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1. Introduction

Reelin is an extracellular matrix glycoprotein of ~400 kD, expressed in mammals during
neurodevelopment by the Cajal-Retzius (CR) neurons, which are located in the marginal
zone of the cortex and hippocampus [1], and by the cerebellar granule cells [2]. In adult
stages,  CR neurons degenerate in both structures [3],  limiting Reelin production and se‐
cretion to  GABAergic  interneurons [4].  Meanwhile,  the  expression in  the cerebellum re‐
mains  being  exclusive  of  granule  cells  [5].  During  development,  Reelin  synthesis  also
occurs in structures like the hypothalamus, the olfactory bulb, the basal ganglia and the
amygdale.  In  these  last  two  brain  regions,  Reelin  expression  continues  into  adulthood
but at low concentrations [1].

Reelin gene encompasses 450 kb of genomic DNA located on human chromosome 7q22 and
in murine chromosome 5. Both genes contain 65 exons that encode a protein sharing a 94,2
(%) of identity [6-7]. The transcription initiation region and the exon 1 of the reelin gene is
enriched in CG nucleotides, forming a large CpG island [8], which is associated with a meth‐
ylation-dependent negative regulation of reelin transcription [9]. In fact, DNA methyltrans‐
ferases and histone deacetylases inhibitors increase Reelin protein expression, most likely
due to decreased reelin promoter methylation [10-11].

In addition to the epigenetic regulation, reelin gene show multiple cis elements, which con‐
tain binding sites for transcription factors involved in neurodevelopment such as Sp1, Tbr-1
and Pax6, and elements involved in cytoplasm-to-nucleus signal transduction as CREB and
NF-κB [7,12]. Tbr-1 deficient mice show a clear disruption of cortical organization, accompa‐
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nied by decreased Reelin levels [13]. On the other hand, retinoic acid, a known inducer of
neuronal growth and differentiation, increase Pax6 and Sp1 levels leading to the activation
of the reelin promoter and a subsequent increased Reelin protein synthesis [14].

The full length Reelin protein contains 3461 amino acids, organized from N- to C-terminal
by the following domains and motifs: 1.- A signal peptide, 2.- F-spondin-like motif, 3.- 8 re‐
peat domains, composed of a region A and region B spaced by EGF motif, and 4.- A region
enriched in basic amino acids [2].

Reelin may undergo proteolytic cleavage at the beginning of the 3rd and 7th A-EGF-B repeat
generating many fragments including the N-terminal, the intermediate segment and the C-
terminal fragment. Cleavage may be precluded by zinc chelators, known inhibitors of metal‐
loproteinases [15]. Recently a putative protease had been identified as p50 and p70 isoforms
of a disintegrin and metalloproteinase with thrombospodin motif 4 (ADAMTS-4). The p50
isoform cleaves at N-terminal only, and p70 cleaves the N- and C-terminal sites [16]. The im‐
portance of the proteolytic processing remains unclear, however; several reports showed
that the internalization of Reelin at target cells is independent of its cleavage. In turn, only
the central region seems to be sufficient for Reelin functions. Reelin cleavage would be re‐
quired to enable Reelin secretion, allowing the release of a central, active fragment from the
extracellular matrix-attached full length protein [17-18]. In contrast to this notion, there are
many studies showing that the N-terminal region is important for Reelin secretion (due to
the presence of a signal peptide on this region) [19], and to promote the formation of homo‐
polymers, which are essential for proper signal transduction [20]. There is still little evidence
about the function of the C-terminal region. The reeler Orleans mutation characterized by a
deletion of 220 nucleotides at the C-terminal, prevents the secretion of Reelin, suggesting a
possible role for this region in normal Reelin functions [21].

2. Reelin in neurodevelopment

As outlined in the previous section, Reelin is a glycoprotein, which is expressed in CR neu‐
rons starting at embryonic day 11 (E11), mainly in the cortex, hippocampus and cerebellum.
It expression remains high until day E18, when CR neurons begin to degenerate [1,3]. The
importance of Reelin to neurodevelopment had been elucidated through numerous studies
using a mice model exhibiting a spontaneous mutation (partial deletion) in the reelin gene,
called the reeler mice [22]. These mice had pronounced defects in the correct neuronal posi‐
tioning in the laminar structures of the brain. At day E11, postmitotic neurons located in the
ventricular zone, migrate toward the pial surface to form the preplate. On E13, a new cohort
of migrating neurons originated at the proliferative region separate the pre-plate. Pre-plate
splitting originates two regions, the marginal zone and the sub-plate, which are positioned
adjacent to the pial surface and near the ventricular zone, respectively. The marginal zone is
rich in CR neurons, which are the primary source of Reelin during neurodevelopment. Sev‐
eral waves of postmitotic migrating neurons are positioned between the marginal zone and
the sub plate, leading to the formation of the cortical plate. During the E14-E18 time lapse,
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four successive waves of postmitotic neurons migrate from the ventricular zone, through the
sub-plate and neurons already positioned, to reach the marginal zone where the Reelin se‐
creted by the CR neurons acts as a “stop signal” inducing the termination of the neuronal
migration. This process is termed as "radial migration", and occurs through an inside-out
mechanism, where early migrating neurons are placed at the inner aspects of the cortex [23].
Mechanistically, cortical neurons migrate using two different mechanisms, a glial-depend‐
ent process termed locomotion; and a glial-independent one termed nuclear translocation.
During migration across the cortical plate, the neurons adopt morphology characterized by
the presence of a cytoplasmic extension oriented toward the most outer aspect of the cortex,
the leading process. A secondary cytoplasmic extension emerge orthogonally from the lead‐
ing process and is termed the trailing process. While the leading process will be further de‐
veloped as the dendritic arbor, the trailing process will become the axon [24].

The reeler mutant shows a clear disruption of the cortical layers, characterized by the ab‐
sence of pre-plate splitting, generating a structure called the superplate [25]. Additionally,
migrating neurons fail to establish an inside-out pattern of cortical layers [26]. Thus, in the
reeler mutant, neurons that migrate earlier during development are placed in the outer as‐
pect of the cortex, leading to an outside-in pattern of cortical layers [23,27-29].

Abnormal neuronal migration is not exclusively for the reeler mice cortex. Purkinje neurons
in the cerebellum are also aberrantly organized. After birth, the Purkinje cell layer is absent,
and a reduction of granule cells number is appreciated, these alterations result in a dramatic
reduction of foliation pattern and diminished cerebellar size [30]. At the hippocampal re‐
gion, the reeler mutant is characterized by the presence of non-compacted dentate gyrus and
disorganized pyramidal layer [31].

Summarizing, Reeler brain shows smaller size and larger ventricles, the distribution of the
dorsal, medial and ventral hippocampus is altered, the cortex display an inverted array of
neurons in their layers and the cerebellum shows no foliation and alterations in the organi‐
zation of its layers [32].

At the molecular level, the Reelin signaling pathway control several processes required for
proper neuronal migration. For example, Reelin stabilize the leading process by inducing
cofilin phosphorylation at Ser3, which regulates actin dynamics [33]. Furthermore, Reelin
can also induce MAP1B phosphorylation through GSK-3β activation. MAP1B function is in‐
volved in formation of brain laminated areas, therefore, Reelin can modulate neuronal guid‐
ance through post-translational modifications of MAP1B [34]. These two examples show
how Reelin can act coordinately to locally regulate the assembly of actin microfilaments and
microtubules (Figure 1A).

In addition to its role in neurodevelopment, Reelin controls the formation of neural circuits,
promoting the growth and branching of dendrites in hippocampal neurons [35]. Moreover,
Reelin can enhance the formation of dendritic spines, supporting a role at the post-synaptic
compartment [36].

