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Abstract The LDL receptor (LDLR) family has long been
studied for its role in cholesterol transport and metabolism;
however, the identification of ApoE4, an LDLR ligand, as a
genetic risk factor for late-onset Alzheimer’s disease has fo-
cused attention on the role this receptor family plays in the
CNS. Surprisingly, it was discovered that two LDLR family
members, ApoE receptor 2 (Apoer2) and VLDL receptor
(V1dlr), play key roles in brain development and adult synap-
tic plasticity, primarily by mediating Reelin signaling.Bll This
review focuses on Apoer2 and V1dIr signaling in the CNS and
its role in human disease.—Lane-Donovan, C., and J. Herz.
The ApoE receptors Vldlr and Apoer?2 in central nervous sys-
tem function and disease. J. Lipid Res. 2017. 58: 1036-1043.
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The LDL receptor (LDLR) family is an evolutionarily an-
cient family consisting of seven key members (1), several of
which will be touched on by other reviews in this Journal of
Lipid Research series. Here, we focus on ApoE receptor
2 (Apoer?2) and VLDL receptor (VIdlr). To better under-
stand these receptors, we begin with a close study of their
structure. From there, we will expand to cover their func-
tion in brain development and synaptic plasticity, and we
end on how disruptions in these pathways lead to human
disease and potential avenues of therapeutic approach.

LDLR FAMILY STRUCTURE: FOCUS ON
Apoer2 AND VldIr

All LDLR family members are type I transmembrane recep-
tors that share a highly conserved structure consisting of five
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structural domains (1). Figure 1 shows the structural similari-
ties and differences between LDLR, the founding family
member, and VIdlr and Apoer2, the focus of this review.

At the extracellular N terminal, there is a ligand-bind-
ing domain with a variable number of cysteine-rich repeats
(2). VldlIr has eight cysteine-rich repeats (3). Similarly, full-
length Apoer2 mRNA encodes eight repeats; however, exon
5, which encodes repeats 4-6, is spliced out in most tran-
scripts, leading to an expressed protein with five repeats
(4, 5). Both receptors possess three extracellular epider-
mal growth factor (EGF) precursor homology domains,
which are responsible for pH-dependent ligand release
(6). They additionally have an alternatively spliced extra-
cellular O-linked sugar (OLS) domain, which is larger in
Apoer2 and whose processing and cleavage is described in
more depth later in this review, and a single transmem-
brane domain (7, 8). Finally, at the C terminus, the LDLR
family members have a small cytoplasmic domain contain-
ing one to three NPXY motifs, which is responsible for en-
docytic trafficking and signal transmission and is notable
for a lack of tyrosine kinase activity (9). Apoer2 and VIdIr
each have one NPXY motif. Apoer2 additionally has an al-
ternatively spliced 59 amino acid proline-rich region in
the C terminal, which is important for protein interaction
and synaptic transmission (4, 5, 10). While Apoer?2 is ex-
pressed by neurons throughout the brain, a full expres-
sion analysis of splicing variants in different neuronal
subtypes and brain regions has not yet been completed.
The mechanism by which this alternative splicing is con-
trolled is currently unknown.

Abbreviations: AP, amyloid-B; AD, Alzheimer’s disease; Akt, pro-
tein kinase B; Apoer2, ApoE receptor 2; APP, amyloid precursor pro-
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Dabl, disabled-1; EGF, epidermal growth factor; EphB, ephrin B;
GSK3, glycogen synthase kinase 3(3; ICD, intracellular domain; LDLR,
LDL receptor; LTP, long-term potentiation; NMDAR, N-methyl-D-as-
partate receptor; N-t, N-terminal; OLS, O-linked sugar; PI3K, phos-
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Overall, Apoer2 and Vidlr share approximately 50% se-
quence homology (11), with the regions of greatest differ-
ence being in the alternatively spliced OLS and intracellular
domains (ICDs).

