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Abstract

Reelin is a glycoprotein that serves important roles both during development (regulation of
neuronal migration and brain lamination) and in adults (maintenance of synaptic function). A
number of neuropsychiatric disorders including autism, schizophrenia, bipolar disorder, major
depression, Alzheimer’s disease and lissencephaly share a common feature of abnormal Reelin
expression in the brain. Altered Reelin expression has been hypothesized to impair neuronal
connectivity and synaptic plasticity, leading ultimately to the cognitive deficits present in these
disorders. The mechanisms for abnormal Reelin expression in some of these disorders is currently
unknown although possible explanations include early developmental insults, mutations,
hypermethylation of the promoter for the Reelin gene (RELN), miRNA silencing of Reelin
MRNA, and Reelin processing abnormalities. Increasing Reelin expression through
pharmacological therapies may help ameliorate symptoms resulting from Reelin deficits.
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1. Chemistry of Reelin

Reelin glycoprotein plays a number of important roles in the central nervous system (CNS)
developmentally including neuronal cell migration and proper brain lamination, while in the
mature brain it is involved in modulating synaptic function. The gene for Reelin (RELN) in
humans is located on chromosome seven (DeSilva et al. 1997) and its protein product is a
secreted extracellular matrix protein (DeBergeyck et al. 1998). On SDS-PAGE, Reelin
appears as multiple protein bands: Reelin 410 kDa (which corresponds to full length Reelin),
Reelin 330 kDa, Reelin 180 kDa along with several lower molecular weight bands (Jossin,
2008; Fatemi, 2005; Ignatova et al. 2004; Smallheiser et al. 2000). Reelin contains a signal
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peptide, followed by an N-terminal sequence and hinge region, eight Reelin repeats of 350—
390 amino acids, and ends with a highly basic C-terminus (DeBergeyck et al. 1998). Reelin
in cleaved during processing at two locations: between repeats 2 and 3 (site N-t) and
between repeats 6 and 7 (site C-t) (de Rouvroit et al. 1999). Reelin 330 kDa is produced
from cleavage at site C-t while Reelin180 kDa is produced from cleavage site N-t. Little is
known about the enzymes responsible for the proteolytic cleavage of Reelin beyond that it is
likely one or more metalloproteinase (de Rouvroit et al. 1999; Jossin et al. 2004; Kohno et
al. 2009). Recent work has shown that cleavage at the N-t site reduces Reelin’s signaling
ability by 100 fold, as measured by the ability to induce disabled 1 (Dab1) phosphorylation
(Kohno et al. 2009).

2. Genetics

The gene for Reelin (RELN) is located at 7g22.1 in humans (D’Arcangelo et al. 1995;
DeSilva et al. 1997) and at chromosome 5 in mice (D’Arcangelo et al. 1995). The mouse
RELN gene was found to contain 65 exons, spanning 450 kb of DNA (Royaux et al. 1997).
Consequences of RELN mutation were first characterized in the homozygous reeler mouse
which phenotypically exhibited an ataxic gait (Curran and D’Arcangelo, 1998; Falconer,
1951; Tissir and Goffinet, 2003). A number of brain abnormalities have been characterized
in the brains of homozygous reeler mice. These include a non-foliated cerebellum and
deficits in lamination of the hippocampus (Boyle et al. 2011; Hamburgh, 1963; Tissir and
Goffinet, 2003). Most strikingly, in homozygous reeler mice, the cortex has been
characterized as a laminar inversion of the typical inside-out pattern of development (Tissir
and Goffinet, 2003). A recent analysis of neocortex of homozygous reeler mice found an
even more complex pattern with evidence of a mirror-image laminar structure and
rostrocaudal cell-type-specific differences in laminar phenotype (Boyle et al. 2011).
Disorganization of the hippocampus and amygdala were also observed, suggesting pervasive
disruption of brain cytoarchitecture as a result of reduced Reelin expression. Variants of
RELN have been identified as risk factors for multiple neuropsychiatric disorders including
autism, schizophrenia, bipolar disorder, and lissencephaly (as described in sections 6-8).

3. Reelin Receptors

Reelin binds two main receptors, including apolipoprotein E receptor 2 (ApoER2) and very-
low-density lipoprotein receptor (VLDLR) (D’Arcangelo et al., 1999; Hiesberger et al.,
1999). Recent work has elucidated the important roles of these receptors in mediating cell
migration and the establishment of proper cytoarchitecture of the brain. Evidence from VIdIr
and Apoer2 knockout mice suggest that the receptors may have divergent roles in neuronal
migration with APOER?2 being required to enable migration while VLDLR may act as a stop
signal for migrating neurons (Hack et al. 2007). Moreover, Reelin’s receptors have an
important role in neurotransmission. In rat and nonhuman primate cortex, Reelin and a.3p1
integrin were found to colocalize at synaptic structures (Rodriguez et al. 2000) pointing to
a3pB1 integrin as a potential receptor for Reelin (Dulabon et al. 2000; Schmid et al. 2004).
Moreover, mice deficient in APOER2 and VLDLR have defects in long term potentiation
(LTP) and memory formation (Weeber et al. 2002; see section 5).

4. Reelin Signaling

The Reelin signaling pathway has been characterized through the work of multiple
laboratories (Herz and Chen, 2006; Jossin, 2011). Extracellular Reelin glycoprotein is
secreted by Cajal-Retzius cells; certain cortical and hippocampal gamma-aminobutyric acid
(GABA)ergic cells; and cerebellar granule cells (Del Rio et al. 1997; Curran and
D’Arcangelo, 1998; Frotscher, 1998). Reelin has also been identified as present in glial
somata and astrocytic processes at much lower levels than in neurons (Roberts et al. 2005).
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Reelin binds its receptors VLDLR, APOER2, and potentially a.3p1 integrin, initiating the
signaling system in the effector cells, i.e., cortical pyramidal cells (Figure 1) (D’Arcangelo
et al. 1999; Dong et al. 2003; Hiesberger et al. 1999; Strasser et al. 2004). Reelin induction
of the cascade leads to clustering of the receptors resulting in recruitment and activation of
Src-tyrosine kinase family/Fyn-kinase leading to tyrosine phosphorylation of the
cytoplasmic adaptor protein DAB1 (Figure 1) (Bock and Herz, 2003; Jossin et al. 2003; Kuo
et al. 2005). Activation of DAB1 results in multiple effects including activation of a kinase
cascade including phosphatidylinositol-3-kinase (P13K), protein kinase B (PKB/AKT),
ultimately leading to the inhibition of glycogen synthase kinase (GSK3B) which normally
phosphorylates the microtubule stabilizing protein tau (Figure 1) (Beffert et al. 2002; Bock
et al. 2003; D’Arcangelo et al. 1999; Hiesberger et al. 1999). The ultimate effect of this
cascade is on microtubule dynamics, promoting neuronal migration. Phosphorylation of
DAB1 also results in the recruitment of lissencephaly 1 (LIS1) complex which is involved in
neuronal migration and cortical lamination (Figure 1) (Assadi et al. 2003). Phosphorylation
of a subpopulation of DAB1 molecules causes degradation of DABL1 via ubiquitination,
resulting in termination of Reelin signaling cascade (Suetsugu et al. 2004).