Most of these cellular functions are dependent on a signaling pathway, triggered by the
binding of Reelin to its two main receptors, the very-low density lipoprotein receptor
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(VLDLR) and the ApolipoproteinE receptor 2 (ApoER2) [37]. The binding of Reelin to its re‐
ceptor induce the phosphorylation of the adapter protein mDab1 on tyrosine residues [38].
mDab1 phosphorylation lead eventually to the modulation of cytoskeleton effectors mole‐
cules such as MAP1B and cofilin [23].

Figure 1. Reelin signaling pathway in normal brain and its impairment in AD brains. The panel A show the intracellular
events triggered by the binding of Reelin to its canonical membrane receptors, ApoER2 and VLDLR. mDab1 protein is spe‐
cifically phosphorylated at tyrosine residues, which concomitantly with the activation of PI3K, regulate actin and microtu‐
bule dynamic behavior. LIMK-mediated phosphorylation of cofilin and the Akt inhibitory phosphorylation of GSK-3β are
essential to this regulation. On the other hand, in AD brains, diminished Reelin expression and its aggregation in amyloid-
like deposits, induce impairment in its signaling pathway (represented by gray lines). Decreased Reelin signaling triggers
the dephosphorylation of cofilin, promoting the formation of actin-rods. On the other hand, the activation of GSK-3β and
CDK-5, lead to hyperphosphorylation of tau protein inducing its aggregation into PHFs (panel B).
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3. Reelin in the adult brain

Although Reelin function is mainly related to neurodevelopment, several recently studies
assign roles in the adult brain, such as the development of dendrites and dendritic spines
[36], modulation of synaptogenesis [39], modulation of synaptic plasticity [40-43] and neuro‐
transmitter release [44]. The mechanism by which Reelin can modulate the synaptic trans‐
mission is not fully elucidated. Currently it is strongly suggested that Reelin acting through
its canonical signaling pathway facilitates the phosphorylation of NR2A and NR2B subunits
of the NMDA receptor, favoring the calcium influx into the postsynaptic neuron.

This intracellular calcium increase causes the insertion of the GluR1 subunit of AMPA re‐
ceptors, allowing the phosphorylation and nuclear translocation of CREB [45]. CREB phos‐
phorylation is required to elicit the formation of dendritic spines. In addition, Reelin reduces
the number of silent synapses, facilitating the exchange of subunit NR2B by NR2A of
NMDA receptor [46]. Therefore, Reelin modulates synaptic plasticity events involved in
learning and memory processes in adults. Consistently with a role for Reelin in the control
of neurotransmission, reeler mice show diminished expression of presynaptic (SNARE,
SNAP-25) [44] and postsynaptic (PSD-95, PTEN) markers [43]. These defects cause failures
in the release of neurotransmitters, impairing synaptic transmission.

4. Animals models for neuropsychiatric diseases

Owing to the importance that Reelin have in the correct structuration and lamination of the
brain during development and in neuronal connectivity and synaptogenesis in the adult
brain, its dysfunction has been directly related to the generation or susceptibility to acquire
neuropsychiatric conditions such as depression and schizophrenia, or neurodegenerative
diseases such as Alzheimer’s disease (AD) [45].

The most tangible evidence supporting these putative relationships was obtained through
studies of human brains derived from neuropsychiatric and neurodegenerative conditions.
Decreased levels of Reelin are shown in postmortem samples from prefrontal cortex of pa‐
tients with schizophrenia and bipolar disorders [47]. This decrease may be explained in
schizophrenic patients by an abnormal hypermethylation of the reelin promoter, an epige‐
netic modification involved in gene silencing [48]. Furthermore, immunohistochemistry ex‐
periments in depressive and schizophrenic patients show decreased Reelin expression at the
hippocampus [49]. On the other hand, diminished Reelin levels in the hippocampus of pa‐
tients with AD had been reported, suggesting a direct correlation between the severity of the
disease and the extent of decreased Reelin expression [50]. All of these antecedents provide
evidence enough to feature a molecular link between decreased Reelin levels and neurode‐
generative/psychiatric diseases.

In order to understand the etiology of neurodegenerative/psychiatric diseases, different ani‐
mal models had been developed. A widely paradigm is the "two hit" model, which suggests
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that genetic and environmental factors may affect the development of central nervous sys‐
tem, acting as “the first hit”. These early disorders are linked to long-term vulnerability,
which after a “second hit” could cause the symptoms for a disease [51-52]. For diseases such
as depression, autism and schizophrenia, the heterozygous reeler mice had been used as the
genetic “first hit”, while stress events after the birth or in adulthood are used as the environ‐
mental “second hit”. The results indicate that heterozygous reeler mice, after a stressful
event, such as maternal deprivation or corticosterone injection, exhibit significantly in‐
creased depressive or schizophrenic behaviors as compared with wild type littermates
[53-54]. Indeed, reeler heterozygous animals in the absence of a stressful event, display a
phenotype indistinguishable from control animals [55].

The "two hit" model has also been used to study the molecular mechanisms leading to the
AD [56]. It is proposed that both oxidative stress and failures in mitotic signaling can inde‐
pendently triggers the onset of the disease; however both are necessary for their progression
[57]. In addition, a correspondence had been established between the Reelin expression in
the entorhinal cortex of aged rats with their cognitive abilities. A study revealed that aged
“cognitively disabled” rats show a significant decreased of Reelin in neurons on layer II of
the entorhinal cortex. Such a reduction in Reelin expression was not observed in juvenile or
elderly "cognitively able" rats [58].

Since Reelin is expressed from development to adult stages, is conceivable that alterations in
Reelin expression, induced by genetic or environmental factors generate a vulnerable stage,
and a secondary factor, present in normal aging, may trigger the onset and progression of a
pathological condition.

The Reelin-activated signaling pathways, which may be involved in the generation and de‐
velopment of AD are still unclear and will be discussed in next sections. In the last part of
this section, we present some of the evidences that correlate altered levels of Reelin and AD.
Pyramidal neurons placed in layer II of the entorhinal cortex and the hippocampus derived
from AD patients brains exhibit decreased Reelin expression [50]. On the other hand, an in‐
crease in the full length and 180 kD proteolytic fragment of Reelin had been observed in the
frontal cortex of AD derived samples [59]. The increase of this proteolytic fragment is attrib‐
uted to problems with the proteolysis of Reelin, associated with decreased Rab11-endocyto‐
sis of full length Reelin [60]. In the other hand, an increase of Reelin is also observed in the
frontal cortex of AD patients, which may involve a compensatory mechanism in response to
the lower expression in disease-related most vulnerable areas like the entorhinal cortex and
hippocampus [50].

The CR neurons participation in AD is a controversial issue. While electronic microscopy
analysis suggested that CR neurons of the temporal cortex were dramatically reduced in AD
patients [61], another study showed no difference between AD patients and normal, healthy
subjects [62]. On the other hand, there are some polymorphisms in the Reelin gene which
had been associated with AD. Seripa and colleagues reported significant differences in two
analyzed polymorphisms in the Reelin gene, in a group of 223 Caucasians AD patients.
These differences were exacerbated in female patients [63].
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Finally, Reelin had been associated with the pathological hallmarks for AD, the senile pla‐
ques and the neurofibrillary tangles (NFT). Reelin can modulate tau phosphorylation, the
core protein of NFT [38]. It is also associated with senile plaques, large extracellular aggre‐
gates mainly formed for β-amyloid peptide (Aβ). Immunohistochemical studies revealed
that Reelin colocalizes with the amyloid precursor protein (APP) in the neuritic component
of typical AD plaques, at the hippocampus and cortex of mice expressing a mutant version
of APP [64]. Additionally, a reduction of Reelin-producing cells had been observed in older
mice and primates. This reduction is accompanied by the presence of Reelin aggregates and
memory deficits. Mice harboring APP with AD-associated mutations also showed Reelin ag‐
gregates, which co-localized with non-fibrillar amyloid plaques [65]. In addition, Reelin
forms oligomeric or protofibrillary deposits during aging, potentially creating a precursor
condition for Aβ plaque formation [66].