Reelin SIGNALING THROUGH Apoers IS REQUIRED
FOR BRAIN DEVELOPMENT

The primary ligand in the CNS for Apoer2 and VIdIr is
Reelin, a large secreted glycoprotein that is required for
appropriate brain development (12, 13). In the prenatal
brain, Reelin is secreted by Cajal-Retzius cells in the mar-
ginal zone of the cortex, where it sends signals to migrating
neurons, leading to the characteristic “inside-out” pattern
of the cortex, whereby the youngest neurons are in the
most superficial layers and the oldest neurons are in the
deepest layers (12, 14). Similarly, Reelin is expressed by
cells in the external granule layer of the developing cere-
bellum, where it mediates Purkinje cell migration. Mice
that are deficient in Reelin, known as reeler mice, have
broad lamination defects due to failure of neuronal migra-
tion, including disrupted cortical layering and cerebellar
hypoplasia (12). Reeler mice have a characteristic “reeling”
ataxia, severe cognitive deficits, and early lethality (15).

The details of neuronal migration and its role for Reelin
signaling are reviewed in (16). However, it is important
to point out here that double knockout mice that are
deficient in both Apoer2 and VIdIr recapitulate the reeler
phenotype (17). Similarly, disabled-1 (Dabl) knockout
(scrambler or yotari) mice (18-20) and Src and Fyn double
knockout mice do so as well (21), pointing to a precise signal-
ing cascade with these essential components that is respon-
sible for transmitting the effects of Reelin to the neuron.

Individual loss of the ApoE receptors has much milder
effects on brain development. Single knockout mice for ei-
ther Apoer2 or VldIr each have reduced foliation of their
cerebella and distinct cortical lamination defects, as well as
splitting of the CAl layer of the hippocampus; however,
the cerebellar defects are more prominent in Vldlr knock-
outs, while the cortical and hippocampal defects are more
pronounced in the Apoer2 knockouts, suggesting clear
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Fig. 1. Structure of Reelin and the ApoE receptors,
Ldlr, VIdlr, and Apoer2. Reelin comprises a signal pep-
tide, an F-spondin-like domain, eight RRs that each
contain a “A” and “B” parts separated by an EGF motif,
and a C-terminal domain. Reelin is cleaved at two sites
between RR2/RR3 and RR6/RR7. The ApoE recep-
tors contain an extracellular ligand binding domain,
EGF-precursor homology domain, an alternatively
spliced OLS domain, a single transmembrane domain,
and a short ICD containing one to three NPXY motifs.
Apoer2 has an alternatively spliced 59 amino acid ICD.

Apoer2

functional differences in how these two receptors transmit
the Reelin signal to direct neuronal migration (17).

Reelin STRUCTURE AND CLEAVAGE

Full-length Reelin is a very large (>400 kDa) protein (12).
The central domain of Reelin consists of eight Reelin re-
peats (RRs), each containing two subdomains separated by
an EGF motif. At the N terminus, there is a signal peptide
and an Fspondin domain, while the C terminus contains a
small C-terminal region that is positively charged (Fig. 1).

Reelin possesses two primary cleavage sites between RR2
and RR3 and between RR6 and RR7, leading to N-terminal
(N-t), central, and C-terminal fragments (22). The central
fragment of Reelin is the binding site for Apoer2 and Vdlr
and is sufficient for many aspects of Reelin signaling (23).
However, the N-t fragment is required for homodimeriza-
tion of Reelin (24, 25), while the C-terminal fragment is
required for full Reelin signaling (26). Additionally, the
N-t fragment has been reported to bind integrin a3B1,
ephrine B (EphB) receptors, and cadherin-related neuro-
nal receptors (CNRs) (27-29). More recently, a novel mu-
tant was described in which just the C-terminal region was
deleted. Interestingly, this region was shown to interact
with VIdlr, mediating binding, but not Apoer2, and these
mutants recapitulated the VIdlr null phenotype (30).

Several proteases have been identified that mediate
cleavage at these sites, including tPA, meprin o and 3, and
matrix metalloproteinase-9, reviewed thoroughly in (31);
however, it appears that these proteases have overlapping
roles, as no single knockout mouse has altered levels of
Reelin fragments. Overall, full-length Reelin appears to be
the most potent form of Reelin, while Reelin fragments are
more diffusible and carry the Reelin signal a greater dis-
tance (32, 33).