The importance of DAB1 phosphorylation to the Reelin signaling pathway is shown in Dabl
knock-in mice where the four Reelin-responsive tyrosine sites Y198, 220, 232, 185 are
substituted with phenylalanine, resulting in mice that are indistinguishable from
homozygous reeler mice, mice lacking Reelin receptors, or DAB1 (D’Arcangelo et al. 1995;
Howell et al. 1999, 2000; Sheldon et al. 1997; Trommsdorf et al. 1999). Moreover, embryos
of mice that express a nonphosphorylated Dab1 mutation or Src(—/-) Fyn(—/-) double
knockout embryos exhibit deficits in neuronal migration of sympathetic preganglionic
neurons that are similar to those of the reeler mouse, showing that tyrosine phosphorylation
of DABL is required for proper neuronal migration (Yip et al. 2007).

Reelin interaction with ephrin B proteins (EFNBs) may also be important in neuronal
migration (Sentlrk et al. 2011). EFNBs associate with both APOER2 and VLDLR.
Clustering of EFNBs leads to recruitment and phosphorylation of DAB1 (Figure 1) (Sentirk
et al. 2011). Conversely, the authors showed that loss of function of EFNBs reduced DAB1
phosphorylation and resulted in neuronal migration deficits commonly seen in the reeler
mouse. Others have found that Reelin, itself, may act as a stop signal for migrating neurons
(Chai et al. 2009). Chai et al (2009) found that Reelin promoted phosphorylation of cofilin
which prevents it from performing its normal role as an actin-depolymerizing protein, which
in turn stabilized the cytoskeleton in the leading processes of migrating neurons (Figure 1).
Moreover, Reelin has been previously shown to be highly expressed at the final destination
of neuronal migration (Rossel et al. 2005), further providing evidence that it may be a stop
signal for neuronal migration.

Reelin may also mediate cell migration to sites of brain injury (Courtes et al. 2011;
Massalini et al. 2009). Recently, using a mouse model of brain injury, it was shown that
Reelin expression increased at sites of lesions (induced either by intracerebral injection of
lysolecitin or by thermocoagulation of the meninges) and that Reelin induced migration of
progenitor cells in both healthy and lesioned animals (Courtes et al. 2011). In contrast, in
mice that lacked Reelin signaling, lesions exhibited reduced recruitment of progenitor cells.
Neural stem cells (NSC) from reeler mice have been shown to lack the ability to migrate in
chains, which is the common mode of migration towards a site of injury and, in vivo fail to
migrate towards gliomas (Massalini et al. 2009). The authors found that ectopic Reelin
administration was able to partly correct for errors in migration. Taken together, these
reports provide preliminary evidence that Reelin, in addition to regulating cell migration
during development, may have a role in regulating cell migration in response to injury.
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5. Reelin and Cognition

During development, there is a shift in Reelin expression from Cajal-Retzius cells to
GABAergic interneurons in the neocortex and hippocampus. Additionally, Reelin is
expressed by granule cells in the cerebellum, pyramidal cells in the entorhinal cortex in
adults, and glial cells (Abraham and Meyer, 2003; Alcantara et al. 1998; Chin et al. 2007;
Doehner and Knuesel, 2010; Lacor et al. 2000; Miettinen et al. 2005; Pesold et al. 1998;
Roberts et al. 2005). Recent evidence has shown that the Reelin signaling system contributes
to synapse formation and acts as a modulator of synaptic transmission and synaptic plasticity
by regulating Ca2* entry through N-methyl-d-aspartate (NMDA\) receptors (Figure 1)
(Beffert et al. 2005; Chen et al. 2005; Groc et al. 2007; Herz and Chen, 2006; Qiu and
Weeber, 2007; Venturi et al. 2011; Weeber et al. 2002). Cultured neurons from mice
deficient in either APOER2 or VLDLR display normal synaptic transmission, however,
long-term potentiation (LTP) deficits are observed in response to high frequency stimulation
(Weeber et al. 2002). Further, Reelin binding to its receptors results in phosphorylation of
NMDA receptor subunits NR2A and NR2B which is mediated by DAB1 and SRC/FYN
activation (Chen et al. 2005). Mutations of APOER?2 that prevent its binding to DAB1 or
postsynaptic density protein 95 (PSD95) prevent Reelin mediated synaptic plasticity (Beffet
et al. 2005, 2006). In the reeler mouse, there is reduced expression of PSD-95, NR2A and
NR2B, and phosphatase and tensin homolog (PTEN) which potentially contributes to
impaired LTP in this animal model (Ventruti et al. 2011). Moreover, in cultured
hippocampal cells from reeler mice, reduced clustering of 2-amino-3-(5-methyl-3-o0xo0-1,2-
oxazol-4-yl)propanoic acid (AMPA) receptor subunit ionic glutamate receptor 1 (GluR1)
and NMDA receptor subunit NR1 has been observed when compared with cultured
hippocampal cells from wild-type mice (Qiu and Weeber, 2007). This difference was
eliminated by supplementing Reelin in the reeler cultures. Moreover, when Reelin was
supplemented in wild-type cultures there was an increase in AMPA-mediated excitatory
postsynaptic currents; a reduction in the number of silent synapses; and altered expression of
NMDA and AMPA receptor subunits with a reduction of NR2B expression and increased
expression of NR2A and AMPA receptors. Further experiments using cultured hippocampal
neurons have shown that postnatally, there is a decrease in the NR1/NR2B contribution to
NMDA-mediated synaptic currents (Groc et al. 2007). This change was concomitant with an
increased amount of Reelin at active synapses and was blocked by rendering Reelin non-
functional, suggesting that Reelin plays a role in synaptic NMDA receptor assembly.