A  direct  relationship  between  decreased  Reelin  expression  and  increased  levels  of  Aβ
peptide and plaque accumulation was provided by studies using transgenic mice carry‐
ing the APP Swedish and reeler mutation. The absence of Reelin expression resulted in an
age-dependent exacerbation of plaque pathology and increased NFTs in double mutants
as compared with the single APPsw mutant [67].  Finally,  recent studies demonstrated a
feedforward  mechanism  by  which  Reelin  would  favor  the  formation  of  senile  plaques;
and the subsequent Aβ peptide production would increase the Reelin levels by altering its
proteolytic processing in the cortex of mice and humans with AD [68].

5. Cytoskeletal abnormalities in Alzheimer´s disease

5.1. Tau protein and neurofibrillary tangles

Neurofibrillary tangles are amongst the standard characteristics of AD brains. These struc‐
tures  were firstly  described by Alois  Alzheimer more than a  century ago and are  com‐
posed  of  a  densely  packed  array  of  fibers  of  20  nm  in  diameter,  called  paired  helical
filaments  (PHF),  which  at  the  core  are  mainly  composed by  the  microtubule-associated
protein, tau [69-70]. Tau protein stabilizes and enhances microtubule polymerization. It is
a heterogeneous protein giving rise to 6 isoforms derived from alternative splicing [71]. It
contains 3 or 4 imperfect repeats of 31 or 32 amino acids each in tandem which confers
the  microtubule-binding  properties  of  the  protein.  These  repeats  are  enriched  in  basic
aminoacids  that  interact  electrostatically  with  the  mostly  acidic  C-terminal  of  β-tubulin
subunit [72]. Tau protein is highly phosphorylated in fetal brain [73], but minimally phos‐
phorylated in normal adult brain [74]. The abnormal phosphorylation state of several res‐
idues in tau protein plays an important role modulating the affinity to microtubules and
promoting its  aggregation [75]  forming the  core  of  PHFs [69,76-77].  Tau protein  can be
phosphorylated  by  many protein  kinases  such  as  calcium-calmodulin  dependent  kinase
[78];  PKA [79-81] and PKC [82-83].  Interestingly, many of these residues are hyperphos‐
phorylated in AD brains mainly due to an imbalance in the activity of kinases belongs to
the family of proline-directed Ser/Thr protein kinases (PDPKs), such as mitogen-activated

The Amyloidogenic Pathway Meets the Reelin Signaling Cascade: A Cytoskeleton Bridge Between...
http://dx.doi.org/10.5772/54038

45



protein kinases (MAPK) [84],  the glycogen synthase kinase (GSK)-3β [85],  JNK [84],  p38
[86] and Cyclin-dependent kinase (Cdk)-5 [87]. The abnormal phosphorylation state of tau
protein is not only contributed by protein kinases, but also by deregulated protein phos‐
phatases functions [88]. (Figure 1B)

5.2. Cofilin and actin-rods

NFTs are not the only intraneuronal cytoskeletal protein aggregates found in the brains of
patients  affected  by  AD.  Hirano´s  bodies  and  actin-rods  are  two  closely  related  aggre‐
gates primarily composed of actin and the actin binding protein, cofilin. Cofilin concerted‐
ly with the actin depolymerizing factor (ADF) constitutes the major modulators of actin
dynamic assembly.

Hirano’s bodies were originally described in 1965 and are defined as paracrystalline struc‐
tures, eosinophilic intracellular arrangements resembling rod-shaped filaments of 7 nm. The
actin-rods differ from Hirano´s bodies by it smaller size, so it is hypothesized that these
structures could be precursors of Hirano’s bodies.

The formation of actin-rods in neurons seems to be the result of several neurodegenerative
insults, such as ATP depletion, excitotoxic levels of glutamate, oxidative stress [89], and
Aβ1-42 oligomers [90]. A common event to all these stimuli triggers the formation of rods is
the dephosphorylation (activation) of cofilin [89]. Cofilin/ADF is inactivated by phosphory‐
lation of a highly conserved serine (Ser3), which precludes its binding to actin filaments and,
therefore, its role as promoters of filament severing and actin subunits turnover at the minus
end of filaments.

The Ser3 of ADF/cofilin is the only known substrate for the two isoforms of LIM domain
kinases  (LIM,  an  acronym for  three  Caenorhabditis  elegans  genes,  lin-11,  isl-1  and mec-3).
LIMKs is  activated by phosphorylation at  the Thr508,  mediated by PAK or ROCK, two
kinases that act as effectors for small GTPases Rac1 and RhoA respectively [91]. The regu‐
lation of signaling cascades, which target the functions of small GTPases, connect the dy‐
namic  control  of  the  actin  cytoskeleton  with  extracellular  signals.  In  AD,  different
components of  the signaling cascade involved in cofilin phosphorylation are altered,  in‐
cluding decreased phosphorylation of  PAK at  Ser141,  which is  necessary for  activation.
Although a decrease in phosphorylation and activity of PAK is observed in large areas of
cortex and hippocampus of AD brains,  neurons located near to amyloid plaques exhibit
strong staining for pSer141 PAK, suggesting that while the dephosphorylation is predom‐
inant in the brain of patients with AD, the amyloid fibrils present in amyloid plaques in‐
creases the activity of PAK [92].

Consistently, hippocampal neurons treated with fibrillar Aβ1-42 show increased activity of
PAK and its downstream substrate LIMK1 [93-94], most likely through a Rac1 and Cdc42
dependent mechanism [95]. Moreover, the treatment with oligomers of Aβ1-40 has the oppo‐
site effect, decreasing the phosphorylation of PAK, indicating that oligomeric forms may be
responsible for the overall reduction in PAK phosphorylation [92].
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Similarly, cofilin dephosphorylation and the subsequent formation of actin-rods seem to be
also a spatial-restricted phenomenon. In example, actin-rods occur in a subpopulation of
neurons in organotypic slices treated with Aβ [96]. (Figure 1B)

The mechanisms involved in the Aβ-mediated cofilin dephosphorylation are dependent on
changes in the activity of its upstream kinase, LIMK [90], and the activity of two known cofi‐
lin phosphatases, chronophin [97] and slingshot [94].

Interestingly, ATP depletion induces chronophin activation in a mechanism involving the
dissociation of chronophin-HSP90 complex. This mechanism would be responsible for the
formation of actin-rods under energy deprivation conditions [97].

6. Is the AD-associated Reelin reduction a major factor involved in the
neuronal cytoskeleton pathology?

6.1. Reelin reduction in AD brains

There is an increasing body of evidence indicating that a deficiency in Reelin signaling may
play a major role in the progression of AD. First, decreased Reelin expression is early ob‐
served in brains of AD transgenic mice model, even before Aβ deposition. Accordingly,
Reelin expression is also decreased in brains of patients at the presymptomatic stages of AD.
The progression of the disease causes in both cases, potentiate the Reelin deficiency from the
hippocampus to the entorhinal cortex in mice and from the frontal cortex to the hippocam‐
pus and entorhinal cortex in humans [50,98]. The decrease in Reelin expression is linked to a
reduction in CR cells at the cortical layer I in AD brains [61].

Reelin itself  can form amyloid deposits  in advanced stages of  AD, which can or cannot
be associated with Aβ senile plaques [64-66]. However, Aβ pathology seems to be a pre‐
requisite for the formation of Reelin aggregates, as these only occur after formation of se‐
nile plaques [98].

On  the  other  hand,  the  proteolytic  fragments  of  Reelin  showing  aberrant  glycosylation
pattern  are  increased  in  the  cerebrospinal  fluid  of  patients  with  AD [59,99].  Altogether
these  antecedents  support  the  hypothesis  that  the  Reelin  intracellular  signaling  is  im‐
paired at early stages of AD.

