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The axonal microtubule stabilizing protein tau is hyperphosphorylated in several neurodegenerative conditions, including Alzheimer’s
disease, yet the genes that regulate tau phosphorylation are largely unknown. Disabled-1 (Dab1) is a cytoplasmic adapter protein that
interacts with apolipoprotein E (ApoE) receptors and controls neuronal positioning during embryonic brain development. We have
investigated the role of Dab1 in tau phosphorylation. We found that wild-type Dab1, but not a mutant lacking tyrosine phosphorylation
sites, protects mice from the hyperphosphorylation of tau. However, the absence of Dab1 is not sufficient to cause tau hyperphosphory-
lation, because hyperphosphorylation is manifested only when Dab1 is mutated in specific mouse strain backgrounds. Tau hyperphos-
phorylation correlates with early death in susceptible mouse strains, and it occurs in the neurons of the hippocampus and dentate gyrus.
By quantitative trait locus (QTL) analysis of Dab1-deficient mice on a hybrid strain background, we uncovered one significant and three
suggestive chromosomal loci that modulate tau phosphorylation. Two of these QTL regions contain genes that are defective in early onset
Alzheimer’s disease. Our findings suggest that Dab1 gene disruption sensitizes mice to tau hyperphosphorylation contingent on specific
haplotypes that are linked to Alzheimer’s disease loci. Dab1 mutant mice provide an animal model for studying the relationships between
ApoE receptors, tau hyperphosphorylation, and Alzheimer’s disease.

Key words: Reeler; Disabled-1; tau hyperphosphorylation; quantitative trait locus analysis; Alzheimer’s disease; genetic interactions

Introduction
The microtubule-associated protein tau regulates microtubule
assembly and disassembly during neuronal differentiation (Man-
delkow and Mandelkow, 1995). Tau functions are regulated by
phosphorylation at many different sites, and overall tau phos-
phorylation is high during brain development but declines after
birth. Abnormally high levels of tau phosphorylation in adult
brains are associated with various neurological pathologies (Lee,
1996; Lee et al., 2001). Some inherited diseases characterized by
tau hyperphosphorylation and neurodegeneration are directly
attributable to mutations in the tau gene (Hong et al., 1998),
whereas in others, such as Alzheimer’s disease (AD), tau hyper-
phosphorylation occurs in the absence of tau mutations (Hardy
et al., 1998; Lee et al., 2001). Mutations that increase the risk of
early onset AD, and the attendant tau hyperphosphorylation,
have been identified in genes involved in forming extracellular
amyloid plaque. These genes encode amyloid precursor protein
(APP), which is the precursor for the amyloid plaque A� protein,

and for the multiple membrane-spanning proteins presenilin-1
(PS-1) and PS-2, which process APP (Hardy, 1996; Price et al.,
1998). Thus, it is likely that either tau gene mutation or the accu-
mulation of amyloid plaque can trigger the accumulation of
phosphorylated tau protein. Late-onset AD is genetically associ-
ated with the �4 isoform of apolipoprotein E (ApoE) (Schmechel
et al., 1993). The ApoE-4 allele is a dose-dependent risk factor
with incomplete penetrance, but the biochemical basis for this
remains largely unknown. The mechanism by which altered APP
processing and amyloid plaque formation leads to tau hyper-
phosphorylation, and the role of ApoE, are unclear.

There is great interest in developing mouse model systems to
study tau hyperphosphorylation (Gotz, 2001; Hutton et al.,
2001). Mice expressing mutant human APP and presenilins form
plaque, but, unlike humans, such mice do not show tau hyper-
phosphorylation (Holcomb et al., 1998). However, the overex-
pression of mutant alleles of human tau in transgenic mice leads
to increased tau phosphorylation (Lewis et al., 2000). The pheno-
type is exacerbated if mutant A� is injected into the brains of mice
that are transgenic for human tau or if double transgenics for tau
and APP are prepared (Gotz et al., 2001; Lewis et al., 2001). De-
spite these transgenic models, mutations in mouse genes that lead
to the hyperphosphorylation of endogenous mouse tau have
been described only recently.

We reported previously that genetic deficiency of two ApoE
receptors (ApoERs), known as very-low-density lipoprotein re-
ceptor (VLDLR) and ApoER2, causes tau hyperphosphorylation
that is readily detectable at weaning (Hiesberger et al., 1999).
VLDLR and ApoER2 are also receptors for Reelin (Reln), a pro-
tein that controls neuronal positioning during brain develop-
ment (Rice and Curran, 1999; Gupta et al., 2002). Mice that were
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mutant for Reln also had high levels of tau
phosphorylation (Hiesberger et al., 1999).
This suggested that defective Reelin signal-
ing, or the resultant brain developmental
defects, led to tau hyperphosphorylation.

