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In this review, we will first present a brief overview of the current understanding of: (a) the biology of
reelin; (b) the putative reelin signaling pathways via integrin receptor stimulation; (c) the cytosolic
adapter protein DAB1, which appears to be operative in the transduction of reelin’s pleiotropic actions
in embryonic, adolescent, and adult brain; (d) the regulation of GABAergic function, including some
aspects of GABAergic system development; and (e) dendritic spine function and its role in the
regulation of synaptic plasticity. We argue that a downregulation of reelin expression occurring in
prefrontal cortex and in every brain structure of schizophrenia patients so far studied may be
associated with a decrease in dendritic spine expression that in turn may provide an important
reduction of cortical function as documented by the downregulation of glutamic acid decarboxylase67

(GAD67) expression, which might be secondary to a reduction of GABAergic axon terminals. This
hypothesis is supported by a genetic mouse model of reelin haploinsufficiency that replicates the
above-described dendritic and presynaptic GABAergic defects documented in schizophrenia brains.
© 2001 Academic Press
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INTRODUCTION

There is a confluence of evidence suggesting that
genetic neurodevelopmental abnormalities may be a
component of the etiology of schizophrenia (An-
dreasen et al., 1986; Jones & Murray, 1991; Bloom,
1993; Weinberger & Lipska, 1995; Woods, 1998). Here
we present recently acquired information indicating
that a downregulation of the reelin gene may be an
example of a genetic abnormality that may be consid-
ered a factor for schizophrenia vulnerability.

As a group, schizophrenia patients exhibit a loss of
brain tissue leading to an increase in cerebral ventricular
volume and to an enlargement in the fluid space that

surrounds the brain (Johnstone et al., 1976; Bertolino et i
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al., 1998; Weinberger et al., 1986; McCarley et al., 1999;
ltshuler et al., 2000; Crespo-Facorro et al., 2000; Falkai et

l., 2000). This ventricular enlargement is believed to
ave started before the onset of any clinical manifesta-

ion of the disease, but studies directed at documenting
uch a succession of events are not yet available. It is,
owever, very likely that the process causing brain tissue

oss in schizophrenia is not related to neurodegeneration
ecause the gliosis that normally accompanies cell ne-
rosis is virtually absent (Akbarian et al., 1995; Selemon

Goldman-Rakic, 1999).
Recent reports (Selemon & Goldman-Rakic, 1999)

ave described a reduction of interneuronal neuropil
nd an apparent increase in neuronal packing density

n the prefrontal cortex (PFC) and other brain struc-
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tures of schizophrenia patients. Transcripts encoding
proteins involved in the regulation of presynaptic
function were found to be decreased in the PFC of
schizophrenia patients, presumably reflecting a reduc-
tion of GABAergic or glutamatergic axon terminals
impinging on dendrites of pyramidal cortical neurons
(Mirnics et al., 2000). Other reports also suggest that a
eduction in the dendritic spine density in schizophre-
ia patients may be part of the above-mentioned cor-

ical neuropil hypoplasticity (Garey et al., 1998; Glantz
Lewis, 2000; Rosoklija et al., 2000). This hypoplas-

icity prompted us to consider whether a downregu-
ation in the expression of the reelin gene occurring
uring the second trimester of pregnancy could trig-
er secondary anomalies in corticogenesis leading to

nterneuronal neuropil hypoplasticity at a later time.
Several studies have revealed that reelin is not ex-

lusively a neurodevelopmental gene but continues to
e expressed in the brain of adult rats, nonhuman
rimates, and humans (Alcantara et al., 1998; Impag-

natiello et al., 1998; Pesold et al., 1998, 1999b; Fatemi et
al., 2000; Guidotti et al., 2000; Rodriguez et al., 2000).

e first determined that in adult mammalian brain,
eelin is an extracellular matrix (ECM) protein se-
reted by specific GABAergic interneurons from the
elencephalon and hippocampus (Pesold et al., 1998,
999b; Rodriguez et al., 2000). We also know from
enes’s pioneering work (Benes et al., 1992) and from

he contributions of Jones and colleagues (Akbarian et

TABLE 1

Summary of Anatomical Abnormalities in the Brains of Schizophre

Schizophrenia patients

Dilation of lateral cerebral ventricles (Johnstone et al. 1976;
Weinberger et al., 1995)

š Cell packing density in frontal cortex (Selomon & Goldman-
Rakic, 1999)

™ Neuropil density in frontal cortex (Selomon & Goldman-Rakic,
1999)

™ Dendritic spine density on layer III pyramidal cells (Glantz &
Lewis, 2000)

Altered distribution of NADPH-diaphorase positive cells
(Akbarian et al., 1993)

™ GAD67 mRNA and protein in frontal cortex (Impagnatiello et al.
1998; Guidotti et al., 2000)

™ GAD67 mRNA positive cells in frontal cortex (Akbarian et al.,
1995; Volk et al., 2000)

™ Reelin mRNA and protein in frontal cortex (Impagnatiello et al.,
1998; Guidotti et al., 2000)

™ Number of reelin-positive cells (Impagnatiello et al., 1998;
Guidotti et al., 2000)

Disruption of physiological correlation between reelin and GAD67

(Guidotti et al., 2000)
Copyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
l., 1995) that presynaptic GABAergic function is prob-
bly downregulated in schizophrenia. The neuroana-
omical and neurochemical abnormalities of neocorti-
al GABAergic neurons impinging on pyramidal neu-
ons in postmortem schizophrenia brains can be
ummarized as follows: (see also Table 1): (1) a de-
rease in GABA release and uptake (Sherman et al.,
991; Simpson et al., 1998; Reynolds et al., 1990); (2) an
ncrease of GABAA receptor density measured by