6.2. Cytoskeletal pathologies and Reelin signaling

Reelin signaling is triggered by the binding of Reelin to two members of the lipoprotein re‐
ceptor family, the very low density lipoprotein receptor (VLDLR) and the ApoE receptor 2
(ApoER2)[100]. The signal is then transduced by a cytoplasmic adapter protein, the mamma‐
lian homologue for the Drosophila protein disabled (mDab)-1, which interacts with the NPXY
motifs of the intracellular domain of several members of the LDL receptor family, including
VLDLR and ApoER2.
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As VLDLR/ApoER2 or mDab1 deficient mice exhibit a phenotype indistinguishable from re‐
eler mice, it is suggested that both receptors and the adapter protein can be linearly placed
on the same signal transduction pathway [37,101].

The binding of Reelin to its  receptors induces mDab1 tyrosine phosphorylation,  mediat‐
ed by non-receptor tyrosine kinases from the Src family [102]. The mutation of these ty‐
rosines  residues  by  phenylalanines  in  a  knockin  mouse  recapitulates  several  features  of
the  reeler  mouse,  supporting  that  these  phosphorylation  events  are  required  for  proper
Reelin signaling [103].

Several genetic models suggest that canonical Reelin signaling plays an essential role in con‐
trolling the phosphorylation state of tau and, therefore, modulating a critical event in the
progression of AD (Table 1).

Mice deficient in various components of the Reelin signaling pathway, including Reelin it‐
self, VLDLR, ApoER2 and Dab1 show increased tau phosphorylation in several AD-associ‐
ated epitopes, such as those recognized by the antibodies AT8 (pSer202/205) and PHF1
(pSer396/404) [38,104-106].

The increase in tau phosphorylation is caused by increased activity of two main kinases,
Cdk5 and GSK-3β [105], suggesting that Reelin is playing a negative control over the activi‐
ties of these kinases.

GSK-3β is normally inhibited by phosphorylation at its N-terminal region by the protein
kinase Akt, mainly at the Ser9. Reelin signaling in turn, activates Akt through its recruit‐
ment to membrane domains rich in phosphatidylinositol 3-phosphate (PIP3), whose forma‐
tion is involved the activity of the phosphatidilinositol 3-kinase (PI3K). Reelin activates PI3K
by potentiating the interaction between tyrosine phosphorylated-mDab1 and the p85α subu‐
nit of PI3K [107-108].

Moreover, it has been proposed that the increased activity of Cdk5 in Dab1 or Reelin defi‐
cient mice may be due to a remarkable increase of the proteolyzed form of a Cdk5 activa‐
tor, called p25 [105]. This fragment induces a non-physiological activation of Cdk5, which
is present mainly in pathological conditions, including brains of patients with AD [109].
Since the proteolysis of the Cdk5 activator is due to the activity of calpain, it may be hy‐
pothesized that the Reelin signaling pathway could regulate calpain-dependent proteoly‐
sis of p35.

It has been proposed that Cdk5 could not be directly regulated by the Reelin signaling cas‐
cade, because cortical neurons treated with Reelin do not exhibit any significant change in
the Cdk5 activity [107] or a diminished phosphorylation state of Cdk5-dependent substrates
[110]. However, it may not be ruled out that a subset of substrates still not analyzed can be
phosphorylated by Cdk5 due to impairment in Reelin signaling.
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Protein Functions in Reelin signaling Association with Alzheimer´s

disease

References

Reelin Extracellular matrix glycoprotein Diminished levels in restricted areas

of AD brain. Reelin-deficient mice

show increased tau phosphorylation

[50, 98]

ApoER2 Reelin receptor VLDLR and ApoER2 dKO mice

present elevated levels of

phosphorylated tau

[38]

VLDLR Reelin receptor VLDLR and ApoER2 dKO mice

present elevated levels of

phosphorylated tau

[38]

mDab1 Intracellular adapter for Reelin receptors mDab1-deficient mice show

increased tau phosphorylation and

early death.

[106]

PI3K Lipid kinase essential for membrane

recruiting of Akt

Impairment in PI3K-Akt pathway was

observed in aged APP-PS1 transgenic

mice.

[112]

Akt Phosphorylates and inhibits GSK-3β Impairment in PI3K-Akt pathway was

observed in aged APP-PS1 transgenic

mice.

[112]

GSK-3β Major tau kinase Phosphorylates tau at AD-associated

epitopes

[85]

tau Microtubule-associated protein. Promotes

microtubule assembly and stabilization

Hyperphosphorylated tau constitutes

the core of NFTs

[77]

Cdc42 Small GTPase associated with actin

dynamics

A lesser Aβ-induced actin-rod

formation is observed in cdc42 null

neurons

[96]

LIMK1 Major effector of Rho-family GTPases.

Phosphorylates and inactivates cofilin

The expression of constitutively

active LIMK1 reduces Aβ-induced

actin-rods in hippocampal slices

[90]

Cofilin Actin binding protein with F-actin

depolymerizing activity

Ser3 dephosphorylation triggers its

aggregation into actin-rods

[89]

Table 1. Association of Reelin signaling pathway with Alzheimer´s disease

The Reelin signaling pathway can target not only microtubule cytoskeleton, but also the ac‐
tin microfilament formation. Acting through its canonical signaling pathway that involve re‐
ceptors VLDLR and ApoER2, the adapter protein Dab1 and activation of PI3K, Reelin is able
to activate the small GTPases Rac1 and Cdc42, increasing actin polymerization. These
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changes in small Rho GTPases are responsible of increased mobility of growth cones and
promote the appearance of filopodia in the axon of cortical neurons in culture [111]. The sta‐
bilization of actin filaments is mediated directly by an increase in activation of LIMK and
phosphorylation of cofilin Ser3 [33]. LIMK and cofilin phosphorylation are two key events
that regulate actin microfilament turnover in a Rac-dependent manner. Currently, there are
no studies showing a causal relationship between impaired Reelin signaling and molecular
changes affecting cofilin phosphorylation that could regulate the formation of actin-rods.
However, it is tempting to speculate that further studies may solve a linkage between the
decreased Reelin signaling observed in AD brains and abnormal actin dynamics.

Acknowledgements

Supported by Fondecyt 1095089 to CG-B.

Author details

Daniel A. Bórquez, Ismael Palacios and Christian González-Billault

*Address all correspondence to: chrgonza@uchile.cl

Cell and Neuronal Dynamics Laboratory, Faculty of Sciences, Universidad de Chile, Santiago,
Chile

References

[1] Alcantara S, Ruiz M, D'Arcangelo G, Ezan F, de Lecea L, Curran T, Sotelo C, Soriano
E. Regional and cellular patterns of reelin mRNA expression in the forebrain of the
developing and adult mouse. Journal of Neuroscience 1998;18(19) 7779-7799.

[2] Tissir F, Goffinet AM. Reelin and brain development. Nature Reviews Neuroscience
2003;4(6) 496-505.

[3] Ringstedt T, Linnarsson S, Wagner J, Lendahl U, Kokaia Z, Arenas E, Ernfors P, Iba‐
nez CF. BDNF regulates reelin expression and Cajal-Retzius cell development in the
cerebral cortex. Neuron 1998;21(2) 305-315.

[4] Pesold C, Impagnatiello F, Pisu MG, Uzunov DP, Costa E, Guidotti A, Caruncho HJ.
Reelin is preferentially expressed in neurons synthesizing gamma-aminobutyric acid
in cortex and hippocampus of adult rats. Proceedings of the National Academy of
Sciences of the United States of America 1998;95(6) 3221-3226.

[5] Lacor PN, Grayson DR, Auta J, Sugaya I, Costa E, Guidotti A. Reelin secretion from
glutamatergic neurons in culture is independent from neurotransmitter regulation.

Understanding Alzheimer's Disease50



Proceedings of the National Academy of Sciences of the United States of America
2000;97(7) 3556-3561.