We have now investigated the role of
Disabled-1 (Dab1), another gene in the
Reln-dependent developmental pathway
(Rice and Curran, 1999; Gupta et al., 2002),
in regulating tau phosphorylation. Dab1 en-
codes an adapter protein (Dab1), that binds
to the cytoplasmic tails of ApoER2 and
VLDLR and is tyrosine-phosphorylated in
neurons responding to Reln (Trommsdorff
et al., 1998; D’Arcangelo et al., 1999; Hies-
berger et al., 1999; Howell et al., 1999b).
Dab1 tyrosine phosphorylation is required
for Reln signaling during brain develop-
ment (Howell et al., 2000). However, it was
not evident whether Dab1 would be in-
volved in the regulation of tau phosphoryla-
tion, because VLDLR and ApoER2 have
Dab1-independent binding functions
(Stockinger et al., 2000). Here we report that
tau phosphorylation, assayed at weaning, is
elevated in Dab1 knock-out or in Dab1 mu-
tants that cannot undergo tyrosine phos-
phorylation, dependent on the genetic
background. Hyperphosphorylated tau is detected in the hippocam-
pus, dentate gyrus, and certain fiber tracts. Tau hyperphosphoryla-
tion depends on the genetic background, and it correlates with death
at 3–5 weeks of age. We have used this animal model to map genes
that modify the cellular response to Dab1 gene deletion. This animal
model system appears to be useful to obtain novel insights into the
genetic basis for pathological tau phosphorylation in mice and, by
extension, in humans.

Materials and Methods
Western blotting. Postnatal day 18 (P18) to P20 brains were extracted, and
heat-soluble proteins were purified as described previously (Matsuo et
al., 1994; Hiesberger et al., 1999). Equal amounts of protein were ana-
lyzed by SDS 10% PAGE and blotted to nitrocellulose. Phosphorylated
tau was routinely detected using AT-8 (Polymedco, Cortlandt Manor,
NY) (Goedert et al., 1993), nonphosphorylated tau was detected using
Tau-1 (Binder et al., 1985), and total tau was detected with 5E2 (Upstate
Biotechnology, Lake Placid, NY). Additional antibodies used were AT-
180 (Goedert et al., 1994), AT-270 (Goedert et al., 1994), PHF1 (gift from
I. Vincent, University of Washington, Seattle, WA) (Lang et al., 1992),
and Tau46 (gift from V. Lee, University of Pennsylvania, Philadelphia,
PA) (Kosik et al., 1988). These publications report the epitopes that these
antibodies recognize in human tau, as listed in Figures 1 and 3A.

Immunohistochemistry. P18 –P20 brains were fixed in 4% paraformal-
dehyde and cryoprotected in sucrose, and frozen sections were prepared.
Sections were reacted with antibody TG-3 (Jicha et al., 1997), stained
with diaminobenzidine, and counterstained with hematoxylin.

Quantitative trait locus analysis. Dab1�/� F2 progeny were identified
by behavior and killed at P18 –P20. DNA was extracted and analyzed by
PCR to confirm the Dab1 genotype. Brain samples were analyzed as
described above to determine tau phosphorylation. Animals with high
and low levels of tau phosphorylation were analyzed further. PCR prim-
ers for marker analysis were designed according to information at http://
www.informatics.jax.org/mgihome/(Blake et al., 2001, 2002). The fol-
lowing markers were analyzed: D1Mit66, 1Mit003, 1Mit211, 1Mit478,
1Mit302, 1Mit215, 1Mit365, 1Mit90, 2Mit243, 2Mit037, 2Mit304,
2Mit229, 3Mit164, 3Mit028, 3Mit116, 4Mit288, 4Mit175, 4Mit148,

5Mit233, 5Mit240, 5Mit291, 6Mit188, 6Mit036, 6Mit201, 7Mit117,
7Mit238, 7Mit046, 8Mit293, 8Mit248, 8Mit013, 9Mit191, 9Mit196,
9Mit279, 10Mit80, 10Mit044, 10Mit180, 11Mit227, 11Mit041,
11Mit050, 12Mit012, 12Mit014, 12Mit018, 13Mit003, 13Mit147,
13Mit151, 14Mit133, 14Mit034, 14Mit075, 15Mit265, 15Mit239,
15Mit171, 16Mit34, 16Mit04, 16Mit125, 16Mit185, 16Mit139,
16Mit189, 16Mit94, 16Mit224, 16Mit86, 16Mit106, 17Mit028,
17Mit139, 17Mit142, 18Mit017, 18Mit184, 18Mit049, 19Mit019,
19Mit010, and 19Mit071. Genotype information for these markers is
arranged as columns from left to right in Figure 3B.