[3H]-muscimol binding, particularly in layer II of the
PFC and in superficial layers of other adjacent cortical
areas (Benes et al., 1992; Benes, 2000); (3) an increase in
he expression of the a1 GABAA receptor subunit

mRNA in the PFC (Impagnatiello et al., 1998); (4) a
dorsolateral PFC decrease of presynaptic GABA trans-
porter1-positive cartridges in GABAergic axon termi-
nals of chandelier cells impinging bilaterally on the
initial segments of pyramidal axons (Woo et al., 1998),
and (5) decreased glutamic acid decarboxylase67

(GAD67)expression (Akbarian et al., 1995; Impagna-
tiello et al., 1998; Volk et al., 2000; Benes, 2000; Bunney
& Bunney, 2000; Guidotti et al., 2000). This enzyme is
one of the two molecular forms of GAD expressed in
GABAergic neurons, the other being GAD65 (Sogho-
monian and Martin, 1998).

In addition to replicating these findings in brains of
schizophrenia patients, we extended many of these
findings to the brains of patients with bipolar disorder
with mania (Guidotti et al., 2000). We also showed that

tients and the Heterozygote Reeler Mouse

Heterozygote reeler mouse

Not yet quantified

š Cortical neuronal packing density (Pesold et al., 1999a)

™ Cortical neuropil density (Pesold et al., 1999a)
™ Dendritic spine density on layer III pyramidal cells (Costa et al.,

2000)
Altered distribution of NADPH-diaphorase cells (Tueting et al.,

1999)

™ GAD67 mRNA and protein levels (Pesold et al., 1999a)
™ Number of GAD67-positive cells in frontal cortex (Pesold et al.,

1999a)

™ Reelin protein and mRNA levels (Tueting et al., 1999)

™ Number of reelin-positive cells (Pesold et al., 1999a)
Loss of correlation between reelin and GAD67 levels (Carbonni et

al., 2000)
nic Pa
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725Reelin Downregulation and Schizophrenia Vulnerability
GAD67, but not GAD65, is downregulated in postmor-
tem brains of schizophrenia and in bipolar disorder
patients with psychosis (Guidotti et al., 2000). Finally,
we found that reelin and GAD67 expression (mRNA
and protein) was not downregulated in unipolar de-
pression or bipolar disorder without psychosis
(Guidotti et al., 2000).

The origins of the above-mentioned neurochemical
and histological changes in schizophrenia and bipolar
disorder with mania are unknown but a vulnerability
depending on the deficiency of reelin expression will be
proposed and analyzed in the present overview. In ad-
dition, using genetic models of reelin and GAD67 haplo-
nsufficiency, we will analyze whether a deficit in the
leiotropic actions of reelin can account for psychosis
ulnerability and/or for the variability in symptomatol-
gy expressed during the progression of schizophrenia
nd bipolar disorder with mania by most but not all
atients. We need to add that the reelin haploinsufficient
eterozygous reeler mouse (HRM) not only fails to ex-
ress the phenotype of the reelin null mutant but also
xpresses a downregulation of GAD67 (Tueting et al.,

1999; Liu et al., 2001). Interestingly, the brains of schizo-
phrenia patients and those of the HRM model show
many similar neuroanatomical and neurochemical ab-
normalities (Pesold et al., 1999a; Liu et al., 2001), includ-
ing a downregulation of the interneuronal neuropil den-
sity with a reduction in the expression of pyramidal
dendritic spines in the telencephalon (Garey et al., 1998;
Liu et al., 2001) associated with sensory gating abnormal-
ities (see Table 1 and Tueting et al., 1999). Finally, in the
above-mentioned psychiatric disorders (Guidotti et al.,
2001) and in the HRM model (Liu et al., 2001), the levels
of brain reelin and GAD67 are not correlated as they are
in nonpsychiatric subjects, in unipolar depression, and in
the wild-type background (see Table 1) (Guidotti et al.,
2000, and Liu et al., 2001). Collectively, these data allow

s to speculate that reelin and GABAergic function
ownregulation might act as putative vulnerability fac-

ors in the etiopathology of schizophrenia and probably
f other psychiatric disorders, including bipolar disor-
ers with mania.

BACKGROUND INFORMATION
ON REELIN

For the reader’s convenience, we present a brief
background overview of the present understanding of
reelin function, including a description of its pleiotro-
pic functions in neuronal positioning (during embry-

onic development), regulation of GABAergic trans-
mission, dendritic spine expression, and plasticity (in
mature brain).

Reelin in Embryogenesis

Normal corticogenesis. Reelin is a protein that is
synthesized in the telencephalon by Cajal–Retzius
cells and in embryonic cerebellum by external granule
cells: both cells secrete this protein into the ECM,
probably via a constitutive mechanism (D’Arcangelo
et al., 1995; Miyata et al., 1997; Rice & Curran, 1999;
Lambert-Derouvroit & Goffinet, 1998; Lacor et al.,
2000). Reelin includes 3461 amino acid (aa) residues
conferring a relative molecular mass of 388 kDa to this
protein (Fig. 1). The amino-terminal region of this
protein expresses a signal peptide followed by a se-
quence (aa residues 22–190) with a 25% homology
with the F-spondin. Spondins belong to an ECM pro-
tein family contributing, for example, to neurodevel-
opmental regulation of the extension of spinal cord
commissural axons (Klar et al., 1992). The aa residues
230–346 of reelin express a consensus that appears to
be operational in its signal transduction (Ogawa et al.,
1995; Utsunomiya-Tate et al., 2000) via integrin or
cadherin receptors expressed by migrating cortical
neuroblasts (Xiao et al., 1991; Staubli et al., 1998; Pink-
staff et al., 1999; Dulabon et al., 2000; Yagi & Takeichi,
2000). It is likely that reelin homopolymerizes follow-
ing its secretion into the ECM by specific neurons (i.e.,
Cajal-Retzius cells in embryonic cortex, external gran-
ule cells in embryonic cerebellum). Both this homo-
polymerization and the cytosolic phosphorylation of
DAB1 (for a review on DAB1 see Rice & Curran, 1999)
are inhibited in the presence of the reelin monoclonal
allo-antibody termed CR-50, which recognizes a reelin
epitope located within aa residues 230–346 (Ut-
sunomiya et al., 2000). According to this report, reelin