Animal models, in which Reelin expression is reduced, have provided important information
on the impact of Reelin on LTP and cognition. Reeler mice display altered LTP and deficits
in active avoidance tasks (Goldowitz and Koch, 1986; Marrone et al. 2006). Heterozygous
reeler mice (HRM), which have been used as an animal model of schizophrenia (although
some have questioned its validity; see Podhorna and Didriksen, 2004), display an
approximately 50% reduction in Reelin expression and deficits in LTP (Tueting et al. 2006;
Qiu et al. 2006). HRMs also display deficits in a number of cognitive measures including the
acquisition of operant tasks (Krueger et al. 2006), executive function (Brigman et al. 2006),
fear conditioned learning (Ammassari-Teule et al. 2009; Qiu et al. 2006), olfactory-
conditioned learning (Larson et al. 2003), neophobic behavior on the elevated plus maze
(Tueting et al. 1999), latent inhibition (Ammassari-Teule et al. 2009) and anxiety and motor
impulsivity (Ognibene et al. 2007). Knock down of Reelin signaling in the lateral entorhinal
cortex of rats results in impaired performance on the hippocampus-dependent water maze
task (Stranahan et al. 2011). However, not all experimental models have resulted in impaired
cognition. Prenatal application of 5-metoxytryptamine (5MT) to pregnant rats resulted in
reduced Reelin expression in the exposed offspring, however, their performance on the
Morris water maze as a measure of spatial cognition was no different from untreated animals
(Lakatosova et al. 2011).
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A number of these behavioral and cognitive deficits resulting from loss or reduction of
Reelin expression are observed in individuals with autism and schizophrenia. Deficits in
prepulse inhibition (PPI), a sensorimotor gating behavior, are also common to individuals
with a number of psychiatric disorders including autism and schizophrenia (Geyer et al.
1999; McAlonan et al. 2002; Turetsky et al. 2007). Studies of PPl in HRMs have been
equivocal. An initial study found an age-dependent reduction in PPl in HRMs (Tueting et al.
1999). Other groups, however, using a unimodal acoustic PPI paradigm, found no
differences between wild type and HRMs (Barr et al. 2008; Podhorna and Didriksen, 2004;
Teixeira et al. 2011). However, when using a crossmodal acoustic or tactile PP1 paradigm,
deficits have been observed (Barr et al. 2008). Other animal models including use of
prenatal viral infection or a viral mimic have shown reduced Reelin expression and deficits
in PPI (Fatemi et al. 1999; Harvey and Boksa, 2012; Meyer et al. 2008; Shi et al. 2003;
please see Section 9).

6. The Role of Reelin in Schizophrenia

Multiple biological theories have been proposed to explain the origins of schizophrenia
including neurodegenerative changes or disruptions of the dopaminergic, serotonergic, or
glutamatergic signaling systems (Fatemi, 2008). Social factors including migration and
urban birth and upbringing have also been implicated (Kneeland and Fatemi, 2012).
Additionally, abuse of drugs such as cannabis, amphetamines or LSD can produce psychotic
symptoms and may lead to the development of schizophrenia (Arsenault et al. 2004; Javitt
and Laruelle, 2006). However, most of the available evidence points to a
neurodevelopmental origin of schizophrenia in which early developmental insults (late first
or second trimester) lead to activation of pathological neural circuits during adolescence and
young adulthood resulting in the positive (i.e., hallucinations) and negative (i.e., poor to
nonexistent social functioning, apathy) symptoms of schizophrenia (reviewed by Compton
and Walker, 2009; Fatemi and Folsom, 2009; Rapoport et al., 2005, 2012; Tenyi et al.,
2011). Evidence to support the neurodevelopmental hypothesis comes from: 1) increased
rates of schizophrenia due to prenatal viral or bacterial infections (Brown, 2006; Kneeland
and Fatemi, 2012); 2) increased risk of schizophrenia resulting from obstetric complications
such as hypoxia, ischemia, or periventricular hemorrhages (Gilmore and Murray, 2006;
Keshavan et al. 2006); 3) brain abnormalities such as enlargement of the cerebroventricular
system, abnormal brain lamination, and changes in gray and white matter that indicate early
developmental insult (Akbarian et al. 1993; Arnold and Trojanowski, 1997; Davis et al.,
2003; Georgieva et al., 2007; Ritter et al., 2004; Tenyi et al., 2011); 4) Presence of
congenital abnormalities and neurological soft signs in children that later develop
schizophrenia (Lloyd et al. 2008; Barkus et al. 2006); and 5) Abnormal expression of genes
involved in neuronal and glial migration, cell proliferation, and synaptogenesis (Hakak et al.
2001; Le-Niculescu et al. 2007; Mirnics et al. 2001; Sullivan et al. 2006; Vawter et al.
2002). Similar to autism, the brain and behavioral deficits associated with schizophrenia
support a role for Reelin in the pathology of this disorder (Fatemi et al. 2008).

6.1. Reelin Expression in Plasma, Cerebrospinal Fluid, and Brain of Subjects with
Schizophrenia

Reelin expression has been examined in blood and cerebrospinal fluid (CSF) of subjects
with schizophrenia. In a study comparing serum Reelin across ethnic groups, Reelin 410
kDa was shown to be significantly elevated in plasma from Caucasian, Hmong, Laotian, and
Vietnamese subjects with schizophrenia (Fatemi et al. 2001b). The 330 kDa Reelin fragment
was also elevated in sera of Caucasian subjects with schizophrenia (Table 1). More recently,
in a study of peripheral lymphocytes, drug-naive subjects with schizophrenia displayed
reduced expression of VLDLR but not APOER2 (Suzuki et al. 2008). After six months of
drug treatment, there was increased expression of VLDLR, while APOER2 expression was

Neuropharmacology. Author manuscript; available in PMC 2014 May 01.
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reduced. Importantly, there was a negative correlation between VLDLR levels and severity
of clinical symptoms (Suzuki et al. 2008). In contrast to altered Reelin expression in blood, a
study by Ignatova et al (2004) which compared CSF levels of Reelin in subjects with
schizophrenia, various neurological diseases, and cancer vs. healthy controls found no
difference among disease states (Table 1). The elevated expression of Reelin in plasma
contrasts with reduced Reelin expression in brains of subjects with schizophrenia.

Reduced Reelin expression has been observed in multiple brain regions of subjects with
schizophrenia (Eastwood and Harrison, 2003, 2006; Fatemi et al. 2000, 2005b; Guidotti et
al. 2000; Impagnatiello et al. 1998) (Table 1). Impagnatiello et al. (1998) observed reduced
levels of Reelin mRNA expression in layers | and 11 of the prefrontal cortex (PFC) of
subjects with schizophrenia when compared with controls, a finding that has been confirmed
by others (Eastwood and Harrison, 2006; Guidotti et al. 2000). In contrast to these earlier
findings, a recent study of Reelin mRNA expression in the PFC of subjects with
schizophrenia found no difference between total expression of Reelin when compared with
controls (Ovadia and Shifman, 2011). However, measurement of allelic expression
involving single nucleotide polymorphism (SNP) rs2229864, revealed greater allelic
expression imbalance in subjects with schizophrenia in PFC which they hypothesize to be
due possibly to epigenetic factors (Ovadia and Shifman, 2011). In addition to PFC, Reelin
expression has been shown to be reduced in interstitial white matter neurons in the superior
temporal cortex of subjects with schizophrenia (Eastwood and Harrison, 2003). Reduction in
Reelin expression has also been observed in hippocampus (Eastwood and Harrison, 2006;
Fatemi et al. 2000) and cerebella (Fatemi et al. 2005b) of subjects with schizophrenia.
Importantly, Fatemi et al. (2005b) found that Reelin deficits were not restricted to
individuals with psychosis, but extended to non-psychotic subjects with bipolar disorder as
well (Fatemi et al. 2000, 2005b). The observed reduction in Reelin expression may account
for the multiple brain abnormalities associated schizophrenia. Less is known regarding other
members of the Reelin signaling pathway.