Reelin SIGNALING CASCADE

The Reelin signaling cascade is an evolutionarily con-
served pathway that is important for numerous aspects of
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brain function, including laminar brain development, den-
dritic spine remodeling, and synaptic plasticity (Fig. 2).
First, Reelin binding to Apoer2 and VIdIr induces cluster-
ing of the receptors (34). The NPXY domains of Apoer2
and VIdIr interact with the PTB domain of Dabl, and the
receptor-adaptor cluster induces reciprocal phosphoryla-
tion of Dabl and the Src family kinases (SFKs) (e.g., Fyn
and Src) (13, 17, 35-39).

There are several effects of this activation. Dabl activates
phosphoinositol-3 kinase (PI3K), which in turn activates
protein kinase B (Akt) (40). Akt phosphorylates glycogen
synthase kinase 33 (GSK3B) at its inhibitory Ser-9 phos-
phorylation site. This reduces the phosphorylation of
numerous targets of GSK3, including tau, a microtubule
associated protein whose hyperphosphorylation is a key ini-
tiator to development of the neurofibrillary tangles found
in Alzheimer’s disease (AD) (41). Additionally, inhibition
of GSK3pB by Akt has been shown to inhibit long-term de-
pression (42).

Dabl signaling also impacts the development of den-
dritic spines. PI3K induces the phosphorylation of LIM ki-
nase-1, which phosphorylates cofilin at an inhibitory site
(43). Cofilin promotes the depolymerization of actin poly-
mers, thus its inhibition by LIM kinase-1 leads to actin
polymerization and spine growth. Reelin signaling also
regulates dendritic growth via the Akt-dependent activa-
tion of mTor (44). As a result, mice that overexpress Reelin
have higher spine density and complexity (45).

Presynaptic Neuron
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Interestingly, phosphorylation and activation of Dabl
leads to its ubiquitination and degradation, leading to self-
limitation of the Reelin signal. As a result, reeler mice, as
well as other mice with genetic interruptions to the Reelin
cascade upstream of Dabl, have very high levels of Dabl
(38, 46).

Clearly, Dabl signaling has numerous roles in the CNS.
The effect of Dabl-induced SFK activation on synaptic
function is described in the next section.

Reelin AS A SYNAPTIC MODULATOR

In the young postnatal brain, Cajal-Retzius cells slowly
die off, and Reelin expression primarily switches to GABA-
ergic inhibitory interneurons and a subset of excitatory
pyramidal cells in the entorhinal cortex (47, 48). At this
point, the Reelin signaling apparatus is repurposed as a
modulator of synaptic plasticity. As described above, Reelin
clustering of Apoer2 and VIdlr leads to the activation of
SFKs via Dabl. SFKs, in turn, phosphorylate the N-methyl-
D-aspartate receptor (NMDAR), which augments Ca®" flux
through the receptor when the receptor is open (49). As a
result, application of Reelin to an acutely prepared hippo-
campal slice enhances long-term potentiation (LTP) (50).
Reelin application does not enhance LTP in slices prepared
from Apoer2 or VIdIr knockout mice (50). As an in vivo
correlate of this enhancement, intraventricular injection of
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Fig. 2. Reelin signaling cascade. The central frag-
ment of Reelin binds to Vldlr and Apoer2, which clus-
ters the two receptors and activates Dabl signaling.
Dabl activates SFKs, which phosphorylate NMDARs,
enhancing LTP and preventing NMDA endocytosis.
NMDAR activation requires the presence of the alter-
natively spliced exon 19, which interacts with scaffold-
ing protein PSD-95. A has opposing effects on
NMDAR phosphorylation and promotes NMDAR en-
docytosis, primarily through striatal-enriched protein
tyrosine phosphatase (STEP) activation. Dabl also ac-
tivates PI3K, which leads to inhibition of GSK3f reduc-
tion of tau phosphorylation. PI3K additionally activates
Cdc42, which leads to inhibitory phosphorylation of
cofilin and promotes actin polymerization and den-
dritic spine growth. The N-t fragment of Reelin binds
to EphB receptors and can induce EphB signaling
(28). [Modified from (87).]
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Reelin enhances performance of wild-type mice on the
Morris water maze, a common behavioral test of learning
(51).