[6] DeSilva U, D'Arcangelo G, Braden VV, Chen J, Miao GG, Curran T, Green ED. The
human reelin gene: isolation, sequencing, and mapping on chromosome 7. Genome
Research 1997;7(2) 157-164.

[7] Royaux I, Lambert de Rouvroit C, D'Arcangelo G, Demirov D, Goffinet AM. Genom‐
ic organization of the mouse reelin gene. Genomics 1997;46(2) 240-250.

[8] Chen Y, Sharma RP, Costa RH, Costa E, Grayson DR. On the epigenetic regulation of
the human reelin promoter. Nucleic Acids Research 2002;30(13) 2930-2939.

[9] Matrisciano F, Tueting P, Dalal I, Kadriu B, Grayson DR, Davis JM, Nicoletti F, Gui‐
dotti A. Epigenetic modifications of GABAergic interneurons are associated with the
schizophrenia-like phenotype induced by prenatal stress in mice. Neuropharmacolo‐
gy 2012.

[10] Mitchell CP, Chen Y, Kundakovic M, Costa E, Grayson DR. Histone deacetylase in‐
hibitors decrease reelin promoter methylation in vitro. Journal of Neurochemistry
2005;93(2) 483-492.

[11] Kundakovic M, Chen Y, Costa E, Grayson DR. DNA methyltransferase inhibitors co‐
ordinately induce expression of the human reelin and glutamic acid decarboxylase 67
genes. Molecular Pharmacology 2007;71(3) 644-653.

[12] Grayson DR, Chen Y, Costa E, Dong E, Guidotti A, Kundakovic M, Sharma RP. The
human reelin gene: transcription factors (+), repressors (-) and the methylation
switch (+/-) in schizophrenia. Pharmacology & Therapeutics 2006;111(1) 272-286.

[13] Hevner RF, Shi L, Justice N, Hsueh Y, Sheng M, Smiga S, Bulfone A, Goffinet AM,
Campagnoni AT, Rubenstein JL. Tbr1 regulates differentiation of the preplate and
layer 6. Neuron 2001;29(2) 353-366.

[14] Chen Y, Kundakovic M, Agis-Balboa RC, Pinna G, Grayson DR. Induction of the reel‐
in promoter by retinoic acid is mediated by Sp1. Journal of Neurochemistry
2007;103(2) 650-665.

[15] Lambert de Rouvroit C, de Bergeyck V, Cortvrindt C, Bar I, Eeckhout Y, Goffinet
AM. Reelin, the extracellular matrix protein deficient in reeler mutant mice, is proc‐
essed by a metalloproteinase. Experimental Neurology 1999;156(1) 214-217.

[16] Hisanaga A, Morishita S, Suzuki K, Sasaki K, Koie M, Kohno T, Hattori M. A disinte‐
grin and metalloproteinase with thrombospondin motifs 4 (ADAMTS-4) cleaves
Reelin in an isoform-dependent manner. FEBS Letters 2012.

[17] Jossin Y, Gui L, Goffinet AM. Processing of Reelin by embryonic neurons is impor‐
tant for function in tissue but not in dissociated cultured neurons. Journal of Neuro‐
science 2007;27(16) 4243-4252.

The Amyloidogenic Pathway Meets the Reelin Signaling Cascade: A Cytoskeleton Bridge Between...
http://dx.doi.org/10.5772/54038

51



[18] Jossin Y, Ignatova N, Hiesberger T, Herz J, Lambert de Rouvroit C, Goffinet AM. The
central fragment of Reelin, generated by proteolytic processing in vivo, is critical to
its function during cortical plate development. Journal of Neuroscience 2004;24(2)
514-521.

[19] D'Arcangelo G, Nakajima K, Miyata T, Ogawa M, Mikoshiba K, Curran T. Reelin is a
secreted glycoprotein recognized by the CR-50 monoclonal antibody. Journal of Neu‐
roscience 1997;17(1) 23-31.

[20] Utsunomiya-Tate N, Kubo K, Tate S, Kainosho M, Katayama E, Nakajima K, Mikosh‐
iba K. Reelin molecules assemble together to form a large protein complex, which is
inhibited by the function-blocking CR-50 antibody. Proceedings of the National
Academy of Sciences of the United States of America 2000;97(17) 9729-9734.

[21] de Bergeyck V, Nakajima K, Lambert de Rouvroit C, Naerhuyzen B, Goffinet AM,
Miyata T, Ogawa M, Mikoshiba K. A truncated Reelin protein is produced but not
secreted in the 'Orleans' reeler mutation (Reln[rl-Orl]). Brain Research: Molecular
Brain Research 1997;50(1-2) 85-90.

[22] D'Arcangelo G, Miao GG, Curran T. Detection of the reelin breakpoint in reeler mice.
Brain Research: Molecular Brain Research 1996;39(1-2) 234-236.

[23] Gupta A, Tsai LH, Wynshaw-Boris A. Life is a journey: a genetic look at neocortical
development. Nature Reviews Genetics 2002;3(5) 342-355.

[24] O'Rourke NA, Dailey ME, Smith SJ, McConnell SK. Diverse migratory pathways in
the developing cerebral cortex. Science 1992;258(5080) 299-302.

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

[26] Ogawa M, Miyata T, Nakajima K, Yagyu K, Seike M, Ikenaka K, Yamamoto H, Mi‐
koshiba K. The reeler gene-associated antigen on Cajal-Retzius neurons is a crucial
molecule for laminar organization of cortical neurons. Neuron 1995;14(5) 899-912.

[27] Frotscher M. Dual role of Cajal-Retzius cells and reelin in cortical development. Cell
and Tissue Research 1997;290(2) 315-322.

[28] Curran T, D'Arcangelo G. Role of reelin in the control of brain development. Brain
Research: Brain Research Reviews 1998;26(2-3) 285-294.

[29] Tissir F, Lambert de Rouvroit C, Goffinet AM. The role of reelin in the development
and evolution of the cerebral cortex. Brazilian Journal of Medical and Biological Re‐
search 2002;35(12) 1473-1484.

[30] Goffinet AM, So KF, Yamamoto M, Edwards M, Caviness VS, Jr. Architectonic and
hodological organization of the cerebellum in reeler mutant mice. Brain Research
1984;318(2) 263-276.

Understanding Alzheimer's Disease52



[31] Stanfield BB, Cowan WM. The development of the hippocampus and dentate gyrus
in normal and reeler mice. Journal of Comparative Neurology 1979;185(3) 423-459.

[32] Badea A, Nicholls PJ, Johnson GA, Wetsel WC. Neuroanatomical phenotypes in the
reeler mouse. NeuroImage 2007;34(4) 1363-1374.

[33] Chai X, Forster E, Zhao S, Bock HH, Frotscher M. Reelin stabilizes the actin cytoske‐
leton of neuronal processes by inducing n-cofilin phosphorylation at serine3. Journal
of Neuroscience 2009;29(1) 288-299.

[34] Gonzalez-Billault C, Del Rio JA, Urena JM, Jimenez-Mateos EM, Barallobre MJ, Pasc‐
ual M, Pujadas L, Simo S, Torre AL, Gavin R, Wandosell F, Soriano E, Avila J. A role
of MAP1B in Reelin-dependent neuronal migration. Cerebral Cortex 2005;15(8)
1134-1145.

[35] Niu S, Renfro A, Quattrocchi CC, Sheldon M, D'Arcangelo G. Reelin promotes hip‐
pocampal dendrite development through the VLDLR/ApoER2-Dab1 pathway. Neu‐
ron 2004;41(1) 71-84.

[36] Niu S, Yabut O, D'Arcangelo G. The Reelin signaling pathway promotes dendritic
spine development in hippocampal neurons. Journal of Neuroscience 2008;28(41)
10339-10348.

[37] Trommsdorff M, Gotthardt M, Hiesberger T, Shelton J, Stockinger W, Nimpf J, Ham‐
mer R, Richardson J, Herz J. Reeler/Disabled-like disruption of neuronal migration in
knockout mice lacking the VLDL receptor and ApoE receptor 2. Cell 1999;97(6)
689-1390.

