has recently been shown that Reelin expression is reduced in an APP- expressing Alzheimer's
animal model, with a significant reduction in Reelin-expressing pyramidal neurons in the
entorhinal cortex, suggesting that pathological forms of APP may influence the Reelin
transcription or stability (Chin et al., 2007). The mechanism of APP influence over Dab1
remains a mystery. We did not detect a change in Dab1 tyrosine phosphorylation, which was
anticipated based on our previous study showing APPswe overexpression reduced Reelin-
induced Dab1 tyrosine phosphorylation (Pramatarova et al., 2006). The physical interaction
between the Dab1 PTB/PI domain and APP may be significant. The interaction motif in the
APP C-terminus, YENPTY, is conserved in all family members including homologs from
Drosophila and C. elegans (Luo et al., 1990) and is not altered in the APPswe mutant. APP may
compete with the Reelin receptors for Dab1 binding, and recruit it to different signaling
complexes or subcellular compartments. Alternatively, APP may have an indirect effect on
Dab1 function and Reelin signaling by regulating a common downstream phenomenon. For
instance, both APP and Reelin signaling have been reported to influence cell adhesion and
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intracellular trafficking (Gotthardt et al., 2000; Hoe et al., 2006; Kins et al., 2006; Morimura
et al., 2005; Sabo et al., 2001; Sanada et al., 2004). It will be interesting to determine if APP
and Dab1 have opposing influences on these cell biological properties.

In animals with hypomorphic levels of Dab1, overexpression of APPswe resulted in increased
severity of phenotypes in the cerebellum and cerebral cortex. Previous work with various
models of Alzheimer's disease, including those that overexpress mutant forms of APP alone
or in combination with mutations of Psen1 and Tau, have not revealed anomalies in brain
development (Hsiao et al., 1995; Oddo et al., 2003). Interestingly in humans, cerebellar
hypoplasia has been observed in trisomy 21 or Down syndrome, where the APP gene dose is
50% higher than normal (Pinter et al., 2001). It remains to be determined, however, if this
phenotype is dependent upon APP overexpression in the presence of the amplification of other
genes on chromosome 21. A prospective longitudinal study in nuns demonstrated that there is
a correlation between linguistic skills early in life and the development of Alzheimer's disease
later in life (Riley et al., 2005). One interpretation of this is that genetic predisposition to
Alzheimer's disease also causes a mild developmental phenotype that negatively influences
language proficiency. Together these studies leave open the possibility that genetic
susceptibility to Alzheimer's disease causes a mild developmental disorder that becomes more
apparent in the presence of secondary genetic factors.

Dab1 expression and Reelin presentation have been shown to regulate APP processing by
enhancing the α cleavage, of APP (Hoe et al., 2006), which is mutually exclusive of the β
cleavage the first step in the production of the pathogenic Aβ peptide. It will therefore be
interesting to determine whether loss of Dab1 function augments phenotypes, such as
hyperphosphorylation of the microtubule protein Tau (Mapt) and Aβ deposition in mouse
models of Alzheimer's disease. Along this line, on certain strain backgrounds Dab1-null mice
show hyperphosphorylated Mapt in the hippocampus (Brich et al., 2003).
Hyperphosphorylated Mapt is a hallmark of Alzheimer's disease and has been correlated with
the development of neurofibrillary tangles (Blurton-Jones and Laferla, 2006). A greater
understanding of how these molecules regulate development should aid the resolution of
APP function and the pathological consequences that lead to the development of Alzheimer's
disease.

Experimental Methods
Mouse mutants

The targeting vector design was based on that previously described for the Dab1 wild-type
(p80WTKI) and 5F (p805FKI) knock-in alleles, which substitutes exon III with the Dab1 p80
coding sequence from residue 23 to 555 (Howell et al., 2000). To generate the Dab1-
conditional allele (Dab1 cKIneo) loxP sites were added both 5' and 3' to the Dab1 expression
cassette, which includes the upstream endogenous splice acceptor and a downstream triple poly
(A) signal (detailed cloning strategy available upon request). A splice acceptor β-galactosidase
reporter gene (Friedrich and Soriano, 1991) and a neomycin drug resistance expression cassette
flanked by frt sites were cloned 3' to the floxed Dab1 sequences (Yamaguchi et al., 1994). The
vector was designed such that excision of the Dab1 expression cassette will turn on the β-
galactosidase reporter in cells with active Dab1 locus transcription. A PGK-diphtheria toxin
negative selection marker, introduced to select against cells where non-homologous
recombination had occurred, was cloned outside of the targeting region of the vector and 5' to
the short homologous arm (Figure 1). The construct was confirmed by sequencing.