omopolymerization critically depends on the electro-
tatic interactions occuring when this protein is dis-
olved in 0.15 M NaCl solution. Homopolymerized
eelin is partially dissociated by increasing the NaCl
oncentrations to 0.5 M and it is completely dissoci-
ted at 1 M NaCl. This homopolymerization may be

important in decreasing reelin enzymatic degradation
during its extracellular transport. Since integrin recep-
tors are stimulated by agonist protein adhesion (Xiao
et al., 1991; Staubli et al., 1998), this process may be
facilitated by reelin homopolymerization. Using the
Congo red binding assay, Utsunomiya and colleagues
(2000) found that the reelin epitope recognized by
CR-50 antibody at physiological NaCl concentrations
contributes to the formation of a linear soluble ho-

mopolymer of reelin. A deletion of the aa residues

Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.
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containing the epitope recognized by the CR-50 anti-
body inhibits homopolymerization and reelin-induced
cytosolic DAB1 phosphorylation, suggesting that this
fragment is important in reelin function (Utsunomiya
et al., 2001).

During embryonic corticogenesis of cordates, reelin
functions as a key regulator of ordered neuronal align-
ment and reelin is almost exclusively synthesized and
secreted by Cajal–Retzius cells located in the marginal
zone of the developing cortex (Fig. 2A) (D’Arcangelo
et al., 1995; Ogawa et al., 1995; Lambert de Rouvroit &
Goffinet, 1998). Neurons proliferating in the ventricu-
lar zone migrate along radial glia for distances one

FIG. 1. Reelin protein structure. (A) A linear representation of the
reelin protein. The amino terminal signal peptide is depicted in
black. The CR50 antibody recognizes an epitope that has been
mapped to amino acids 230 through 346 (Utsunomiya et al., 2000).
Reelin contains a series of 8 repeats in which each repeat contains an
A domain (light gray) and B domain (dark gray). The A and B
domains are separated by an EGF-like motif (D’Arcangelo et al.,
1995). (B) The hydrophilic profile of the amino-terminal 500 amino
acids of reelin. Positive numbers represent stretches of hydrophilic
amino acids while negative numbers correlate with stretches of
hydrophobic amino acids. The profile was calculated using the
Kyte–Doolittle method for displaying hydrophilicity (Kyte &
Doolittle, 1982). The location of the CR50 epitope within this profile
is indicated.
Copyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
hundred-fold their cell body length to arrive at their
proper final position in the developing cortical plate.
The work initiated by His (1891) and Ramon y Cajal
(work that can be consulted in the 1955 CSIC edition,
see references) and continued by Rakic and Caviness
(1995) and many others (for a review see Gleeson and
Walsh, 2000) established that cortical neuroblasts and
a subpopulation of GABAergic interneuron precur-
sors, both expressing DAB1 (Rice & Curran, 1999;
Pesold et al., 1998), migrate toward the subplate, pen-
etrate this structure, and accumulate below the mar-
ginal zone to form the cortical plate, where they orga-
nize themselves into the six neuronal layers that ulti-
mately will become an integral part of the adult cortex
(Fig. 2A). In rodents, the preplate and cortical subplate
are formed at E13–14. When the cortical plate appears,
the preplate cells divide into two groups: (a) the mar-
ginal zone cells beneath the pial surface that give
origin to the Cajal-Retzius cells and (b) the deeper
subplate that is penetrated by migrating neuroblasts.
Rakic (1995a, 1995b) birth dated migrating neurons
and demonstrated that these neurons are layered in
the cortical plate in an “inside-out” order. In other
words, neurons migrate closer to the marginal zone in
an order identical to that of their arrival in the cortical
plate.

Altered corticogenesis in mouse and human expressing
reelin gene mutations. The discovery that corticogen-
esis depends on a complex neuronal migration pat-
tern has led to an important revolutionary research
trend that has brought about the discovery and
study of a number of natural deviations from the
norm due to spontaneous genetic mutations (for a
review see Uher & Golden, 2000). The reeler mouse
(a null reelin gene mutation) is the best character-
ized among these mutations, and in addition to a
severe cerebellar atrophy, it displays an inversion of
the inside-out physiological order of cortical neuro-
blast position and other important structural abnor-
malities in neuronal maturation (Rakic, 1995; Rakic &
Caviness, 1995; Lambert-Derouvroit & Goffinet, 1998).

In humans, there are several brain diseases that
originate from a mutation-induced disorder in cortical
neuron migration (Uher & Golden, 2000). It is pres-
ently believed that about one third of the most severe
forms of epilepsy and a number of mental retardation
syndromes originate from abnormalities in corticogen-
esis (Gleeson & Walsh, 2000). Recently, a form of
autosomal recessive lissencephaly with abnormal ce-
rebral cortical neuronal migration, abnormal axonal
connectivity, and cerebellar hypoplasia has been asso-
ciated with mutations in the reelin gene (Hong et al.,
2000). Human subjects with reelin gene mutations ex-
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press a marked ventricular dilation, mental retarda-
tion, and epilepsy and a marked decrease of muscle
tone that appears of neurogenic origin. In both the