In addition to its effect at the postsynaptic density, Ree-
lin signaling affects presynaptic function. Apoer2 and Vldlr
were recently demonstrated to be present in the presynap-
tic membrane, where Reelin signaling leads to a transient
elevation of intracellular Ca%, which increases the sponta-
neous release of vesicle-associated membrane protein 7
(VAMP-7) (52). Intriguingly, this effect is specific to VAMP-
7-containing vesicles, and further research is required to
determine the mechanism by which Reelin signaling af-
fects this select vesicle pool.

Apoer2 ALTERNATIVE SPLICING

The ICD of Apoer2 has an alternatively spliced 59 amino
acid domain that interacts with c-Jun N-terminal kinase
(JNK) and postsynaptic density protein 95 (PSD-95), the lat-
ter of which acts as a scaffold to promote interaction with
NMDAR. This interaction is required for the effect of Ree-
lin on LTP, as hippocampal slices from mice that are consti-
tutively lacking this region do not enhance LTP in the
presence of Reelin (10). This is correlated in vivo by the
finding that these mice have a deficit in fear learning (10).

The alternative splicing of exon 19 may play a role in hu-
man disease. Postmortem brain tissue from AD patients has
fewer Apoer?2 transcripts that include exon 19 compared
with healthy controls. This dysregulation also occurs in the
TgCRNDS8 mouse model of AD, and rescuing dysregulated
splicing using an antisense oligonucleotide (ASO) im-
proves synaptic function and cognitive performance (53).

Another alternatively spliced domain of Apoer2 is the
OLS domain encoded by exon 16, which is important for
receptor processing. Apoer2 is sequentially cleaved first by
extracellular a-secretases [e.g., a disintegrin and metallo-
proteinase domain-containing protein 10 (ADAMI10)],
leading to the release of the extracellular domain (ECD),
followed by y-secretase, which releases the ICD (7) (Fig. 1).
This cleavage process leads to a negative feedback through
two mechanisms. The ICD translocates to the nucleus,
which alters the epigenetic signature and causes inhibition
of Reelin transcription (54). At the same time, the ECD
can act as a dominant-negative ligand to inhibit Reelin sig-
naling (55). When the OLS is glycosylated or excluded by
alternatively splicing, Apoer?2 is protected from proteolytic
processing (7, 56). This leads both to an abundance of
Apoer2 and a reduction in these negative-feedback mecha-
nisms (56).

Reelin RECEPTOR SUPERSTRUCTURE: ADDING
EphB RECEPTORS AND AMYLOID PRECURSOR
PROTEIN

The large size of Reelin suggests an ability to form a “su-
perstructure,” bringing together multiple components of
the synapse. While the central fragment of Reelin binds to

VIdIr and Apoer2, the N-t fragment binds to EphB2 recep-
tors (Fig. 2). Similar to its effect on the ApoE receptors,
Reelin binding to EphB receptors induces their clustering
and forward EphB signaling, independent of both the
ApoE receptors and Dabl (28). This leads to an interesting
model whereby the N-t region and central region of Reelin
bind to EphB receptors and the ApoE receptors, respec-
tively, bringing together these two signaling cascades; how-
ever, this hypothesis has yet to be formally tested.

The role that the EphB/Reelin interaction plays in brain
development has been difficult to tease apart. Though
it had been previously reported that EphB1,/2/3 triple
knockout mice recapitulated the reeler phenotype (57),
Pohlkamp et al. (58) failed to replicate this finding. Rather,
it appears that EphB1/2 double knockout mice merely
have a mild hippocampal positioning defect (28).