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

[39] Borrell V, Del Rio JA, Alcantara S, Derer M, Martinez A, D'Arcangelo G, Nakajima K,
Mikoshiba K, Derer P, Curran T, Soriano E. Reelin regulates the development and
synaptogenesis of the layer-specific entorhino-hippocampal connections. Journal of
Neuroscience 1999;19(4) 1345-1358.

[40] Chen Y, Beffert U, Ertunc M, Tang TS, Kavalali ET, Bezprozvanny I, Herz J. Reelin
modulates NMDA receptor activity in cortical neurons. Journal of Neuroscience
2005;25(36) 8209-8216.

[41] Herz J, Chen Y. Reelin, lipoprotein receptors and synaptic plasticity. Nature Reviews
Neuroscience 2006;7(11) 850-859.

[42] Qiu S, Zhao LF, Korwek KM, Weeber EJ. Differential reelin-induced enhancement of
NMDA and AMPA receptor activity in the adult hippocampus. Journal of Neuro‐
science 2006;26(50) 12943-12955.

The Amyloidogenic Pathway Meets the Reelin Signaling Cascade: A Cytoskeleton Bridge Between...
http://dx.doi.org/10.5772/54038

53



[43] Ventruti A, Kazdoba TM, Niu S, D'Arcangelo G. Reelin deficiency causes specific de‐
fects in the molecular composition of the synapses in the adult brain. Neuroscience
2011;189 32-42.

[44] Hellwig S, Hack I, Kowalski J, Brunne B, Jarowyj J, Unger A, Bock HH, Junghans D,
Frotscher M. Role for Reelin in neurotransmitter release. Journal of Neuroscience
2011;31(7) 2352-2360.

[45] Knuesel I. Reelin-mediated signaling in neuropsychiatric and neurodegenerative dis‐
eases. Progress in Neurobiology 2010;91(4) 257-274.

[46] Qiu S, Weeber EJ. Reelin signaling facilitates maturation of CA1 glutamatergic syn‐
apses. Journal of Neurophysiology 2007;97(3) 2312-2321.

[47] Guidotti A, Auta J, Davis JM, Di-Giorgi-Gerevini V, Dwivedi Y, Grayson DR, Impag‐
natiello F, Pandey G, Pesold C, Sharma R, Uzunov D, Costa E. Decrease in reelin and
glutamic acid decarboxylase67 (GAD67) expression in schizophrenia and bipolar dis‐
order: a postmortem brain study. Archives of General Psychiatry 2000;57(11)
1061-1069.

[48] Abdolmaleky HM, Cheng KH, Russo A, Smith CL, Faraone SV, Wilcox M, Shafa R,
Glatt SJ, Nguyen G, Ponte JF, Thiagalingam S, Tsuang MT. Hypermethylation of the
reelin (RELN) promoter in the brain of schizophrenic patients: a preliminary report.
American Journal of Medical Genetics Part B, Neuropsychiatric Genetics
2005;134B(1) 60-66.

[49] Fatemi SH, Earle JA, McMenomy T. Reduction in Reelin immunoreactivity in hippo‐
campus of subjects with schizophrenia, bipolar disorder and major depression. Mo‐
lecular Psychiatry 2000;5(6) 654-663, 571.

[50] Chin J, Massaro CM, Palop JJ, Thwin MT, Yu GQ, Bien-Ly N, Bender A, Mucke L.
Reelin depletion in the entorhinal cortex of human amyloid precursor protein trans‐
genic mice and humans with Alzheimer's disease. Journal of Neuroscience
2007;27(11) 2727-2733.

[51] Maynard TM, Sikich L, Lieberman JA, LaMantia AS. Neural development, cell-cell
signaling, and the "two-hit" hypothesis of schizophrenia. Schizophrenia Bulletin
2001;27(3) 457-476.

[52] Girirajan S, Rosenfeld JA, Cooper GM, Antonacci F, Siswara P, Itsara A, Vives L,
Walsh T, McCarthy SE, Baker C, Mefford HC, Kidd JM, Browning SR, Browning BL,
Dickel DE, Levy DL, Ballif BC, Platky K, Farber DM, Gowans GC, Wetherbee JJ, Asa‐
moah A, Weaver DD, Mark PR, Dickerson J, Garg BP, Ellingwood SA, Smith R,
Banks VC, Smith W, McDonald MT, Hoo JJ, French BN, Hudson C, Johnson JP, Oz‐
more JR, Moeschler JB, Surti U, Escobar LF, El-Khechen D, Gorski JL, Kussmann J,
Salbert B, Lacassie Y, Biser A, McDonald-McGinn DM, Zackai EH, Deardorff MA,
Shaikh TH, Haan E, Friend KL, Fichera M, Romano C, Gecz J, DeLisi LE, Sebat J,
King MC, Shaffer LG, Eichler EE. A recurrent 16p12.1 microdeletion supports a two-
hit model for severe developmental delay. Nature Genetics 2010;42(3) 203-209.

Understanding Alzheimer's Disease54



[53] Laviola G, Ognibene E, Romano E, Adriani W, Keller F. Gene-environment interac‐
tion during early development in the heterozygous reeler mouse: clues for modelling
of major neurobehavioral syndromes. Neuroscience and Biobehavioral Reviews
2009;33(4) 560-572.

[54] Lussier AL, Romay-Tallon R, Kalynchuk LE, Caruncho HJ. Reelin as a putative vul‐
nerability factor for depression: examining the depressogenic effects of repeated cor‐
ticosterone in heterozygous reeler mice. Neuropharmacology 2011;60(7-8) 1064-1074.

[55] Teixeira CM, Martin ED, Sahun I, Masachs N, Pujadas L, Corvelo A, Bosch C, Rossi
D, Martinez A, Maldonado R, Dierssen M, Soriano E. Overexpression of Reelin pre‐
vents the manifestation of behavioral phenotypes related to schizophrenia and bipo‐
lar disorder. Neuropsychopharmacology 2011;36(12) 2395-2405.

[56] Zhu X, Lee HG, Perry G, Smith MA. Alzheimer disease, the two-hit hypothesis: an
update. Biochimica et Biophysica Acta 2007;1772(4) 494-502.

[57] Zhu X, Castellani RJ, Takeda A, Nunomura A, Atwood CS, Perry G, Smith MA. Dif‐
ferential activation of neuronal ERK, JNK/SAPK and p38 in Alzheimer disease: the
'two hit' hypothesis. Mechanisms of Ageing and Development 2001;123(1) 39-46.

[58] Stranahan AM, Haberman RP, Gallagher M. Cognitive decline is associated with re‐
duced reelin expression in the entorhinal cortex of aged rats. Cerebral Cortex
2011;21(2) 392-400.

[59] Botella-Lopez A, Burgaya F, Gavin R, Garcia-Ayllon MS, Gomez-Tortosa E, Pena-Ca‐
sanova J, Urena JM, Del Rio JA, Blesa R, Soriano E, Saez-Valero J. Reelin expression
and glycosylation patterns are altered in Alzheimer's disease. Proceedings of the Na‐
tional Academy of Sciences of the United States of America 2006;103(14) 5573-5578.

[60] Hibi T, Hattori M. The N-terminal fragment of Reelin is generated after endocytosis
and released through the pathway regulated by Rab11. FEBS Letters 2009;583(8)
1299-1303.

[61] Baloyannis SJ. Morphological and morphometric alterations of Cajal-Retzius cells in
early cases of Alzheimer's disease: a Golgi and electron microscope study. Interna‐
tional Journal of Neuroscience 2005;115(7) 965-980.

[62] Riedel A, Miettinen R, Stieler J, Mikkonen M, Alafuzoff I, Soininen H, Arendt T. Reel‐
in-immunoreactive Cajal-Retzius cells: the entorhinal cortex in normal aging and
Alzheimer's disease. Acta Neuropathologica 2003;106(4) 291-302.