6.2. Gene Association Studies

Positive associations between RELN and increased risk of schizophrenia have been
identified when RELN variants have been combined with those of additional genes (Hall et
al. 2007) or in gender-specific manner (Ben-David et al. 2010; Kuang et al. 2011; Li et al.
2011; Liu et al. 2011; Pisanté et al. 2009; Shifman et al. 2008). Hall et al. (2007) has
demonstrated that SNPs of Reelin were associated with schizophrenia when combined with
variants for additional genes, including brain-derived neurotrophic factor, neuropeptide Y,
neuregulin 1, and synapsin 3, but not alone (Hall et al. 2007). Variants of RELN have been
associated with increased risk of schizophrenia for women (Ben-David et al. 2010; Kuang et
al. 2011; Li et al. 2011; Liu et al. 2011; Pisanté et al. 2009; Shifman et al. 2008). Shifman et
al (2008) found that the RELN SNP rs7341475 was associated with increased risk of
schizophrenia among Ashkenazi Jewish women. Their findings have recently been
confirmed in three separate large population sample of Ashkenazi women (Ben-David et al.
2010; Liu et al. 2011; Pisanté et al. 2009), however, Ben-David et al. (2010) found the
significance was less than previously reported. A recent study identified a RELN SNP
(rs12705169) that associated with schizophrenia in a Han Chinese population sample (Li et
al. 2011). When stratified by gender, significance remained only for females, suggesting a
gender-specific effect. Similarly, rs362719 has also been associated with an increased risk of
schizophrenia in female but not male Han Chinese (Kuang et al. 2011).

A number of negative gene association studies between RELN and schizophrenia have been
published as well (Akahane et al. 2002; Chang et al. 2011; Goldberger et al. 2005; Huang
and Chen, 2006). Because of its association with increased risk of autism, the 5’
untranslated region of the RELN gene has been investigated for conferring risk for the
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development of schizophrenia. However, this region has not been found to be associated
with schizophrenia (Akahane et al. 2002; Goldberger et al. 2005; Huang and Chen, 2006).
SNPs in RELN’s promoter region have shown no association with schizophrenia in a Han
Chinese population sample (Chang et al. 2011).

6.3. Relationship between Reelin and Schizophrenia

Links between RELN and specific behavioral deficits in schizophrenia have been
demonstrated (Greenbaum et al. 2010; Wedenoja et al. 2008, 2010). Quantifiable trait
component analyses have revealed positive associations between an intragenic short tandem
repeat (STR) with impaired visual working memory, and executive functioning (Wedenoja
et al. 2008). A further study of this variant using a separate population sample confirmed the
earlier finding of cognitive impairment and in addition, the allele was associated with more
severe positive and negative symptoms (Wedenoja et al. 2010). The rs7341475 SNP of
RELN has been shown to be associated with deficits in PP (Greenbaum et al. 2010). A
separate study, however, found that RELN SNP rs7341475 was not associated with deficits
in working memory, Reelin mRNA expression in brain, or brain structure (Tost et al. 2010).
Finally, a recent study found significant associations between SNPs of APOE, APOER?2,
VLDLR, and DAB1 with cognitive performance of subjects with schizophrenia while there
was no such association for RELN (Verbrugghe et al. 2012). Additionally, in a second
cohort of normal aging males, the authors found associations between SNPs of APOE and
APOER?2 with memory performance.

Animal models provide further evidence of the contribution of Reelin deficits to symptoms
of schizophrenia. Knockdown of Reelin in medial PFC of rats during either puberty or
adulthood results in PPI deficits (Brosda et al. 2011). Knockdown during puberty, but not
adulthood, also resulted in impaired spatial working memory and object recognition. In a
mouse model of prenatal restraint stress (PRS), offspring displayed reduced expression of
Reelin in early life as well as adulthood, an effect that occurred with increased DNA
methyltransferase (DNMT) expression (Matrisciano et al. 2012). Behaviorally, adult PRS
mice displayed impaired PPI, social interaction, and fear conditioning. Finally Texeira et al.
(2011) showed that a transgenic mouse model bred to increase Reelin production showed
resistance to developing psychosis or depression (Fatemi, 2011; Texeira et al. 2011)..

7. Reelin and Autism

7.1. Plasma,

Autism is a debilitating neurodevelopmental disorder characterized by deficits in cognition,
communication, and social interaction. Brains from subjects with autism display multiple
pathologies including brain volume abnormalities including macrocephaly, minicolumnar
structural abnormalities in the neocortex, and white and gray matter abnormalities (Bailey et
al. 1993; Bauman and Kemper 2005; Casanova et al. 2002; Courchesne et al. 2003; Fatemi
et al. 2012; Palmen et al. 2004; Schumann and Nordahl, 2010). Due to its important roles in
brain development, Reelin has been studied as a potential biomarker for autism.

Cerebrospinal Fluid, and Brain Expression of Reelin in Subjects with Autism

Reduced levels of Reelin have been observed in plasma from subjects with autism. Keller et
al (2000) found reduced expression of Reelin 410 kDa in sera of subjects with autism as
well as their unaffected siblings (Table 1). Similarly, Fatemi et al (2002) also found a
significant reduction in plasma levels of Reelin 410 kDa in subjects with autism when
compared with healthy controls (Fatemi et al. 2002) (Table 1). Transmission of “long”
triplet alleles of Reelin has been correlated with a 25% reduction in expression of the Reelin
330 kDa fragment in blood (Lugli et al. 2003) (Table 1). The relative contributions of brain,
liver or other sites of Reelin production to serum levels of Reelin are currently unclear
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although the reduction in Reelin 410 kDa in sera mirrors the reduction of Reelin 410 kDa in
brain of subjects with autism. The relevance of serum levels of Reelin to autism is also
unclear. However, hyperserotonemia has been associated with Reelin deficits both in autism
and in a potential animal model for autism (Janusonis, 2008). Future experiments could
examine whether there is a correlation between serum levels of Reelin and specific autistic
behavioral phenotypes.

A series of postmortem studies have demonstrated reductions in Reelin protein in multiple
brain sites of subjects with autism (Fatemi et al. 2001, 2005a) (Table 1). An initial study
found reduction of Reelin 180 kDa fragment in cerebella of subjects with autism (Fatemi et
al. 2001). A more extensive study found reduced Reelin protein levels in superior frontal
cortex, parietal cortex and cerebella of subjects with autism when compared with controls.
Reelin 410 kDa/B-actin values were reduced by 67%, 72%, and 39% in superior frontal
cortex (p<0.035), parietal cortex, and cerebellum (p<0.016) of brains from subjects with
autism vs. controls, respectively (Fatemi et al. 2005a). Reelin 330 kDa/B-actin values were
reduced by 80%, 45%, and 25% in frontal (p<0.035), parietal, and cerebellar areas of brains
from subjects with autism vs. controls, respectively (Fatemi et al. 2005a). Reelin 180 kDa/p-
actin values were also reduced by 50%, 36%, and 27% in frontal (p<0.005), parietal, and
cerebella (p<0.008) from subjects with autism vs. controls, respectively (Fatemi et al.
2005a). Moreover, mRNA for RELN was significantly reduced in frontal cortex and
cerebella of subjects with autism, consistent with the protein data as was mRNA for DAB1
(Fatemi et al. 2005a). In contrast, mMRNA for VLDLR was significantly increased in both
areas, which may be a compensatory mechanism for reduced expression of Reelin (Fatemi et
al. 2005a). While there is a reduction in mRNA and protein expression for Reelin in multiple
brain regions in autism, less is known about other components of the Reelin signaling
pathway in this disorder. Expansion of these studies to include multiple components of the
Reelin signaling pathway, as well as testing additional brain regions that are relevant to
autism such as the amygdala and hippocampus would provide a clearer picture of the role of
Reelin signaling in autism.