FIG. 2. Schematic representation of the reelin signaling pathway in
positioning and differentiation in developing brain (modified from
(C) Dendritic spine transcription of resident mRNAs in transynaptica
zone; CP, cortical plate; SP, subplate; IZ, intermediate zone; VZ, ve
homozygous reelin null mutant subjects affected by
lissencephaly, and in the haploinsufficient heterozy-
gous reeler parents that neither show lissencephaly

ping (A and B) and in adult brain (C). (A) Reelin action on neuronal
n & Walsh, 2000). (B) Larger scale of a cortical plate neuron in A.

ivated synapses (modified from Kuhl & Skehel, 1998). MZ, marginal
ar zone.
develo
Gleeso
lly act
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nor the extreme ventricular dilation, there are marked
signs of mental retardation (Hourihane et al., 1993)
hat hamper attempts to diagnose psychiatric disor-
ers.
From experiments in mice, the primary defect of the

omozygous reelin gene mutation is that the migrat-
ng neuroblasts fail to penetrate the subplate; hence
hey push this plate toward the marginal zone,
hereby forming a superplate. Directly or indirectly,
eelin contributes to the separation of the marginal
one from the subplate. The failure of neurons to
enetrate the subplate, probably due to reelin defi-
iency, ultimately, with the formation of the super-
late, causes an inversion in the direction of neuronal
ortical migration from “inside-out” to “outside-in.”
he lack of reelin deposition in the ECM probably

eads to the abnormal maturation, migration, and lack
f subplate penetration, which brings about the mis-
ositioning of cortical neuroblasts.
The observation that in mouse embryonic cortical

lice cultures, the CR-50 anti-reelin antibody prevents
he physiological inside-out distribution of neurons
nd promotes their outside-in pattern of alignment
trongly supports the view that reelin plays a critical
ole in the penetration of the subplate by migrating
euroblasts, in establishing their normal positioning,
aturation, and ultimately, synaptogenesis (Ogawa et

l., 1995; Miyata et al., 1997).
Reelin’s role on the embryonic sprouting of Purkinje cell

dendrites. In mice, during the last days of embryonic
cerebellar development (E16–E18) granule neurons
that have terminated their migration and association
with Bergman glia continue to synthesize and secrete
reelin (Miyata et al., 1997). During embryogenesis, the
reelin regulation of Purkinje cell positioning is docu-
mented by the prevention of their alignment following
the addition of the CR-50 antibody (Miyata et al.,
1997). In postnatal cerebellum, reelin is secreted by the
axon terminals of the cerebellar granule neurons (par-
allel fibers) in proximity to Purkinje cell dendrites.
This protein stimulates the sprouting of Purkinje cell
dendrites that express DAB1 (Pesold et al., 1998) and
integrin receptors containing the a3 subunit (Pesold,
unpublished observations). Presumably, the amazing
arborization of Purkinje cell dendrites requires the
presence of reelin, which presumably stimulates the
synthesis of cytoskeletal proteins via activation of
DAB1 adapter function. In null reeler mutant mice and

omozygous reelin mutant human subjects, there is a
trong disturbance in cerebellar development, very
ikely due to a primary abnormality of Purkinje cell
endritic sprouting. The extreme dendritic hypoplasia

hat characterizes the histology of the reeler mouse
Copyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
cerebellum offers a most convincing reflection of the
important trophic role of reelin on Purkinje cell den-
drites. This marked cerebellar hypotrophy is consid-
ered a major cause of the ataxia that characterizes the
reeling gait of the null mutant reeler phenotype
(Miyata et al., 1997; Lambert-Derouvroit & Goffinet,
1998) and the inability of sit or stand of human sub-
jects with homozygous reelin gene mutations (Hong et
al., 2000). It appears that reelin may have a role in the
maturation of the neuromuscular system, and this
may be a cause for this muscular hypotonia, but this
link should be investigated in relation to reelin expres-
sion in some cholinergic neurons of the spinal cord
anterior horn (Pesold et al., 2000).

The conundrum of reelin signal transduction in embry-
onic brain. The scrambler and the yotari mice muta-
tions that exhibit a phenotype virtually identical to the
reeler mouse express a defect in the biosynthesis of the
adapter protein DAB1, the putative cytosolic target of
reelin action (Howell et al., 1997; Sheldon et al., 1997).
Following DAB1 phosphorylation by a tyrosine kinase
(termed focal adhesion kinase-FAK) that is activated
by the clustering of integrin receptor subunits follow-
ing the adhesion of an integrin receptor agonist (Gi-
ancotti & Ruoslahti, 1999)—DAB1 binds and protects
the integrity of proteins while it transports them to the
nucleus (i.e., soluble tyrosine kinases and transcrip-
tion factors) and probably also to other functional
cellular compartments. The proteins transported by
DAB1 promote nuclear gene expression or mRNA
translation (Fig. 2B). DAB1 is expressed by neuroblast
precursors of pyramidal neurons proliferating in the
ventricular zone and migrating toward the preplate
while associated with radial glia (Rakic & Caviness,
1995; Rice & Curran, 1999). It is presently appreciated
that the inhibitory interneurons of the adult cortex
include cells generated by two subpopulations of
GABAergic neuroblasts; one of which originates in the
primordium of the caudate nucleus and the other in
the proliferating ventricular epithelium. Tangentially
migrating GABAergic neuroblasts originating in the
caudate nucleus primordium also express DAB1 (Ca-
runcho H, unpublished observation). This protein ap-
pears to contribute to tangential migration of these
neuroblasts that allows them to reach their proper
final position in the developing neocortex (Rakic, 1995;
Haydar et al., 2000; Kaas & Anton, 2000). In short,
several lines of investigation (Howell et al., 1997, Rice
& Curran, 1999) indicate that the DAB1 adapter func-
tion critically depends on reelin availability.