Embryonic stem cells (129Sv/Sor) were electroporated with the Dab1 cKIneo targeting vector
after linearization at a unique Sac II site downstream of the targeting sequences, as previously
described (Howell et al., 2000). Homologous recombinants were selected by PCR using
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primers 5'- TAG GAG GAG AAT GGG CTG AC -3' (located in mouse genomic sequence
upstream of the short arm) and 5'- CTT GAA GAC GAA AGG GCC T -3' (located in vector
sequence between 5' loxP site and Dab1 cDNA cassette), which generate a 1kb product.
Chimeric animals were generated using standard protocols (Ramirez-Solis et al., 1993). The
Dab1 cKIneo line was maintained on a 129/C57Bl6 mixed background. Animals were
genotyped by PCR using primers in the Dab1 locus 5'-TGA TGC TAT CCC TAG CAA GAC
- 3' (intron II) and 5'- GTG GCT TCG CTG CGA TCC TGA C -3' (exon III), which amplify
a wild type allele of 356 bp and a larger Dab1 cKI allele of 597 bp due addition of loxP and
flanking sequence.

The APPswe (B6;SLJ) and APP-null (C57BL/6) mice have been described previously (Hsiao
et al., 1995; Zheng et al., 1995) and were obtained from Taconic and Jackson labs respectively.
To minimize the effect of genetic modifiers the animals compared were either offspring from
the same crosses or crosses of siblings set up in parallel. Previously genetic background effects
have been shown to cause premature death and Tau hyperphosphorylation in Dab1 mutants
(Brich et al., 2003).Animals were analyzed between 1-4 months of age. All mice used in this
study were handled under the animal care and use guidelines of the NIH.

Immunoblotting
The cerebral hemispheres of P1 mice were homogenized in RIPA buffer (0.15M NaCl, 1%
Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 10mM sodium phosphate pH 7.0, 2 mM
EDTA, 50 mM NaF, 1 mM phenylarsine oxide, 14mM 2-mercaptoethanol, and protease
inhibitors [complete mini, EDTA free; Roche]) as previously described (Howell et al.,
1999a).

Histology and immunostaining
Anesthetized animals were perfused with ice-cold phosphate buffered saline (PBS) followed
by 4% paraformaldehyde (PFA). The brains were fixed in 4% PFA for 16 h and infiltrated with
30% sucrose and frozen in Tissue-Tek OCT compound (Sakura Finetechnical Co.) prior to
cryosectioning. Immunostaining was performed on 30μm thick floating sections using the
following antibodies: mouse anti-Calbindin-D-28K 1:1000 (CB-955, Sigma), rabbit anti-CDP
1:100 (M-222, Santa Cruz Biotechnology), rabbit anti-FoxP2 1:4000 (ab16046, Abcam), rabbit
anti-Amyloid Precursor Protein 1:1000 (A8717, Sigma). Colorimetric detection was done with
DAB substrate kit (Vectastain ABC Elite), then counterstained with Hematoxylin QS (Vector
Laboratories). Bright field images were acquired on a Leica stereo-microscope equipped with
a color Spot camera (Diagnostic Instruments Inc.). Immunoflorescent labeling was visualized
using a DeltaVision microscope (Applied Precision).