7.2. Gene Association Studies

Gene association studies of RELN and autism have been inconsistent. Persico et al. (2001)
demonstrated a significant association between autism and the length of a GGC repeat
located immediately 5" of the RELN gene initiation codon. This finding has been confirmed
by in North American population samples (Skaar et al. 2005; Zhang et al. 2002), an Indian
population sample (Dutta et al. 2007) and a Slovakian population sample (Kelemenova et al.
2010). Furthermore, preferred transmission of “long” triplet repeat alleles (more than 11
repeats) to subjects with autism has been observed (Lugli et al. 2003). Preferential
expression of long triplet repeat alleles may impact Reelin expression. An in vitro study
examining the effect of long triplet repeat alleles on Reelin expression revealed that 12- and
13-repeat alleles result in 50-60% less Reelin expression when compared with the more
common 8-10 repeat alleles (Persico et al. 2006).

Other studies have demonstrated association of various single nucleotide polymorphisms
(SNPs) and autism (Ashley-Koch et al. 2007; Li et al. 2008; Serajee et al. 2006). Li et al.
(2008), found an association with autism for an SNP of RELN (located on intron 59) in a
sample of Han Chinese, a finding that was verified by haplotype analysis. In an investigation
of 34 Reelin SNPs, altered transmission of rs736707 from intron 59 and rs362691 from exon
22 was found in subjects with autism (Serajee et al. 2006). An association between an SNP
(rs2073559) and autism has been identified (Ashley-Koch et al. 2007). In contrast, the
authors found no significant association of SNPs for APOE with autism, nor was there a
joint RELN-APOE contribution to autism risk. A separate study involving North American
and Italian families with autistic probands found preferential transmission of APOE2, over
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APOE3 and APOE4 to autistic offspring (Persico et al. 2004). APOE2 displays reduced
binding affinity for APOER2 (Rall et al. 1982) and the preferential transmission of this
isoform may impair signaling.

In contrast, several studies have found no association between RELN polymorphisms and
autism (Bonora et al. 2003; Devlin et al. 2004; Dutta et al. 2008; He et al. 2011; Krebs et al.
2002; Li et al. 2004). For example, several studies did not report an association between
GGC repeats in the 5 untranslated region of RELN and autism in various population
samples (Bonora et al. 2003; Devlin et al. 2004; Krebs et al. 2002; Li et al. 2004).
Additionally, Dutta et al. (2008) failed to find association between any of six RELN SNPs
(rs727531, rs2072403, rs2072402, rs362691, rs362719, rs736707) and autism in an Indian
population sample. Similarly, He et al. (2011) found no association between four RELN
SNPs (rs736707, rs2229864, rs362691, and rs2073559) and autism in a Han Chinese
population sample. Due to the heterogeneous nature of autistic spectrum disorders, it is not
surprising that some studies show an association between RELN and autism while others do
not. More research is needed to determine the impact of specific RELN mutations on Reelin
expression and on brain and behavioral pathologies of autism.

7.3. Relationship between Reelin and Autism

Structural abnormalities observed in key brain regions including the amygdala, frontal,
temporal, and cerebellar cortices, could potentially explain the cognitive and motor deficits
observed in subjects with autism (Amaral et al. 2008; Bauman and Kemper, 2005;
Courchesne et al. 2007; Fatemi et al. 2012). Reelin deficiency may contribute to these
structural abnormalities as well as with abnormal synaptic connectivity. Cognitive deficits of
HRM related to learning and memory show an impact of reduced Reelin expression on
autistic symptomology. PPI deficits, which are associated with autism, have been observed
in animal models deficient in Reelin expression (Shi et al. 2003).

8. Reelin in Other Neuropsychiatric Disorders

Altered expression of Reelin has been associated with additional brain disorders including
Alzheimer’s disease (AD), lissencephaly, bipolar disorder, and major depression.
Alzheimer’s disease (AD) is the most common form of senile dementia. It is characterized
by progressive cognitive impairment. In brain, AD is characterized the presence of
extracellular deposits consisting mainly of beta amyloid (AB) peptides and intracellular
neurofibrillary tangles consisting mainly of phosphorylated tau protein. While AD is
characterized as a neurodegenerative disease, a number of intracellular signaling pathways
associated with neurodevelopment including Reelin, Notch, and Wnt have also been
associated with the pathology of AD (Bothwell and Gingier, 2000; da Cruz e Silva et al.
2010; Grilli et al. 2003; Woo et al. 2009). In aged mice, Reelin has been observed to form
plaques in hippocampus (Knuesel et al. 2009; Doehner et al. 2010) and A peptides
associate with these plaques (Doehner et al. 2010). Polymorphisms of RELN have been
associated with AD (Antoniades et al. 2011; Kramer et al. 2011; Seripa et al. 2008). In CSF
from subjects with AD, increased expression of the Reelin 180 kDa fragment has been
observed (Botella-Ldpez et al. 2006; Saez-Valero et al. 2003) while in plasma, there were no
significant changes in Reelin expression (Botella-Lopez et al. 2006) (Table 1). The
researchers also found that Reelin mRNA and Reelin 180 kDa fragment were also increased
in frontal cortex but not cerebellum of subjects with AD (Table 1). Furthermore, altered
glycosylation of Reelin was observed which may interfere with its ability to interact with
APOER?2 (Bétella-Lopez et al. 2010). In contrast with these findings, Herring et al. (2012)
found reduced Reelin expression in human frontal cortex from a pre-clinical stage of AD
while VLDLR, APOER2, and DAB1 showed no change. Furthermore, in a mouse model of
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AD, depletion of Reelin in the hippocampus preceded the formation of Ap plaques (Herring
et al. 2012).

Lissencephaly is a neurodevelopmental disorder resulting from defective neuronal migration
during the 12t through 24™ week of gestation resulting in brain structural deficits including
lack of gyral and sulcal development and improper lamination. Affected individuals display
psychomotor deficits, seizures, and muscle spasticity. Lissencephaly is a heterozygous
disorder with mutations within multiple genes resulting in the lissencephalic phenotype.
Mutations in platelet activating factor acetylhydrolase, isoform 1B, alpha subunit
(PAFAH1B1,; also known as LIS1), results in lissencephaly associated with Miller-Dieker
syndrome (Ledbetter et al. 1992; Reiner et al. 1993). The LIS1 complex binds to VLDLR
(but not APOER?2) (Zhang et al. 2007) and phosphorylated DAB1 (Assadi et al. 2003).
Recruitment of the LIS1 complex contributes to regulation of microtubule dynamics and
ultimately, regulation of neuronal migration, and proper brain lamination. Mutations in the
RELN gene itself are associated with lissencephaly with cerebellar hypoplasia (LIS-CH)
(Chang et al. 2007; Hong et al. 2000; Kono et al. 2008). A case study has demonstrated that
an individual with LIS-CH lacked serum Reelin (Chang et al. 2007) (Table 1). Further
studies are needed to determine whether this lack of serum Reelin is a common feature of
LIS-CH.