Curran and his collaborators (D’Arcangelo et al.,
1999) have also contributed to the search for a mem-
brane receptor that mediates the reelin—DAB1 inter-
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action by following a protein-to-protein recognition
pattern strategy. Since DAB1 interacts with proteins
that express the amino acid consensus motif “NPxY,”
they suggested that receptors expressing such a con-
sensus are candidates for reelin-mediated signal trans-
duction. They identified the products of two brain
receptor genes expressing this motif: apolipoprotein E
receptor 2 (ApoER2) and the very low density lipopro-
tein receptor (VLDLR), also known as LDLR-related
protein with eight ligand repeats (LR8). The knockout
of both these genes, but not that of one or the other
alone, induces a reeler/yotari/scrambler-like pheno-
type.

Anton et al., (1999) developed a knockout mouse of
he a3 subunit of integrin receptors. This knockout

ouse expresses a phenotype, comparable to the phe-
otype of the combined ApoER2 and VLDLR knock-
ut that resembles the null mutant reeler mouse. Us-

ng the a3 integrin knockout mice, Anton et al. (1999)
provided evidence that ECM reelin signal transduc-
tion is mediated by integrin receptor subtypes ex-
pressing the a3 subunit (Dulabon et al., 2000). These
integrin receptors establish communication between
the ECM and the neuronal cytoskeleton proteins, via a
possible reelin-mediated integrin receptor clustering,
which may activate the FAK (see Fig. 2B) and which in
turn phosphorylates Dab 1. A reeler-like phenotype
was also obtained with the knockout of the cyclin-
dependent kinase 5 (cdk5) or of its neuron-specific
activator p35 (Gilmore et al., 1998; Kwon & Tsai, 1998).

owever, it is not clear whether cdk5 can induce the
dapter function of DAB1. Also, a family of cadherin-
elated neuronal surface proteins termed CNRs (cad-
erin-related neuronal receptors) has been identified
s a putative receptor mediating the reelin signal
ransduction cascade (Yagi & Takeichi, 2000). The cy-
osolic portion of CNRs associates with Fyn kinase,

hich is known to phosphorylate DAB1 and may
nduce its adapter function.

There is an apparent multiplicity of putative re-
eptors mediating reelin signal transduction in em-
ryos. This plethora of receptors may indicate that,
s also suggested by Curran (Rice & Curran, 1999),
eelin is essential in corticogenesis but its transduc-
ion leading to the phosphorylation of DAB1 with a
yrosine kinase may involve a number of alternative
athways. Taken together, the available evidence

avors the model of a reelin-integrin or a CNR re-
eptor pathway as an important but probably not
nique pathway operative in rodent and perhaps
uman embryonic corticogenesis.
 t
eelin in Adult Brain

Reelin is located in different types of neurons. Reelin is
lso synthesized and secreted predominantly by spe-
ific GABAergic interneurons in the cortex and hip-
ocampus of adult rodents and primates (Impagna-

iello et al., 1998; Pesold et al., 1998, 1999b; Alcantara et
l., 1998; Fatemi et al., 2000, Guidotti et al., 2000; Ro-
riguez et al., 2000). In several structures of adult
ammalian brain, reelin is synthesized and secreted

y modulatory interneurons, whereas DAB1 is consis-
ently expressed by neurons that are the primary tar-
ets of interneurons and usually provide the func-
ional output of that brain structure (Pesold et al., 1998,
999b; Impagnatiello et al., 1998; Rodriguez et al.,
000). For instance, in various cortical areas and hip-
ocampus, reelin is preferentially expressed and se-
reted in the ECM by GABAergic interneurons,
hereas the DAB1 protein is expressed by glutama-

ergic pyramidal neurons, which function as the main
ortical output and are targets of the action of
ABAergic interneurons that secrete reelin in the
CM surrounding dendrites and spines of pyramidal
ells (Rodriguez et al., 2000). In contrast, in cerebellum
eelin is predominantly synthesized and stored by
lutamatergic granular cells, and is secreted by their
arallel fiber axon terminals in ECM surrounding the
endrites of GABAergic Purkinje cells, which express
AB1 and function as cerebellar output, innervating

he deep cerebellar nuclei (Pesold et al., 1988).
Based on the expression of reelin immunoreactivity

o specific antibodies directed at the amino terminus
f this protein, we can distinguish at least two sets of
ABAergic inhibitory synapses that influence the fir-

ng of pyramidal neurons in the neocortex. The first set
f afferents project from reelin-immunopositive
ABAergic horizontal, double bouquet (bitufted),
ultipolar, and Martinotti neurons (Pesold et al.,

999b) to pyramidal neurons, apical or basal den-
rites, and their spines (Nieuwenhuys, 1994; Somogyi
t al., 1998), where they usually innervate the dendritic
pine neck (Fiala & Harris, 1999). The second set of
onnections originate from chandelier and basket
ABAergic interneurons that innervate the axon ini-

ial segment or the pyramidal neuron soma, respec-
ively (Nieuwenhuys, 1994; Somogyi et al., 1998). Ap-
arently these two subtypes of interneurons do not
xpress reelin (Pesold et al., 1998, 1999b).