Another protein shown to interact with Apoer2 is the
amyloid precursor protein (APP), which is sequentially
cleaved to form amyloid-f (AB) (59). APP contains an
NPXY domain in its ICD, similar to Apoer2 (60). As de-
scribed above, Dabl interacts with the NPXY motif, and
Dabl interaction with either APP or Apoer2 increases cell
surface levels of the receptors and decreases levels of A3
(61). Similarly, Fe65 interacts intracellularly with both APP
and Apoer? to form a trimeric complex (62). Surprisingly,
APP and Apoer?2 also directly interact, which slows the rate
of APP internalization, increases its association with lipid
rafts, and results in increased B-cleavage of APP and, thus,
AR production (63). Additionally, APP and Apoer2 indi-
rectly interact extracellularly through F-spondin, which en-
hances a-cleavage (i.e., nonamyloidogenic) of APP (64).
Full-length F-spondin is required for this interaction, sug-
gesting that it forms an extracellular bridge. Thus, there
are several mechanisms by which APP and Apoer2 interact,
which can modify A production in opposite ways. The in-
teractions of ApoE receptors and APP have been previously
reviewed in depth by us and other groups.

Reelin-INDEPENDENT ROLES OF VIdlr/Apoer2
SIGNALING IN THE CNS

The roles of the Vldlr/Apoer2 signaling cascade are not
limited to Reelin as the ligand. Postnatal migration of neuro-
nal precursors from the subventricular zone to the olfactory
bulb is not dependent on Reelin, but does require Apoer2/
VldIr/Dabl (65). One proposed ligand to mediate this effect
is Apo] (also known as clusterin), which can bind to Apoer2
and VIdIr and activate Dabl (66). When clusterin is blocked
in vitro, neuroblast chain formation and migration is blocked
in the subventricular zone (66). Another proposed ligand is
thrombospondin-1, which also binds Apoer2 and Vldlr, in-
ducing phosphorylation of Dabl and stabilization of neu-
ronal precursor chains. Interestingly, thrombospondin-1
phosphorylation does not induce Dabl degradation or Akt
phosphorylation, and the reason for these differences in
downstream signaling is currently unclear (67).

Additionally, Apoer2 is responsible for selenium uptake
from selenoprotein P (Seppl) at the blood-brain barrier,
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independent of Reelin (68). The importance of this traf-
ficking role was highlighted by the finding that Apoer2-
deficient mice are susceptible to neurodegeneration on a
reduced selenium diet (69). It is likely that with further
research, other noncanonical roles for Apoer2 and Vldlr
signaling in the CNS will be found.

Reelin SIGNALING COMPONENTS IN HUMAN
DISEASE

Given the importance of Reelin signaling in brain de-
velopment, it is not surprising that mutations in the com-
ponents of the Reelin signaling cascade often lead to
neurodevelopmental disorders in humans. Homozygous
loss of RELNleads to lissencephaly with cerebellar hypopla-
sia, a phenotype similar to that observed in reeler mice
(70). Similarly, homozygous loss-of-function mutations in
Vldir cause disequilibrium syndrome, a nonprogressive cer-
ebellar ataxia with mental retardation that is similar to,
though less severe than, the phenotype observed in Reelin-
deficient patients (71). Mutations in Apoer2leading to neu-
rodevelopmental disorders have so far not been identified.
In contrast, individuals who are completely ApoE-deficient
do not have neurodevelopmental changes; however, con-
sistent with the role of ApoE in cholesterol metabolism,
ApoE-deficient individuals do have high plasma choles-
terol and triglycerides and early atherosclerosis (72).

Because Reelin signaling is required for normal brain
development, it would be difficult for extensive structural
Reelin defects to lead to a milder phenotype. However, nu-
merous studies have identified RELN SNPs and de novo
mutations in autism spectrum disorder (ASD), which have
been recently reviewed in (73). It is important to note that
these genetic changes are unlikely to be the sole cause of
disease, but rather contributing factors to ASD develop-
ment. Mutations in the other components of the Reelin
signaling pathway (Vldlr, Apoer2, Dabl, etc.) have not
been associated with ASD. Reelin has similarly been pro-
posed to play a role in schizophrenia and depression, sum-
marized in (74, 75).