Volumetric measurements of mouse cerebellum
Brains were dissected from 13-16 weeks old littermates perfused as described above. Three
dimensional MRI images were acquired using a volumetric spin-echo pulse sequence on a 7
Tesla Bruker Biospin NMR spectrometer with a microimaging apparatus including a Micro
2.5 gradient insert (Bruker Biospin, Inc). A 15 mm RF coil insert was used to image the
specimen, which was immersed in Fomblin LC-08 (Solvey Solexis) a per-fluronated poly-ether
designed to suppress image artifacts from the air-tissue interface. The acquisition parameters
for the MSME sequence were: Repetition time (TR) = 1500 ms, Echo Time (TE) = 30 ms,
FOV = 17 × 12 × 10 mm, with two averages for a total acquisitions time of 16h:25m. The
spatial resolution of the acquired data was 78 microns isotropic with a final data resolution of
47 microns isotropic after zero-filling prior to Fourier transformation. Images were imported
into ImageJ (Research Services Branch, NIH) and manually segmented. Volumes were
measured using ImageJ and the data was presented as the ratio of the volume of the vermal
area of the cerebellum divided by the volume of the whole brain excluding the olfactory bulbs.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Generation of a conditional allele of the Dab1 gene. Exon III of the Dab1 locus (encoding
residues 23-69) was selected for replacement by a Dab1 expression cassette flanked by loxP
sites (triangles). The targeting vector includes the floxed Dab1 expression cassette comprised
of the endogenous splice acceptor, Dab1 p80 cDNA sequences from residue 23-555, some 3'
untranslated region, and a triple repeated poly(A) signal. A splice acceptor β-galactosidase
reporter was placed downstream of the Dab1 expression cassette to indicate Cre-mediated
recombination. The PGK-neo drug selectable marker was flanked by frt sites (circles). The
PGK promoter driving diphteria toxin expression (PGK-DTA) was placed outside of the
targeted region to provide negative selection against non-homologous recombinants.
Arrowheads represent primers used to identify homologous recombinants, and arrows denote
primers used for genotyping of Dab1 cKIneo mice. S- SacI, S2-SacII unique site, E- EcoRI,
X-XbaI.
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Figure 2.
APP expression in the developing cerebellum and cortical plate. Immunostaining P4 brain of
wild-type (wt; A) and APPswe transgenic animals (B) with anti-APP (green) and anti-Calbindin
(red) showed similar levels of APP protein expression in Purkinje cells (yellow). However we
observed increased expression of APP in the IGL of the APPswe cerebellum. APP
immunostaining was present in the cortical plate of P4 neocortex in wt (C) and APPswe

transgenic animals (D) had more expression in this region. DAPI fluorescence (blue) shows
cell nuclei. Scale bar: 60 μm.
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Figure 3.
A genetic interaction between Dab1 and APP influenced the development of the cerebellum.
Midline sagittal sections through the cerebellum of wild type (wt; A, E), APPswe transgenic
(B, F), homozygous Dab1 cKIneo (cKI/cKI; C, G, n=6) and homozygous Dab1 cKIneo and
APPswe transgenic (cKI/cKI, APPswe; D, H, n=6) mice were stained with anti-Calbindin
(brown) and hematoxylin (blue). Cerebella of Dab1-hypomorphic animals that carried the
APPswe transgenic appeared smaller and occasionally the division between folia was lost
(arrow; D). Purkinje cell ectopia was apparent in all Dab1 cKIneo homozygous animals
(arrowheads; G, H), and Purkinje cell dendrites are apparent in white matter and IGL in Dab1
cKIneo homozygous animals carrying the APPswe transgene (brown stain in IGF; D, H). Scale
bar is 100 μm in D, 20 μm in H.
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Figure 4.
APPswe transgene expression enhanced the cerebellar and cortical phenotypes of Dab1-
hypomorphic mice. Mouse brain images were collected by MRI (A) and areas of cross-sections
were summed to determine the volume of various brain regions. The volume of the vermal area
of the cerebellum (V; red box in A) was normalized by dividing by whole brain volume (W)
to produce the V/W ratio (B). The V/W ratio of APPswe mice (blue bar) does not differ
significantly from their wild type littermates (black). However the presence of the APPswe

transgene on the Dab1 cKIneo hypomorphic background (red) resulted in a significant decrease
in the V/W ratio compared to Dab1-hypomorphic animals expressing wild-type levels of
APP (green). Coronal sections through the parietal cortex immunostained with an anti-CDP
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antibody (white; C-F, n=2) showed normal lamination for APPswe transgenic mice that express
wild-type levels of Dab1 with most CDP positive cells in layers II-IV (compare D to C).
However, Dab1 cKIneo hypomorphic animals expressing the APPswe transgene (F) had broader
lamination defects in the neocortex than their Dab1 cKIneo littermates (E) with CDP positive
neurons appearing in the marginal zone (MZ). Arrowheads indicate the pial surface. Scale bar
is 60 μm. The data were compared by unpaired t-tests * P=0.0271, n=4.
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Figure 5.
APP loss-of-function partially rescued the cerebellar phenotype of Dab1-hypomorphic mice.
MRI quantification of brain volumes from mice with the APP loss-of-function allele showed
no significant difference in the vermis to whole brain volume ratios between the wild type (wt;
black) and APP null littermates (APP−/−; blue). However, both heterozygous and homozygous
APP loss-of-function (APP −/+; yellow, and APP −/−; red respectively) resulted in increased
V/W ratios in the Dab1 cKIneo hypomorphic animals (cKI) as compared to animals with wild-
type APP levels (APP+/+; green). Data were compared by unpaired t-tests, *P=0.0434,
**P=0.0123, n=3-4.
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