Specific location of reelin secreted in the extracellular
atrix of the neocortex. The presence of diffuse but

ntense bands of reelin immunoreactivity in cortical
europil of adult rats, monkeys, and humans appears
o be associated with the neuronal secretion of reelin

Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.
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and is consistently detected by light microscopy in
neocortex and hippocampus of rodents, nonhuman
primates, and humans (Impagnatiello et al., 1998;
Guidotti et al., 2000; Pesold et al., 1998, 1999b; Rodri-
guez et al., 2000). These bands may reflect specific
reelin binding to some ECM structures, and are absent
or less intense in the brain of patients with schizophre-
nia or bipolar disorder with mania and in the HRM
model. Because electron microscopy studies are re-
quired to elucidate the subcellular location of ECM
proteins and because it is widely recognized that the

FIG. 3. Electron micrograph of reelin-immunostaining of thin secti
Note reelin-immunoreactivity surrounding a dendritic shaft and m
Copyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
electron microscopy of postmortem human brain is
limited by a protracted postmortem time interval
(Roberts et al., 1996) and by the lack of tissue perfusion

ith a fixative, we directed our efforts to the electron
icroscopic investigation of the subcellular location of

eelin in the ECM of rodent and nonhuman primate
rain perfused during anesthesia (Pesold et al., 1998;
odriguez et al., 2000).
The electron micrograph in Fig. 3 shows the pres-

nce of reelin-like immunoreactivity apparently
ound to dendritic shafts and spines of an apical den-

en from layer I–II of the frontal cortex of nonhuman primate brain.
its dendritic spines. D, Dendrite; s, spine. Magnification, 42,0003.
ons tak
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drite from a pyramidal neuron in the frontal cortex of
Patas monkey. The presence of reelin surrounding the
synapses located on these dendritic spines (Fig. 3) and
the reelin colocalization with the a3 subunit of the
integrin receptor in postsynaptic dendritic spines (Ro-
driguez et al., 2000) of adult rat and primate brains
clearly suggest that a reelin signal transduction mech-
anism involving integrin receptors may be present in
dendritic spines. We infer that reelin might participate
in the plastic modification of these structures. Further-
more, since the DAB1 protein is expressed in the cy-
tosol of dendritic spines of the frontal cortex of Patas
monkey (Rodriguez et al., 2000), we suggest that this
adapter protein is likely operative in reelin signal
transduction in the dendrites of pyramidal neurons.

Based on the available information (Utsunomiya-Tate
et al., 2000), we postulate that in the neuropil of adult
primate and rodent cortices, reelin adheres to dendrites
and spines, presumably as a homopolymeric aggregate.
During spine depolarization, reelin adherence to integrin
receptors expressed in dendritic spines causes the clus-
tering of integrin or CNR receptor subunits, which in
turn activate a FAK that directly or indirectly phosphor-
ylates the cytosolic adapter protein DAB1 (see Fig. 2C).
The adapter function of phosphorylated DAB1 may be
operative in regulating the dendritic spine cytoskeletal
protein synthesis by directly or indirectly activating the
translation of dendrite-resident mRNAs (Fig. 2). These
mRNAs encode cytoskeletal proteins, such as activity-
regulated-cytoskeleton-associated protein [Arc] (Stew-
ard et al., 1998) or activators of nuclear DNA transcrip-
tion, such as cAMP–response–element binding protein
(CREB), Fos, Jun, fragile X mental retardation protein
(FMRP), CaMKII (calcium/calmodulin kinase II),
GABAA, glutamate, and acetylcholine ionotropic recep-
tor subunits (Kuhl & Skekel, 1998; Eberwine, 1999;
Klintsova & Greenough, 1999).

DOWNREGULATION OF GAD67, REELIN
ND DENDRITIC SPINE EXPRESSION

N SCHIZOPHRENIA AND BIPOLAR
ISORDER WITH MANIA

Reelin and GAD67 Downregulation

An initial study on postmortem brains obtained from
different brain banks (Impagnatiello et al., 1998) showed
that reelin expression (mRNA and protein) is down-
regulated in the PFC (Brodmann’s areas 10 and 46),
temporal cortex, hippocampus, caudate nucleus, and
cerebellum of schizophrenia brains (Table 2). In the same
study we also found that in temporal cortex (area 22), the
expression of GAD67, but not that of GAD65 protein, is
drastically reduced. Subsequently, we obtained four di-
agnostic cohorts of postmortem brains from the Stanley
Foundation (nonpsychiatric subjects, unipolar de-
pressed, bipolar disorder with mania, and schizophrenia
patients), each including 15 samples of Brodmann’s area
9 (superior frontal gyrus) and cerebellum (Guidotti et al.,
2000). Table 3 summarizes the various demographic
variables of these four cohorts. For each brain sample, a
quantitative analysis by RT-PCR was performed that
included mutated internal standards (Grayson & Ikono-
movic, 1998) to quantify the following mRNAs: GAD67,

AD65, neuron-specific enolase (NSE), and reelin. Figure
4 shows that reelin and GAD67 mRNA expression is
downregulated in the PFC of patients affected by schizo-
phrenia or bipolar disorder with psychosis using as a
reference point either the total RNA or the NSE mRNA
expressed in each sample. In contrast, reelin and GAD67

mRNA levels are unchanged in unipolar depressed pa-
tients without psychosis. Similar results were obtained
when the expression of the 400-kDa reelin- and GAD67-
like immunoreactive proteins were comparatively deter-
mined in the same tissue by western blot analysis. No
changes were found in the content of DAB1 or GAD65

proteins. Statistical analyses of these data exclude the
relevance of differences in PMI, age, gender, cause of
death, drug abuse, brain pH or any other demographic
variable reported in Table 3. Since the majority of psy-
chotic patients received antipsychotic drug treatment, it
was most important to establish that there was no cor-
relation between the lifetime dosages of antipsychotic
medication and the levels of GAD67 protein or reelin
mRNA. Even psychotic patients that were never treated
with antipsychotics showed reduced reelin and GAD67

mRNA expression (Guidotti et al., 2000).

TABLE 2

Reelin mRNA (fmol/mg total RNA) in Different Areas of
Postmortem Brains

Brain region Nonpsychiatric Schizophrenia

refrontal cortex 0.38 6 0.020 0.22 6 0.018***
emporal cortex 0.42 6 0.060 0.25 6 0.04*
erebellum 2.3 6 0.17 1.4 6 0.24**
ippocampus 0.30 6 0.030 0.15 6 0.038**
audate nucleus 0.080 6 0.019 0.023 6 0.0018*

Note. Values are expressed as the mean 6 SEM (for details, see
able 2 of Impagnatiello et al., 1998). Note that reelin is significantly
ecreased in all brain regions examined in the brains of schizo-
hrenic patients.