Bipolar disorder is a major debilitating disease currently affecting between 0.4% — 1.6% of
the world’s population (APA, 2000). Subjects with bipolar disorder present manic,
hypomanic, mixed, and depressive episodes. Reduced Reelin expression has been observed
in blood and brain of subjects with bipolar disorder. Reduced levels of the 330 kDa and 180
kDa fragments of Reelin have been shown to be significantly reduced in sera of subjects
with bipolar disorder (Fatemi et al., 2001b) (Table 1). Guidotti et al (2000) found reduction
of Reelin mMRNA in PFC of subjects with bipolar disorder with psychosis (Guidotti et al.
2000). Reelin protein levels have also been found to be reduced in hippocampus and
cerebella of subjects with bipolar disorder, regardless of presence of or absence of psychosis
(Fatemi et al. 2000, 2005b). Ovadia and Shifman (2011) found no difference in total Reelin
mMRNA in PFC of subjects with bipolar disorder, however, there was a significant reduction
of the relative amount of the short RELN isoform which is missing the C-terminal region.
Other brain regions including the caudate nucleus and putamen have shown no difference in
Reelin expression in subjects with bipolar disorder when compared with controls (Veldic et
al. 2007). A recent gene association study found overtransmission of the C allele of RELN
SNP rs362719 to offspring with bipolar disorder in a large family sample and that this
association was almost entirely due to transmission to affected females (Goes et al. 2010).

A further psychiatric disorder that has demonstrated abnormal Reelin expression is major
depressive disorder (MDD). MDD is characterized by depressed mood, sleep and appetite
changes, loss of energy, feelings of worthlessness or guilt and suicidal ideation that persist
for periods of two weeks or longer (Dunner, 2008). There is some evidence that Reelin
expression is altered in subjects with MDD. The 180 kDa fragment of Reelin is significantly
reduced in sera from subjects with major depressive disorder (MDD) (Fatemi et al. 2001b)
(Table 1). In contrast to the significant reductions of Reelin mRNA and protein expression
in cerebella, prefrontal cortex, and hippocampus of subjects bipolar disorder and
schizophrenia, no significant reductions of Reelin have been observed in these regions for
subjects with MDD (Fatemi et al. 2000, 2005b; Guidotti et al. 2000) (Table 1).
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Reduced Reelin expression may be the result of multiple mechanisms. Spontaneous
mutations of the RELN gene itself could result in reduced or absent Reelin expression as
shown with the homozygous reeler mouse. As mentioned in the previous section, a mutation
in RELN leads to LIS-CH and an absence of serum Reelin (Hong et al. 2000; Chang et al.
2007).

Reelin haploinsufficiency may be a second potential mechanism to cause altered Reelin
expression (Figure 2). As discussed in section 5, the HRM has only one copy of the RELN
gene which results in a number of behavioral abnormalities. In addition to the behavioral
deficits observed in HRMs, Ammasari-Teule et al. (2009) observed reduced expression of
parvalbumin-positive GABAergic interneurons in the dorsomedial and ventromedial
intermediate striatum and caudal striatum while there was no loss in rostral striatum when
compared with wild type mice.

Early developmental events such as prenatal viral or bacterial infections constitute a third
mechanism of Reelin reduction (Figure 2). Prenatal viral infection of mice on embryonic
day nine (E9) resulted in reduced Reelin expression in neocortex and hippocampus of pups
at PO (birth) (Fatemi et al. 1999). Similarly, the offspring of pregnant mice treated with the
viral mimic polyriboinosinic-polyribocytidilic acid (Polyl:C), show reduced Reelin
expression in both hippocampus and prefrontal cortex (Meyer et al. 2006, 2008). The
offspring of mice infected or treated with viral mimic at E9 also display behavioral deficits
reminiscent of both autism and schizophrenia including deficits in PP1 (Meyer et al. 2008;
Shi et al. 2003) and deficits in social interaction (Shi et al. 2003). Additionally, treatment of
pregnant mice at E9 resulted in reduced humber of Reelin positive cells in the dorsal
striatum oriens at P28 (but not P14) in exposed offspring (Harvey and Boksa, 2012).
Stimulation of the maternal immune system in rodents via injection of lipopolysaccharide
(LPS) can also reduce Reelin expression in the offspring (Ghiani et al. 2011; Nouel et al.
2012). Injection of pregnant rats with LPS at E15 resulted in reduced expression of Reelin in
forebrains of embryos at E18 (Ghiani et al. 2011). More recently, injection of mice with LPS
on E9 resulted in a reduction of Reelin positive cells in the dentate gyrus at P14 (Nouel et al.
2012). However, western blotting revealed no difference in Reelin expression for multiple
brain regions. Other investigations, however, have not reported any effects of prenatal
insults on Reelin expression. For example, Matricon et al. (2010) found that prenatal
treatment with methylazoxymethanol, which results in schizophrenia-like symptoms and
brain abnormalities in exposed offspring, had no effect on Reelin expression.

A fourth potential mechanism is epigenetic silencing of the RELN gene through
hypermethylation of the RELN promoter (Figure 2). DNA-methyltransferase 1 (DNMT1)
activity results in methylation of the promoter region of a number of genes preventing
transcription. Increased expression of DNMT1 mRNA in cortical GABAergic neurons from
brains of subjects with schizophrenia has been associated with reduced Reelin mMRNA
(Veldic et al. 2004). Treatment of mouse primary cultures of cortical neurons with
methionine has been shown to reduce Reelin and glutamic acid decarboxylase 67 kDa
(GADG67) expression, which was accompanied by increased methylation of the Reln
promoter (Noh et al. 2005). Using an antisense approach to reduce Dnmt1 resulted in
increased Reelin and GAD67 mRNA expression and blocked methionine-induced reductions
of Reelin and GADG67 suggesting that Dnmt1 methylation of the Reln and Gad67 promoters
results in reduced Reelin and GAD67 mRNA levels. Furthermore, increased methylation of
the RELN promoter in brains of subjects with schizophrenia has been observed in two
studies (Abdolmaleky et al. 2005; Grayson et al. 2005). Recent studies, however, have failed
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to replicate the hypermethylation data mentioned above (Mill et al. 2008; Tochigi et al.
2008) and bring into question the assertion that Reelin deficits in schizophrenia are due to
hypermethylation. A preliminary study has found that in normal individuals the human
RELN promoter shows very little methylation prior to puberty while postpubertal
individuals display heavy methylation, suggesting that sex hormones could potentially
stimulate methylation (Lintas and Persico, 2010). The authors hypothesize that the timing of
hypermethylation during adolescence may contribute to the emergence of schizophrenic
symptoms and the worsening of autistic behaviors. However, while this theory appears
acceptable with respect to schizophrenia, it does not parallel with emergence of autistic
behavior in early childhood (ages 1-3), a time long before onset of puberty and emergence
of male sex hormones. Thus, similar postmortem studies using tissue from subjects with
schizophrenia or autism from various age groups need to be performed in order to test
whether the same pattern holds true in both disorders. More investigation is needed to
determine to what extent, if any, epigenetic mechanisms such as hypermethylation play in
abnormal reductions of Reelin observed in schizophrenia or other disorders.