Data were analyzed by a whole genome scan for linkage as described
previously (Lander and Kruglyak, 1995; Sen and Churchill, 2001). A
significant quantitative trait locus (QTL) was found at chromosome 16
marker D16Mit224, together with several suggestive QTLs. A second
genome scan was then performed with D16Mit224 used as a covariate to
fix the chromosome 16 effect. This did not change the significance of the
suggestive QTLs. We also performed a genome-wide scan for pairwise
interactions. There were no significant interacting pairs. A multiple re-
gression containing the significant and suggestive main effect loci was
fitted to the data. The model explains 38% of the variance in the
phenotype.

Criteria for significant and suggestive QTLs. Criteria for significant and
suggestive thresholds were determined by performing 1000 analyses on
permuted data sets. The maximum likelihood log odds (LOD) score
exceeds the threshold for significant linkage in 5% of the permuted data
analyses, and it exceeds the suggestive threshold in 37%, in accordance
with accepted standards for significance in genome-wide QTL scans
(Lander and Kruglyak, 1995; Sen and Churchill, 2001).

Results
Effects of Dab1 mutation on tau phosphorylation
We tested whether Dab1 regulates tau phosphorylation, initially
using mice of the 129Sv � C57BL/6 (SB) hybrid strain back-
ground that is commonly used for maintaining knock-out
strains. As found previously (Hiesberger et al., 1999), mice mu-
tant for Reln or for both VLDLR and ApoER2 in the SB strain
background showed high tau phosphorylation (Fig. 1A) (AT-8
antibody, samples 3– 6), whereas the levels were low or undetect-

Figure 1. Tau phosphorylation at several sites is regulated by genes of the Reln–Dab1 pathway. Brain extracts were prepared
at P18 –P20, and equal quantities of heat-stable protein were analyzed by SDS PAGE and Western blotting. A, Samples from
various mutant mice of different strain backgrounds were analyzed simultaneously with antibodies recognizing phosphorylated
(top) and dephosphorylated (bottom) tau. B, Selected samples were reanalyzed with antibodies recognizing additional epitopes on
tau. Antibody specificity was determined previously using human tau as the antigen: �P, Phosphorylation dependent; �P,
dephosphorylation dependent; Pi, phosphorylation independent (see Materials and Methods for references). Note the altered
migration of tau from mutant brains (asterisks), which is indicative of increased phosphorylation.
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able in samples from wild-type mice (sample 7) or mice with
single mutations in either VLDLR or ApoER2 (samples 1 and 2).
Dab1 gene disruption in this strain background also caused in-
creased tau phosphorylation (Fig. 1A, samples 10 and 11). Phos-
phorylation was extensive, as shown by a commensurate decrease
in the amount of hypophosphorylated tau (Fig. 1A, Tau1 anti-
body) and by an electrophoretic mobility shift (Fig. 1B, asterisks).
Phosphorylation occurred at several sites that are phosphorylated
in AD samples, as detected by antibodies specific for different
phosphorylated epitopes on human tau (Fig. 1B). A phenylala-
nine mutant allele of Dab1 (Dab15F), which lacks tyrosine phos-
phorylation sites, is defective in Reln signaling (Howell et al.,
2000). This mutant also caused tau hyperphosphorylation (Fig.
1A, samples 8 and 9). This implies that the same mutations that
cause a Reeler developmental phenotype also affect the level of
tau phosphorylation after birth. Thus, it is possible that tau hy-
perphosphorylation in the mutants results either from abnormal
brain development or from the lack of postnatal activity of the
Reln–Dab1 pathway.

Tau hyperphosphorylation in the hippocampus
To localize hyperphosphorylated tau, brain sections from wild-
type and Dab1-deficient mice were stained with antibodies that
recognize phosphorylated tau. Strong staining was detected in
sections from Dab1 deletion and phenylalanine mutants in the SB
strain background (Fig. 2A–D). Staining was restricted to cell
bodies in the hippocampus proper and the dentate gyrus and to
fiber tracts of the corpus callosum and fasciculus retroflexus. No
staining was detected in the wild type (Fig. 2E). Cells in the hip-
pocampus were misplaced, as would be expected when Reln–
Dab1 signaling is disrupted (Rice and Curran, 1999). However,
other misplaced cells, such as the cortical plate pyramidal cells

and Purkinje cells of the cerebellum, did not contain detectable
hyperphosphorylated tau.