* P , 0.05.
** P , 0.01.

*** P , 0.001.
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.
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Downregulation of Reelin-Positive Cell Counts
in PFC

We also received from the Stanley Foundation coro-
nal sections of PFC from each diagnostic cohort, which
were immunostained for reelin protein and counter-
stained with Nissl or a neuronal nuclear-specific
marker (NeuN) to recognize neurons; when Nissl
stain was used, neurons were differentiated from glia
using the criteria described by Benes (Benes et al.,
991). Some neurons that express reelin protein and
re located in superficial layers of PFC appear to be
mall and ovoid. Extrapolating our findings in rodents
nd nonhuman primates (Pesold et al., 1998, 1999b;
odriguez et al., 2000) to humans, these neurons are
robably horizontal and bitufted GABAergic inter-
eurons. In patients with schizophrenia or bipolar
isorders with psychosis, the number of reelin-posi-

ive cells in the PFC is about 30% lower than that
ound in unipolar depressed or nonpsychiatric sub-
ects (Fig. 5). Since in the PFC of psychotic patients, the
umber of neurons is not changed as measured by
ounting either the number of Nissl-stained neurons

TABLE 3

Demographic Characteristics of the Four Cohorts of Postmortem Brain

Nonpsychiatric
(n 5 15)

ale/female 9/6
ge (years) 48 6 11
ostmortem interval (h) 24 6 9.9
rain pH 6.3 6 0.061
ge of illness onset (years) N/A
uration of illness (years) N/A
ause of death
Suicide None
Cardiopulmonary 13
Accident 2
Other 0

amily history of psychosis 1
evere sociofunctional deficit None
ntipsychotics
None 15
Clozapine only None
Othersa None
Clozapine/others None
ntidepressants None
ood stabilizers None
buse/dependence
Alcohol 0
Cocaine 0
Polysubstance 0

a Haloperidol, chlorpromazine, risperidone, thioridazine.
Copyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
in all patients (Fig. 5) or NeuN immunostained neu-
rons in few sections (Guidotti et al., 2000), the decrease
in the number of reelin-immunoreactive neurons ob-
served in psychotic patients cannot be interpreted as
due to a decrease in the number of GABAergic neu-
rons. We hypothesized that due to a decreased expres-
sion of reelin protein in some interneurons, reelin
cannot be detected because its expression level is be-
low our detection capability (Guidotti et al., 2000). One
oncern is that the percentage decrease in the number
f cells immunopositive for reelin in PFC (layers I and
I) (Fig. 5) is smaller than the percentage of the de-
rease of the reelin protein estimated by Western blot
n blocks of tissue (Impagnatiello et al., 1998). As men-
ioned earlier, most of the reelin protein is not located
n cells but in the ECM. Hence, these cell counts do
ot include ECM reelin. However, ECM reelin homo-
olymerization and adhesion to dendritic shafts, spines,
nd synapses of pyramidal neurons are inherent in the
echanisms of reelin action (Anton et al., 1999; Dulabon

t al., 2000). Because the amount of reelin protein located
n the ECM and bound to dendrites is much greater

ined from the Stanley Foundation Neuropathology Consortium

Patient cohort

lar depressed
n 5 15)

Schizophrenia
(n 5 15)

Bipolar disorder
(n 5 15)

9/6 9/6 9/6
6 9.3 44 6 12 42 6 13
6 4.7 34 6 16 32 6 15
6 0.087 6.2 6 0.087 6.2 6 0.088
6 13 23 6 8.3 21 6 7.9
6 11 21 6 11 23 6 10

7 4 9
7 8 4
0 2 1
1 1 1
1 6 7

None 9 5

15 3 5
None 2 2
None 7 8
None 3 None

9 5 7
3 5 10

3 2 2
1 0 1
0 1 1
s Obta

Unipo
(

46
27
6.2
34
13
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than that stored in neuronal somata at any given time,
the decrease in reelin protein measured in blocks of
tissue (Impagnatiello et al., 1998), which includes both
cellular and ECM pools of reelin, must be greater than
that measured by only counting the number of cells
that have detectable levels of reelin (Pesold et al.,
999a, 1999b). The decreased number of reelin-posi-
ive neurons in the PFC of schizophrenia or bipolar

FIG. 4. Reelin and GAD67 mRNA content (mean 6 SEM) express
right), in unipolar depressed (UD), schizophrenic (SZP), bipolar dis
atients with schizophrenia and bipolar disorder have significantly

0.001. (For details, see Table 2 of Guidotti et al., 2000).

FIG. 5. Mean 6 SEM number of reelin-immunopositive neurons
(dark bars) and number of Nissl-stained neurons (gray bars) in layer 1
of 20-micron sections taken through the superior gyrus (Brodmann’s
area 9) of patients with UD, SZP, BDP, and NPS. Note that the patients
with SZP and BDP have significantly less reelin-positive neurons in
PFC layer I, without any change in the total number of neurons
present. * P , 0.001. (For details, see Table 2 of Guidotti et al., 2000).
disorder patients with psychosis was unrelated to
postmortem interval, dose, duration, presence of anti-
psychotic medication (Fig. 6), or abuse of ethanol or
addictive drugs (Guidotti et al., 2000).

micrograms of total RNA (left), and for 10 attomol of NSE mRNA
with psychosis (BDP), and nonpsychiatric subjects (NPS). Note that
levels of reelin and GAD67 mRNA. * P , 0.025, ** P , 0.01, *** P ,