A fifth mechanism involving microRNAs (miRNAs) may also explain reduced Reelin
expression in neurodevelopmental disorders (Figure 2). miRNAs are small, non-coding,
RNA transcripts that regulate gene transcription post-translationally. miRNA expression is
altered in both schizophrenia and autism (Ghahramani et al. 2011; Moreau et al. 2011)
although it is currently unknown if miRNASs regulate Reelin expression. Preliminary
experiments to determine miRNA expression in brains of subjects with autism has been
performed (Fatemi and Kalscheuer, unpublished observations). Microarray analyses have
thus far revealed changes in a number of miRNAs in cerebellum, parietal cortex (BA40),
and frontal cortex (BA9) of subjects with autism (Fatemi and Kalscheuer, unpublished
observations; Table 2). Significant changes have been observed for miR-214 in cerebellum,
which was verified by gRT-PCR (Fatemi and Kalscheuer, unpublished observations; Table
2). Interestingly, Reelin is a predicted target of miR-214 (Target Scan 5.0). gRT-PCR
revealed a significant downregulation of Reelin mRNA in the same brain region (Fatemi and
Kalscheuer, unpublished observations). It may be the case that miR-214 negatively regulates
Reelin mRNA, resulting in downregulated Reelin protein in subjects with autism.

A sixth potential mechanism involves disruption of Reelin translation by fragile X mental
retardation protein (FMRP) (Figure 2). FMRP acts as a translational repressor (De Rubeis
and Bagni, 2010) and targets approximately 4% of all mMRNAs in brain (Bassell and Warren,
2008). Reelin mRNA has recently been identified as a downstream target of FMRP (Darnell
etal. 2011). In fragile X syndrome (FXS), mutations in the fragile X mental retardation 1
gene (FMR1) leads to an absence of FMRP which results ultimately in cognitive impairment
and behavioral deficits. Reduced FMRP protein has been identified in several psychiatric
disorders including autism (Fatemi and Folsom, 2010, 2011, Fatemi et al. 2011) as well as
schizophrenia, bipolar disorder, and MDD (Fatemi et al. 2010). Abnormal FMRP production
either directly or indirectly via miRNA could be linked to Reelin abnormalities in these
disorders.

Dysfunction of Reelin processing may also play a role (Figure 2). Altered glycosylation of
Reelin has been observed in cerebrospinal fluid (CSF), plasma, and frontal cortex extracts
from subjects with Alzheimer’s disease (Botella-Lopez et al. 2006, 2010). However, this
altered expression pattern was accompanied by increased Reelin expression in CSF (Botella-
Lopez et al 2006). It is possible that other errors in Reelin processing such as improper
folding or splicing (as documented by altered expression of Reelin 330 and 180 kDa) occurs
in neurodevelopmental disorders.
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Finally, abnormalities or loss of GABAergic interneurons may contribute to dysfunctional
Reelin expression in schizophrenia and autism. HRMs display reduced colocalization of
Reelin and neuronal nitric oxide synthase (nNOS) in interneurons located in the subgranular
zone and molecular layer of the dentate gyrus when compared with wild-type mice and may
contribute to behavioral deficits of this model (Romay-Tallon et al. 2010). However, Fatemi
et al. (1999) did not report a change in nNOS in cortical layer | or calretinin, despite
decreased Reelin expression, in a mouse model for schizophrenia and autism. An animal
model of tuberous sclerosis (a condition which includes autism, seizures, and developmental
delay as its symptoms) in which the tuberous sclerosis 1 gene (Tscl) is deleted results in
reduced expression of GABAergic interneurons in the cortex and a lower seizure threshold
(Fu et al. 2011). The authors did not test for Reelin levels but it is possible that the reduction
in GABAergic interneurons could result in reduced brain expression of Reelin.

10. Potential Involvement of Reelin in Pharmacotherapeutics

Therapies that increase Reelin expression may ameliorate some of the symptoms of these
disorders. As mentioned in Section 5, Reelin supplementation to cultured neurons has been
shown to enhance LTP. In a recent study, injection of purified Reelin into the ventricles of
wild-type mice has been shown to result in increased hippocampal CA1 LTP, and improved
performance on tasks measuring associative and spatial learning and memory (Rogers et al.
2011).

Chronic treatment with a typical antipsychotic drug (haloperidol), two atypical antipsychotic
drugs (clozapine and olanzapine), an antidepressant (fluoxetine), and two mood stabilizers
(valproic acid (VPA) and lithium), have been shown to alter mRNA and protein expression
of Reelin and its signaling molecules in rat frontal cortex (Table 3; Fatemi et al. 2006,
2009). Olanzapine increased both Reelin mRNA and protein while both lithium and
haloperidol had the opposite effect (Table 3). Olanzapine has been shown to successfully
treat schizophrenia, bipolar disorder and as an augmentive treatment for major depression. It
may do so by increasing expression of Reelin in brain, potentially stabilizing synapses and
improving brain circuitry. Clozapine reduced Reelin protein while fluoxetine increased
Reelin mRNA (Table 3). VLDLR protein expression was increased following treatment with
fluoxetine, olanzapine, and haloperidol while VPA reduced both VLDLR mRNA and
protein. Dabl mRNA was increased following chronic treatment with clozapine and VPA
(Table 3). DABL1 protein expression was increased by fluoxetine while it was reduced by
olanzapine and VPA (Table 3). GSK3p mRNA and protein were increased by haloperidol
and lithium while fluoxetine and clozapine increased GSK3p protein expression only (Table
3). In contrast, VPA reduced GSK3p mRNA expression (Table 3). GAD65 and GAD67
protein were reduced by both olanzapine and haloperidol. GAD65 protein was increased by
fluoxetine while Gad65 mRNA was reduced by VPA (Table 3). More recently, the
antidepressant citalopram has been shown to increase Reelin mMRNA and protein levels
(Jaako et al. 2011). These results suggest that drugs used to treat schizophrenia, autism,
MDD, and bipolar disorder alter expression of members of the Reelin and GABAergic
signaling systems which may help to explain their therapeutic efficacies.