[63] Seripa D, Matera MG, Franceschi M, Daniele A, Bizzarro A, Rinaldi M, Panza F, Fa‐
zio VM, Gravina C, D'Onofrio G, Solfrizzi V, Masullo C, Pilotto A. The RELN locus
in Alzheimer's disease. Journal of Alzheimer's Disease 2008;14(3) 335-344.

[64] Wirths O, Multhaup G, Czech C, Blanchard V, Tremp G, Pradier L, Beyreuther K,
Bayer TA Reelin in plaques of beta-amyloid precursor protein and presenilin-1 dou‐
ble-transgenic mice. Neuroscience Letters 2001;316(3) 145-148.

The Amyloidogenic Pathway Meets the Reelin Signaling Cascade: A Cytoskeleton Bridge Between...
http://dx.doi.org/10.5772/54038

55



[65] Knuesel I, Nyffeler M, Mormede C, Muhia M, Meyer U, Pietropaolo S, Yee BK, Pryce
CR, LaFerla FM, Marighetto A, Feldon J. Age-related accumulation of Reelin in amy‐
loid-like deposits. Neurobiology of Aging 2009;30(5) 697-716.

[66] Doehner J, Madhusudan A, Konietzko U, Fritschy JM, Knuesel I. Co-localization of
Reelin and proteolytic AbetaPP fragments in hippocampal plaques in aged wild-type
mice. Journal of Alzheimer's Disease 2010;19(4) 1339-1357.

[67] Kocherhans S, Madhusudan A, Doehner J, Breu KS, Nitsch RM, Fritschy JM, Knuesel
I. Reduced Reelin expression accelerates amyloid-beta plaque formation and tau
pathology in transgenic Alzheimer's disease mice. Journal of Neuroscience
2010;30(27) 9228-9240.

[68] Botella-Lopez A, Cuchillo-Ibanez I, Cotrufo T, Mok SS, Li QX, Barquero MS, Dierssen
M, Soriano E, Saez-Valero J. Beta-amyloid controls altered Reelin expression and
processing in Alzheimer's disease. Neurobiology of Disease 2010;37(3) 682-691.

[69] Kosik KS, Joachim CL, Selkoe DJ. Microtubule-associated protein tau (tau) is a major
antigenic component of paired helical filaments in Alzheimer disease. Proceedings of
the National Academy of Sciences of the United States of America 1986;83(11)
4044-4048.

[70] Weingarten MD, Lockwood AH, Hwo SY, Kirschner MW. A protein factor essential
for microtubule assembly. Proceedings of the National Academy of Sciences of the
United States of America 1975;72(5) 1858-1862.

[71] Lee G, Cowan N, Kirschner M. The primary structure and heterogeneity of tau pro‐
tein from mouse brain. Science 1988;239(4837) 285-288.

[72] Lee G, Neve RL, Kosik KS. The microtubule binding domain of tau protein. Neuron
1989;2(6) 1615-1624.

[73] Lindwall G, Cole RD. The purification of tau protein and the occurrence of two phos‐
phorylation states of tau in brain. Journal of Biological Chemistry 1984;259(19)
12241-12245.

[74] Seubert P, Mawal-Dewan M, Barbour R, Jakes R, Goedert M, Johnson GV, Litersky
JM, Schenk D, Lieberburg I, Trojanowski JQ, Lee VM. Detection of phosphorylated
Ser262 in fetal tau, adult tau, and paired helical filament tau. Journal of Biological
Chemistry 1995;270(32) 18917-18922.

[75] Iqbal K, Alonso Adel C, Grundke-Iqbal I. Cytosolic abnormally hyperphosphorylat‐
ed tau but not paired helical filaments sequester normal MAPs and inhibit microtu‐
bule assembly. Journal of Alzheimer's Disease 2008;14(4) 365-370.

[76] Grundke-Iqbal I, Iqbal K, Tung YC, Quinlan M, Wisniewski HM, Binder LI. Abnor‐
mal phosphorylation of the microtubule-associated protein tau (tau) in Alzheimer cy‐
toskeletal pathology. Proceedings of the National Academy of Sciences of the United
States of America 1986;83(13) 4913-4917.

Understanding Alzheimer's Disease56



[77] Ihara Y, Nukina N, Miura R, Ogawara M. Phosphorylated tau protein is integrated
into paired helical filaments in Alzheimer's disease. Journal of Biochemistry
1986;99(6) 1807-1810.

[78] Steiner B, Mandelkow EM, Biernat J, Gustke N, Meyer HE, Schmidt B, Mieskes G,
Soling HD, Drechsel D, Kirschner MW, Goedert M, Mandelkow E. Phosphorylation
of microtubule-associated protein tau: identification of the site for Ca2(+)-calmodulin
dependent kinase and relationship with tau phosphorylation in Alzheimer tangles.
EMBO Journal 1990;9(11) 3539-3544.

[79] Andorfer CA, Davies P. PKA phosphorylations on tau: developmental studies in the
mouse. Developmental Neuroscience 2000;22(4) 303-309.

[80] Liu SJ, Zhang JY, Li HL, Fang ZY, Wang Q, Deng HM, Gong CX, Grundke-Iqbal I,
Iqbal K, Wang JZ. Tau becomes a more favorable substrate for GSK-3 when it is pre‐
phosphorylated by PKA in rat brain. Journal of Biological Chemistry 2004;279(48)
50078-50088.

[81] Jensen PH, Hager H, Nielsen MS, Hojrup P, Gliemann J, Jakes R. alpha-synuclein
binds to Tau and stimulates the protein kinase A-catalyzed tau phosphorylation of
serine residues 262 and 356. Journal of Biological Chemistry 1999;274(36)
25481-25489.

[82] Hoshi M, Nishida E, Miyata Y, Sakai H, Miyoshi T, Ogawara H, Akiyama T. Protein
kinase C phosphorylates tau and induces its functional alterations. FEBS Letters
1987;217(2) 237-241.

[83] Correas I, Diaz-Nido J, Avila J. Microtubule-associated protein tau is phosphorylated
by protein kinase C on its tubulin binding domain. Journal of Biological Chemistry
1992;267(22) 15721-15728.

[84] Reynolds CH, Utton MA, Gibb GM, Yates A, Anderton BH. Stress-activated protein
kinase/c-jun N-terminal kinase phosphorylates tau protein. Journal of Neurochemis‐
try 1997;68(4) 1736-1744.

[85] Hanger DP, Hughes K, Woodgett JR, Brion JP, Anderton BH. Glycogen synthase kin‐
ase-3 induces Alzheimer's disease-like phosphorylation of tau: generation of paired
helical filament epitopes and neuronal localisation of the kinase. Neuroscience Let‐
ters 1992;147(1) 58-62.

[86] Reynolds CH, Betts JC, Blackstock WP, Nebreda AR, Anderton BH. Phosphorylation
sites on tau identified by nanoelectrospray mass spectrometry: differences in vitro
between the mitogen-activated protein kinases ERK2, c-Jun N-terminal kinase and
P38, and glycogen synthase kinase-3beta. Journal of Neurochemistry 2000;74(4)
1587-1595.

[87] Baumann K, Mandelkow EM, Biernat J, Piwnica-Worms H, Mandelkow E. Abnormal
Alzheimer-like phosphorylation of tau-protein by cyclin-dependent kinases cdk2 and
cdk5. FEBS Letters 1993;336(3) 417-424.

The Amyloidogenic Pathway Meets the Reelin Signaling Cascade: A Cytoskeleton Bridge Between...
http://dx.doi.org/10.5772/54038

57



[88] Trojanowski JQ, Lee VM. Phosphorylation of paired helical filament tau in Alzheim‐
er's disease neurofibrillary lesions: focusing on phosphatases. FASEB Journal
1995;9(15) 1570-1576.