Reelin RECEPTOR TRAFFICKING: A ROLE FOR
ApoE4 IN GENERATING SYNAPTIC DYSFUNCTION

ApoE exists in the human populations in three common
isoforms: €2, €3, and €4 (ApoE2, -E3, and -E4, respectively).
ApoE4, present in approximately 15% of the population,
confers a dose-dependent increased risk of late-onset AD,
with one allelic copy increasing risk 3-fold, and two copies
increasing risk 12-fold (76). Conversely, ApoE2 is protec-
tive against AD development, while ApoE3, the most com-
mon allele, is considered to be risk neutral (77). ApoE3
and ApoE4 differ by one amino acid (Cys112 and Arg 112,
respectively), which promotes a domain interaction be-
tween the N and C termini of ApoE4 and increases
the cleavage of ApoE4 into fragments (78). Other review
articles in this series will focus on the role of ApoE in A
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clearance and neurodegeneration. Here, we focus on its
effects on Reelin receptor signaling.

As described above, the ApoE receptors, Apoer2 and
VIdIr, are important for both brain development and adult
synaptic plasticity as mediators of Reelin signaling. Upon
activation of the receptors by Reelin, they are endocytosed
to the early endosome, then recycled back to the surface.
The ApoE isoforms differentially affect this process, with
ApoE4 severely impairing receptor recycling to the surface,
and ApoE3 and ApoE2 having more moderate and mild
effects respectively (79). The reduction of surface availabil-
ity of Reelin receptors leads to a resistance to Reelin signal-
ing whereby acute hippocampal slices pretreated with
ApoE4 do not have enhanced LTP after Reelin application
(79).

Reelin activation of downstream kinases and enhance-
ment of LTP is important for protection against A, which
reduces LTP by enhancing NMDAR endocytosis via striatal-
enriched protein tyrosine phosphatase (80). Thus, appli-
cation of Reelin to acute hippocampal slices prevents
AB-induced reduction of LTP, and this effect is abrogated
in the presence of ApoE4 (79, 81). As an important in vivo
correlate, adult Reelin conditional-knockout mice, which
have normal brain development and normal cognition in
the absence of AB, become severely cognitively impaired
when crossed with an AB-overproducing mouse model
(82).

Evidence for an effect of ApoE isoform on synaptic plas-
ticity in humans comes from imaging studies done in chil-
dren and young adults. Functional MRI in healthy, young
ApoE4 carriers already demonstrates connectivity deficits
that are similar to AD patients (83), and some changes
have been demonstrated as early as infancy (84). It is im-
portant to note that these functional imaging changes are
observed prior to the development of AB deposition and
neuritic plaques, supporting the idea that ApoE affects syn-
aptic function independent of amyloid accumulation.

THERAPEUTIC APPROACHES

In the sections above, there are several points within the
Reelin signaling cascade that could be targeted for thera-
peutics in AD and other diseases. The first point of inter-
vention is at the level of Reelin itself. Overexpression of
Reelin in a mouse model of AD rescues synaptic function
and cognition (85). Similarly, intraventricular injection of
Reelin improves memory acutely in wild-type mice (51).
Though this has not been tested directly in AD mice, one
could hypothesize that drugs that elevate levels of Reelin
would be protective in AD. However, as described above,
one of the mechanisms by which Apok4 likely contributes
to disease pathogenesis is by inducing a state of Reelin re-
sistance through impaired endocytic recycling of receptors
(79). Thus, in ApoE4 carriers, increasing Reelin levels may
not be effective. Rather, therapeutics that restore endocytic
recycling may be more effective.

At the level of the receptors themselves, one target
may be the dysregulation of Apoer2 alternative splicing to



promote the inclusion of exon 19. Using an ASO corrected
this dysregulation in mice and rescued cognitive deficits
(53). The first ASO treatment in clinical trials, nusinersen,
developed for spinal muscular atrophy, a motor neurode-
generative disease that begins in infancy, was recently ap-
proved by the Food and Drug Administration for use in
patients (86). This first clinical success indicates that ASOs
are a viable method to treat neurodegenerative diseases.

CONCLUSIONS

The ApoE receptors, Apoer2 and Vldlr, and their pri-
mary ligand, Reelin, are vital for brain development and
important for modulation of synaptic plasticity. Disruption
of these pathways is implicated in various neurodevelop-
mental disorders, and ApoE4 appears to mediate some of
its effects in AD pathogenesis by interfering with Reelin sig-
naling in the adult brain. The Reelin-ApoE receptor signal-
ing cascade presents an attractive therapeutic target for the
treatment of AD and other diseases.Bl
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