As mentioned in section 9, prenatal viral infection at E9 results in reduced Reelin expression
and PPI deficits (Fatemi et al. 1999, Shi et al. 2003). The deficit in PPl was corrected
following administration of either the atypical APD clozapine or the typical APD
chlorpromazine (Shi et al. 2003). However, this effect of clozapine is likely to be
independent of Reelin expression as chronic treatment with clozapine results in reduced
expression of Reelin in frontal cortex of rats (Fatemi et al. 2009).
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Drugs that affect the epigenetic regulation of Reelin may also prove useful treatments to
increase Reelin expression. Drugs that reduce or inhibit DNMT1 activity, have been shown
to increase Reelin mRNA expression (Kundadovic et al. 2007, 2009; Tremolizzo et al.
2005). Direct inhibitors of DNMT1 such as doxorubicin (DOXO), 5-aza-2”-deoxycytidine
(AZA), and zebularine (ZEB) have been shown to increase expression of Reelin mMRNA
(Kundadovic et al. 2007). Histone deacetylases inhibit transcription by removing acetyl
groups from the histone which in turn leads to increased binding between the histone and
DNA. Inhibitors of histone deacetylases including MS-275, trichostatin A (TSA), and VPA
reverse this effect. Histone deacetylation has been hypothesized to be facilitated by
hypermethylation (Kundadovic et al. 2009). Indeed, MS-275, TSA, and VPA reduce
expression of DNMT1 and reduce DNMT1 activity and MS-275 treatment increases Reelin
expression (Kundadovic et al. 2009). Both MS-275 and DOXO decrease the methylation
status of the RELN promoter (Kundadovic et al. 2007, 2009). In a mouse model of
schizophrenia, treatment with VPA resulted in inhibition of Reln promoter
hypermethylation, increased Reelin mRNA, and reversed PPI deficits (Tremolizzo et al.
2005). VPA’s effect on demethylation is potentiated when combined with clozapine or
sulpride but not with haloperidol or olanzapine (Guidotti et al. 2009, 2011). Taken together,
these results suggest that selectively reducing the methylation state of the RELN promoter
could result in increased Reelin expression and ameliorate symptoms caused by Reelin
deficits.

11. Conclusions

Reelin protein is required for proper brain development and synaptic plasticity. Disrupted
Reelin expression has been identified in a number of neurodevelopmental disorders
including autism, schizophrenia, as well as other neuropsychiatric disorders such as
lissencephaly, Alzheimer’s disease, bipolar disorder, and major depression. The clinical
phenotypes of these diverse conditions may be partially the result of improper neuronal
migration, aberrant brain cytoarchitecture, and impaired synapse formation and stability, all
of which are regulated by Reelin. Reduced Reelin expression may result from epigenetic
effects such as hypermethylation of the Reelin promoter, early developmental events such as
activation of the maternal immune system during gestation. Therapies that increase Reelin
expression such as the use of olanzapine or inhibitors of histone deacetylases and DNA
methyltrasferases may provide effective means of ameliorating symptoms of these disorders.
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Figure 1.

The Reelin signaling system. Extracellular Reelin glycoprotein binds to its receptors
APOER2, VLDLR, and a3p1 integrin directly, initiating the signaling system in the effector
cells. Reelin induction of the cascade leads to clustering of the receptors and ephrin B
proteins causing clustering of DABL1 proteins and activation of Src-tyrosine kinase family/
Fyn-kinase which phosphorylates DAB1 on four tyrosine residues. This leads to the
recruitment and activation of kinase cascade including PI3K, PKB/AKT1 leading to
inhibition of GSK3p. GSK3p normally phosphorylates tau, which promotes microtubule
stability. DABL activation also leads to the recruitment of LIS1 which also affects
microtubule dynamics. These processes promote neuronal migration and brain lamination.
APOER?2, PI3K, and DABL contribute to phosphorylation of cofilin which in turn stabilizes
the actin cytoskeleton preventing cell migration, suggesting that Reelin may act as a stop
signal. Finally, Reelin has a direct effect on enhancement of long term potentiation (LTP),
via direct involvement of its receptors VLDLR and ApoER2. APOER?2, associates with
scaffolding protein PSD95, which helps couple the Reelin signaling complex with the
NMDA receptor (NMDAR). Tyrosine phosphorylation of NMDAR subunits NR2A and
NR2B by Fyn kinase results in Ca2* influx through NMDAR, and ultimately induction of
LTP and modulation of synaptic plasticity; potentially converging on Reelin’s role in
cognition and memory processing. Reprinted in a modified form by permission from Nature
Publishing Group, a division of MacMillan Publishers, LTD.: Fatemi, S.H. Molecular
Psychiatry 10, 251-257, copyright 2005.
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(RELN Mutations)

Loss of GABAergic R.ELN _
Interneurons / Haploinsufficiency
‘Posttranslational Reelin mRNA RELN Promoter
Effects and Protein Hypermethylation’

Bacterial Infections

Prenatal Viral or ’ / ™~
+ miRNA

FMRP
Underexpression

Figure 2.
Multiple mechanisms to account for altered Reelin expression in neuropsychiatric disorders.
Please see section 9 for further discussion.
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Table 1
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Disorder CSF Blood Brain Reference
Autism Reduced Keller et al. 2000; Fatemi et al.
expression of 2002
Reelin 410 kDa
Reduced Lugli et al. 2003
expression of
Reelin 330 kDa
Reduced expression of Reelin Fatemi et al. 2001a, 2005a
180 kDa in frontal cortex and
cerebellum
Reduced expression of Reelin Fatemi et al. 2005a
410 kDa in frontal cortex and
cerebellum
Schizophrenia No obvious Ignatova et al. 2004
correlation
between CSF
Reelin

expression and
schizophrenia

Increased
expression of
Reelin 410 kDa

Fatemi et al. 2001b

and 330 kDa
Reduced mRNA expression in Eastwood and Harrison, 2006;
PFC Guidotti et al. 2000;
Impagnatiello et al. 1998
Reduced mRNA expression Eastwood and Harrison, 2006;
and IR in hippocampus Fatemi et al. 2000
Reduced expression of Reelin Fatemi et al. 2005b
180 kDa in cerebella
Bipolar disorder Reduced Fatemi et al. 2001b

expression of
Reelin 330 kDa

and 180 kDa
Reduced mRNA expression in Guidotti et al. 2000
PFC
Reduced expression of Reelin Fatemi et al. 2005b
410 kDa and 180 kDa in
cerebella
Reduced Reelin IR in Fatemi et al. 2000
hippocampus
Major Depressive Disorder Reduced Fatemi et al. 2001

expression of
Reelin 180 kDa

No change in Reelin IR in
hippocampus

No change in Reelin mRNA in
PFC

No change in Reelin protein in
cerebella

Fatemi et al. 2000

Guidotti et al. 2000

Fatemi et al. 2005b

Lissencephaly

Absence of serum
Reelin

Neuropharmacology. Author manuscript; available in PMC 2014 May 01.
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Disorder CSF

Blood

Brain

Reference

Absence of serum

Chang et al. 2007

Reelin
Alzheimer’s Disease Increased Botella Lopez et al. 2006; Saez
expression of Valero et al. 2003
Reelin 180 kDa
No change in Increased expression of Reelin Botella Ldpez et al. 2006

Reelin expression

180 kDa in frontal cortex but
not cerebellum; altered
glycosylation of Reelin

Reduced expression of Reelin
inFC

Herring et al. 2012

IR, immunoreactivity; PFC, prefrontal cortex
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