[89] Minamide LS, Striegl AM, Boyle JA, Meberg PJ, Bamburg JR. Neurodegenerative
stimuli induce persistent ADF/cofilin-actin rods that disrupt distal neurite function.
Nature Cell Biology 2000;2(9) 628-636.

[90] Davis RC, Marsden IT, Maloney MT, Minamide LS, Podlisny M, Selkoe DJ, Bamburg
JR. Amyloid beta dimers/trimers potently induce cofilin-actin rods that are inhibited
by maintaining cofilin-phosphorylation. Molecular Neurodegeneration 2011;6(10).

[91] Bernard O Lim kinases, regulators of actin dynamics. International Journal of Bio‐
chemistry & Cell Biology 2007;39(6) 1071-1076.

[92] Zhao L, Ma QL, Calon F, Harris-White ME, Yang F, Lim GP, Morihara T, Ubeda OJ,
Ambegaokar S, Hansen JE, Weisbart RH, Teter B, Frautschy SA, Cole GM. Role of
p21-activated kinase pathway defects in the cognitive deficits of Alzheimer disease.
Nature Neuroscience 2006;9(2) 234-242.

[93] Heredia L, Helguera P, de Olmos S, Kedikian G, Sola Vigo F, LaFerla F, Staufenbiel
M, de Olmos J, Busciglio J, Caceres A, Lorenzo A. Phosphorylation of actin-depoly‐
merizing factor/cofilin by LIM-kinase mediates amyloid beta-induced degeneration:
a potential mechanism of neuronal dystrophy in Alzheimer's disease. Journal of Neu‐
roscience 2006;26(24) 6533-6542.

[94] Mendoza-Naranjo A, Contreras-Vallejos E, Henriquez DR, Otth C, Bamburg JR, Mac‐
cioni RB, Gonzalez-Billault C. Fibrillar amyloid-beta1-42 modifies actin organization
affecting the cofilin phosphorylation state: a role for Rac1/cdc42 effector proteins and
the slingshot phosphatase. Journal of Alzheimer's Disease 2012;29(1) 63-77.

[95] Mendoza-Naranjo A, Gonzalez-Billault C, Maccioni RB. Abeta1-42 stimulates actin
polymerization in hippocampal neurons through Rac1 and Cdc42 Rho GTPases.
Journal of Cell Science 2007;120(Pt 2) 279-288.

[96] Davis RC, Maloney MT, Minamide LS, Flynn KC, Stonebraker MA, Bamburg JR.
Mapping cofilin-actin rods in stressed hippocampal slices and the role of cdc42 in
amyloid-beta-induced rods. Journal of Alzheimer's Disease 2009;18(1) 35-50.

[97] Huang TY, Minamide LS, Bamburg JR, Bokoch GM. Chronophin mediates an ATP-
sensing mechanism for cofilin dephosphorylation and neuronal cofilin-actin rod for‐
mation. Developmental Cell 2008;15(5) 691-703.

[98] Herring A, Donath A, Steiner KM, Widera MP, Hamzehian S, Kanakis D, Kolble K,
Elali A, Hermann DM, Paulus W, Keyvani K. Reelin Depletion is an Early Phenom‐
enon of Alzheimer's Pathology. Journal of Alzheimer's Disease 2012;30(4) 963-979.

[99] Saez-Valero J, Costell M, Sjogren M, Andreasen N, Blennow K, Luque JM. Altered
levels of cerebrospinal fluid reelin in frontotemporal dementia and Alzheimer's dis‐
ease. Journal of Neuroscience Research 2003;72(1) 132-136.

Understanding Alzheimer's Disease58



[100] D'Arcangelo G, Homayouni R, Keshvara L, Rice DS, Sheldon M, Curran T. Reelin is a
ligand for lipoprotein receptors. Neuron 1999;24(2) 471-479.

[101] Howell B, Hawkes R, Soriano P, Cooper J. Neuronal position in the developing brain
is regulated by mouse disabled-1. Nature 1997;389(4c369df1-0b52-a4f8-
d881-0c77f39fea11) 733-740.

[102] Howell B, Herrick T, Cooper J. Reelin-induced tyrosine [corrected] phosphorylation
of disabled 1 during neuronal positioning. Genes & Development 1999;13(6) 643-651.

[103] Howell B, Herrick T, Hildebrand J, Zhang Y, Cooper J. Dab1 tyrosine phosphoryla‐
tion sites relay positional signals during mouse brain development. Current Biology
2000;10(10) 877-962.

[104] Matsuki T, Zaka M, Guerreiro R, van der Brug MP, Cooper JA, Cookson MR, Hardy
JA, Howell BW. Identification of Stk25 as a genetic modifier of Tau phosphorylation
in Dab1-mutant mice. PLoS One 2012;7(2) e31152.

[105] Ohkubo N, Lee YD, Morishima A, Terashima T, Kikkawa S, Tohyama M, Sakanaka
M, Tanaka J, Maeda N, Vitek MP, Mitsuda N. Apolipoprotein E and Reelin ligands
modulate tau phosphorylation through an apolipoprotein E receptor/disabled-1/
glycogen synthase kinase-3beta cascade. FASEB Journal 2003;17(2) 295-297.

[106] Brich J, Shie FS, Howell BW, Li R, Tus K, Wakeland EK, Jin LW, Mumby M, Church‐
ill G, Herz J, Cooper JA. Genetic modulation of tau phosphorylation in the mouse.
Journal of Neuroscience 2003;23(1) 187-192.

[107] Beffert U, Morfini G, Bock HH, Reyna H, Brady ST, Herz J. Reelin-mediated signal‐
ing locally regulates protein kinase B/Akt and glycogen synthase kinase 3beta. Jour‐
nal of Biological Chemistry 2002;277(51) 49958-49964.

[108] Bock HH, Jossin Y, Liu P, Forster E, May P, Goffinet AM, Herz J. Phosphatidylinosi‐
tol 3-kinase interacts with the adaptor protein Dab1 in response to Reelin signaling
and is required for normal cortical lamination. Journal of Biological Chemistry
2003;278(40) 38772-38779.

[109] Patrick GN, Zukerberg L, Nikolic M, de la Monte S, Dikkes P, Tsai LH. Conversion of
p35 to p25 deregulates Cdk5 activity and promotes neurodegeneration. Nature
1999;402(6762) 615-622.

[110] Beffert U, Weeber EJ, Morfini G, Ko J, Brady ST, Tsai LH, Sweatt JD, Herz J. Reelin
and cyclin-dependent kinase 5-dependent signals cooperate in regulating neuronal
migration and synaptic transmission. Journal of Neuroscience 2004;24(8) 1897-1906.

[111] Leemhuis J, Bouche E, Frotscher M, Henle F, Hein L, Herz J, Meyer DK, Pichler M,
Roth G, Schwan C, Bock HH. Reelin signals through apolipoprotein E receptor 2 and
Cdc42 to increase growth cone motility and filopodia formation. Journal of Neuro‐
science 2010;30(44) 14759-14772.

[112] Jimenez S, Torres M, Vizuete M, Sanchez-Varo R, Sanchez-Mejias E, Trujillo-Estrada
L, Carmona-Cuenca I, Caballero C, Ruano D, Gutierrez A, Vitorica J. Age-dependent

The Amyloidogenic Pathway Meets the Reelin Signaling Cascade: A Cytoskeleton Bridge Between...
http://dx.doi.org/10.5772/54038

59



accumulation of soluble amyloid beta (Abeta) oligomers reverses the neuroprotective
effect of soluble amyloid precursor protein-alpha (sAPP(alpha)) by modulating phos‐
phatidylinositol 3-kinase (PI3K)/Akt-GSK-3beta pathway in Alzheimer mouse mod‐
el. Journal of Biological Chemistry 2011;286(21) 18414-18425.

Understanding Alzheimer's Disease60