Survival of Dab1 mutants depends on strain background:
correlation with tau phosphorylation
We noticed that the viability of Dab1 mutant mice depends on the
strain background. Dab1 mutations were originally made in the
embryonic stem cells of 129Sv mice (SS), and maintained in pure
SS or mixed SB backgrounds (Howell et al., 1997). On these
backgrounds, Dab1 mutants and VLDLR/ApoER2 double knock-
out mice generally die at 3–5 weeks of age. It was reported that
crossing either of two mutant Reln alleles into the CC (BALB/
cByJ) background improved viability compared with the BB
(C57BL/6) background (Goffinet, 1990). Therefore, we tested
whether the death of Dab1�/� homozygotes was also influenced
by strain background by repeatedly backcrossing Dab1�/� to CC
strain mice. CC congenic Dab1�/� mice were then intercrossed.
Dab1�/� (CC) animals were found to be uniformly viable, living
a normal life-span. Nonetheless, Dab1 deficiency caused a typical
Reeler phenotype in the CC background, including a disordered
hippocampus (Fig. 2F) (data not shown). This suggests that the
lethality of the Dab1 mutation depends on strain background and
is suppressed in the same strain that suppresses the lethality of a
Reln mutation (Goffinet, 1990).

We suspected that surviving mice may not have hyperphos-
phorylated tau. Indeed, we found that the Dab1 deletion in the
CC strain background does not cause tau hyperphosphorylation,
as detected by Western blotting (Fig. 1A, samples 12–15) or im-
munohistochemistry (Fig. 2F). When data from Dab1 mutations
in various mouse strains were compared, there was a strong rela-
tionship between the lack of tau hyperphosphorylation and an-
ticipated survival for �5 weeks (Table 1). This correlation sug-
gests either that tau hyperphosphorylation causes death or that
tau hyperphosphorylation and early death have a common cause.

Mapping of genetic loci that modify tau
hyperphosphorylation in Dab1�/� mice
Because extensive, early onset tau hyperphosphorylation has not
been observed previously in mutant mice, we initiated a search
for QTLs that modify the phosphorylation of tau in the absence of
Dab1. We bred Dab1�/� BALB/cByJ (CC) congenic mice to
C57BL/6J (BB). Dab1�/� F1 [BALB/cByJ � C57BL/6J (BC)] off-
spring were identified and intercrossed. F2 progeny that were
Dab1�/� were identified by behavior and confirmed by genotyp-
ing. Brain samples were collected at 20 d after birth, and the tau
phosphorylation state was assessed (Fig. 3A). Tau phosphoryla-
tion varied widely, from undetectable to high levels. Some varia-
tion may be attributable to altered tau phosphorylation in differ-
ent brain regions and some to different levels of phosphorylation
in the hippocampus and dentate gyrus. We grouped 95 Dab1�/�

homozygotes, from �400 F2 progeny, according to overall tau

Table 1. Relationship between anticipated survival, tau phosphorylation, Dab1
genotype, and mouse strain background

Dab1 genotypes Strain background Survivala Hyperphosphorylated taub

�/�, �/� CC � 0/6
�/� CC � 0/5
�/�, �/�, 5F/� SB � 1/9
�/�, 5F/5F SB � 13/14c

aSurvival for �5 weeks of age.
bNumber of mice with hyperphosphorylated tau relative to number analyzed.
cProbability that survival of mice is not linked to high tau phosphorylation, p � 0.000001 (�2 test � 26.2; 1 df).

Figure 2. Presence of phosphorylated tau in the hippocampus. All sections were stained for
phosphorylated tau, and brown areas indicate immunoreactivity. A–D, Sections from a
Dab1�/� SB strain mouse showing the hippocampus ( A), CA2 region ( B), and dentate gyrus
(C, D). E, F, Sections from the hippocampus of Dab1�/� SB strain mouse ( E) and Dab1�/�

CC strain mouse ( F). Scale bars: A, E, F, 400 �m; B, C, 200 �m; D, 100 �m.
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phosphorylation levels, separating the 26 highest (phenotype 2)
and the 25 lowest (phenotype 0) from 44 with intermediate phos-
phorylation (phenotype 1). Sixty-nine DNA markers that are
polymorphic between CC and BB and cover all autosomes were
then analyzed for phenotype 0 and 2 mice (Fig. 3B) (see Materials
and Methods for markers tested). A genome-wide scan for link-
age revealed that a significant risk factor for tau hyperphospho-
rylation is present at D16Mit224, with suggestive QTLs at
D1Mit365, D12Mit014, and D17Mit142 (Fig. 3C). [There is only
a 5% chance of finding a significant QTL and a 37% chance of
finding a suggestive QTL in a random data set (see Materials and
Methods).] Curiously, the main QTL dominantly predisposes to
high tau phosphorylation when inherited from the CC parent
(Fig. 3D), although Dab1 deletion in CC does not cause tau hy-
perphosphorylation. The most likely explanation for this finding
is that a strong predisposing QTL in CC is balanced by one or
more other QTLs that are present in BB and that regulate tau
phosphorylation in an opposite manner. Indeed, the suggestive
QTLs on chromosomes 1, 12, and 17 increase tau phosphoryla-
tion dominantly or recessively when inherited from the BB par-
ent (Fig. 3D) and may more than balance the effect of the strong
QTL on chromosome 16. Analysis of more mutant mice would be
needed to confirm the suggestive QTLs.

Discussion
Combined with previous results from Reln, VLDLR, and ApoER2
mutants (Hiesberger et al., 1999), our current results show that

mutations that prevent the Reln-dependent induction of Dab1
tyrosine phosphorylation cause tau hyperphosphorylation in the
hippocampus at an early age. Because all of the mutant alleles that
cause tau hyperphosphorylation also cause abnormal brain de-
velopment, it is likely that the specific abnormalities resulting
from defective Reln signaling during development cause tau hy-
perphosphorylation after birth. However, there is evidence that
Reln is involved in various postnatal events, including the regu-
lation of Dab1 protein levels, innervation of the hippocampus,
and modulation of hippocampal synapses in culture (Del Rio et
al., 1997; Howell et al., 1999a; Weeber et al., 2002). Therefore, it is
also possible that continued Reln–Dab1 signaling after birth reg-
ulates tau hyperphosphorylation. Definitive determination of
whether tau hyperphosphorylation is regulated by Reln, VLDLR,
ApoER2, and Dab1 in a normal brain may be possible only when
conditional knock-out alleles of Reln, Dab1, or the receptors are
available.

We also found that survival of Dab1 mutants for �5 weeks of
age depended on the strain background and correlated strongly
with the lack of high levels of phosphorylated tau (Table 1). A
survey of published Reln and Dab1 mutants reveals variable sur-
vival of homozygotes, depending on strain background. Viable
alleles and strains include Relned in the B6C3Fe strain (Falconer,
1951), Relntg (B6C3F1 � B6D2) (D’Arcangelo et al., 1995), and
Dab1scm (C3HeB/FeJ � DC/Le) (Sweet et al., 1996). In contrast,
Dab1yot (126Sv � C57BL/6) (Yoneshima et al., 1997) and Dab1�

Figure 3. Identification of genetic modifiers of tau phosphorylation. A, Dab1�/� BALB/cByJ (CC) mice were bred to C57BL/6J (BB) mice, and Dab1�/� F1 (BC) offspring were intercrossed. F2

offspring that were Dab1�/� were identified, and the brain samples were analyzed by Western blotting. The figure shows data on the first 12 F2 brains analyzed. Phenotypes were scored as 0 (lowest
quartile of tau phosphorylation), 1 (intermediate), or 2 (highest). Mice with phenotype 0 or 2 were genotyped. �P, Phosphorylation dependent; �P, dephosphorylation dependent; Pi, phosphor-
ylation independent (see Materials and Methods for references). B, Table of genotypes. Rows correspond to individual mice, grouped according to phenotype; columns correspond to markers
analyzed, grouped by chromosome (see Materials and Methods for a list of markers). Genotypes are color-coded as CC, BC, or BB. Black indicates no data. Note predominance of CC (red) on
chromosome 4, where Dab1 is located. Markers at the right end of chromosome 1 are predominantly BB (blue) in phenotype 2 mice (high tau phosphorylation), whereas markers on chromosome 16
are predominantly BB in phenotype 0 mice (low tau phosphorylation). C, Genome scan for linkage between genotype and phenotype. Results are plotted as LOD scores compared with the LOD scores
required for significant linkage (top dotted line) and suggestive linkage (bottom dotted line). A locus on chromosome 16 (60 cM) is significantly linked to phenotype. D, Direction of effects. Tau
phosphorylation is increased by a dominant B allele on chromosome 16, by a recessive B allele on 1, and by a dominant C allele on 12.
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(129Sv � C57BL/6) (Howell et al., 1997) are lethal. Here we
report that Dab1 mutants are viable in BALB/c but nonviable in
129Sv or in 129Sv � C57BL/6, which resembles the pattern found
for two Reln alleles: viable in BALB/c but nonviable in C57BL/6
(Goffinet, 1990). Thus, the same genes that modify the survival of
Reln mutants may modify the survival of Dab1 mutants. In both
BALB/c and C57BL/6, the Reln mutation caused a similar pheno-
type in the cortex and the hippocampus, although subtle differ-
ences were detected in the cerebellum (Goffinet, 1990). Variation
in cerebellar morphology has been documented in wild-type
mice from different inbred strains; it is attributable to several loci
(Wahlsten and Andison, 1991; Garretson and Neumann, 1993;
Neumann et al., 1993). It is possible that the genes that affect
cerebellar morphology in wild-type mice contribute to the back-
ground effect on cerebellar morphology in Reln mutants. It is also
possible that variable survival and tau phosphorylation in
C57BL/6 and BALB/c Dab1�/� mice could be secondary to the
different severities of neurological effects. However, our results
are consistent with the hypothesis that tau hyperphosphorylation
is the cause of early death of Dab1�/� mice in susceptible strain
backgrounds.

The detection of hyperphosphorylated tau in the hippocam-
pus and the dentate gyrus of Dab1�/� mice resembles findings in
human AD (Lee et al., 2001). The accumulation of hyperphos-
phorylated tau in the corresponding regions of mouse Dab1 mu-
tant and human AD brains may indicate a heightened sensitivity
of these cells to an imbalance between protein kinases and phos-
phatases or a common molecular mechanism of tau phosphory-
lation in Dab1 mutants and AD. A common molecular mecha-
nism is also suggested by our identification of QTLs that affect tau
hyperphosphorylation in Dab1�/� mice. The main effect of QTL
on chromosome 16 (60 cM) includes the genes for APP (at 56 cM)
and superoxide dismutase (SOD) (at 61 cM), both factors in in-
herited neurodegenerative illnesses associated with tau hyper-
phosphorylation. Not only is APP the precursor of the amyloid
plaque that accumulates in AD and a genetic cause of familial AD
(Hardy et al., 1998), but the APP protein binds to Dab1 (Hom-
ayouni et al., 1999; Howell et al., 1999b). SOD mutations cause
amyotrophic lateral sclerosis (Deng et al., 1993; Rosen et al.,
1993), which can also be caused by tau mutations (Poorkaj et al.,
2001). This mouse chromosomal region is syntenic with human
chromosome 21. Trisomy 21, or Down syndrome, is a frequent
genetic disorder that includes neurodegenerative features resem-
bling AD. One of the suggestive QTLs on chromosome 12 (38 cM)
lies close to the gene encoding PS-1 (Psen1, at 37 cM). Mutations
in Psen1 alter APP processing and can cause human AD (Hardy et
al., 1998).

The map locations of QTLs that modify tau hyperphosphory-
lation in Dab1�/� mice raise the possibility that polymorphisms
in genes that cause neurodegeneration and tau hyperphosphory-
lation in humans also regulate tau hyperphosphorylation when
Reln–Dab1 signaling is defective. If so, Reln pathway defects,
inherited tau mutations, and defective APP processing may in-
duce tau phosphorylation through similar mechanisms. How-
ever, extensive additional mapping of the QTLs would be re-
quired to determine whether APP, Psen1, or SOD is directly
responsible for modulating tau phosphorylation or whether
other nearby genes are functionally involved.

In summary, our results do not distinguish whether the lack of
postnatal Reln signals or abnormal brain architecture, secondary
to defects in the Reln signaling pathway during development, is
responsible for increased tau phosphorylation in Dab1�/� mice.
However, the genetic modifiers do not detectably alter the sever-

ity of the developmental phenotype, only the level of tau phos-
phorylation and long-term survival. Thus, the genetic modifiers
act downstream of Dab1 or of the developmental abnormalities.
We suggest that an imbalance in the interaction between the Reln
signaling pathway and other genes affects tau phosphorylation in
mice. The Dab1 mutant mouse provides a useful model for rap-
idly identifying novel modifier genes involved in neurodegenera-
tive diseases.
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