FIG. 6. Pearson’s correlation between the number of reelin-posi-
tive cells and lifetime antipsychotic treatment normalized as flu-
phenazine/g equivalents for patients with schizophrenia (triangles),
and bipolar disorder (circles). Open circles or triangles represent
patients that received little or no antipsychotic medication. Note
that the number of reelin-immunopositive neurons is not signifi-
cantly related to antipsychotic treatment.
ed for
order
lower
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.
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A Correlation between Reelin and GAD67

Expression Is Present in Cortex of Nonpsychiatric
Subjects But Not in That of Schizophrenia or
Bipolar Disorder Patients with Psychosis

Before discussing the mechanism causing the down-
regulation of reelin and GAD67, it is important to keep
in mind that the expression levels of these two pro-
teins are positively correlated in the telencephalon of
nonpsychiatric and unipolar depressed subjects
(Guidotti et al., 2000). However, in patients with
schizophrenia and bipolar disorder with psychosis,
not only is the telencephalic expression of reelin and
GAD67 protein reduced, but also these two parameters
re no longer correlated (Guidotti et al., 2000). Based
n the observation that the levels of GAD65 mRNA

and protein, which presumably are expressed in all
GABAergic neurons (Soghomonian & Martin, 1998),
are unchanged in the postmortem brains of psychotic
patients (Guidotti et al., 2000), one can infer that the
downregulation of GAD67 (Fig. 4) observed in schizo-
phrenia and manic bipolar patients is not due to a
primary neurodegenerative process of GABAergic
neurons (Guidotti et al., 2000). Alternatively, one
might suggest a specific link between the downregu-
lation of reelin in the ECM and the reduction of GAD65

expression. We hypothesize that a decrease in den-
dritic spine density reported by others to occur in
cortical neuropil of schizophrenia (Garey et al., 1998)
nd bipolar patients with mania (Rosoalija et al., 2000)
ay be secondary to the downregulation of reelin

xpression in the ECM. Thus, the correlation between
eelin and GAD67 expression may indicate that the

physiological expression level of dendritic spine influ-
ences the number of GABAergic, glutamatergic, and
monoaminergic nerve terminals that are expressed. In
fact, the absence of synaptic targets reduces the
branching of afferent axon terminals. In addition, this
conclusion suggests that GAD65 does not compensate
for the GAD67 deficit, inviting speculation that al-
though the two enzymes regulate the synthesis of
GABA, they may have specific and unrelated localiza-
tion and perhaps functions. GAD67 may be located
throughout the neuron including somata, whereas
GAD65 is preferentially located in axons or dendrites
of GABAergic cells, according to Soghomonian and
Martin (1998). It remains an open question whether
GABA content is downregulated and consequently
that GABAergic function is compromised when
GAD67 is decreased. In support of this possibility is the
finding that the binding of the GABA agonist musci-
mol is increased (Benes et al., 1992) in some brain areas

-
f schizophrenia patients when GAD67 is downregu

Copyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
ated, while the expression of certain GABAA receptor
subunits may be increased or decreased (Benes et al.,
1992; Impagnatiello et al., 1998). Both findings are
ndicative of a plastic adaptation of GABAA receptor

expression compensatory to a change in GABAergic
tone.

The presence of a correlation between reelin and
GAD67 levels in the PFC of nonpsychiatric subjects and
unipolar depressed patients (Guidotti et al., 2000),
which do not exhibit a downregulation of these two
parameters, reinforces the hypothesis that this corre-
lation reflects a functional interaction. When spine
expression and its GABAergic innervation are down-
regulated as in schizophrenia (Garey et al., 1998;

lantz & Lewis, 2000; Rosoklija et al., 2000), bipolar
isorder with psychosis (Rosoklija et al., 2000), and in
eelin-haploinsufficient heterozygote mouse (Tueting
t al., 1999; Liu et al., 2001), this correlation vanishes
Guidotti et al., 2000; Liu et al., 2001; and Fig. 7).
ccording to our interpretation, this lack of correla-

ion indirectly suggests that reelin plays a role in
endrite trophism and dendritic spine expression reg-
lation.

REELIN DEFICIT IN
HAPLOINSUFFICIENT HETEROZYGOUS
REELER MOUSE

To investigate the possible mechanisms operative
in maintaining the equilibrium between reelin
and GAD67, and at the same time to shed some light
on the possible consequences of reelin expres-
sion downregulation, the possibility emerges that
reelin functions in dendritic spine plasticity. Hence,

FIG. 7. Pearson’s correlation between reelin and GAD67 mRNA in
he frontal cortex of wild-type (WTM) and heterozygote reeler mice
HRM). Note that the significant positive correlation between reelin
nd GAD67 is disrupted in the HRM. In addition, note that the levels

of both reelin and GAD67 are lower in the reeler heterozygote mice
data from Carboni et al., 2000).
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its decrease may be associated with neuropil hypo-
plasticity, which in turn may cause a sharp decline
in presynaptic GABAergic nerve terminal expres-
sion as found in the brain of patients with schizo-
phrenia and bipolar disorders with psychosis
(Weinberger et al., 1982; Selemon & Goldman-Rakic,
1999; Garey et al., 1998; Glantz & Lewis, 2000;
Rosoklija et al., 2000).

The Heterozygous Reeler Mouse (HRM) as a
Genetic Model of Reelin Downregulation

The frontal cortex in the HRM model expresses only
50% of the normal amount of reelin mRNA and pro-
tein present in the wild-type mouse (see Fig. 7; Table
4; and Tueting et al., 1999) but fails to show the ana-
tomical or behavioral symptoms that phenotypically
characterize its reeler null mutant littermate. This ree-
lin downregulation is associated with a reduction of
GAD67 mRNA and protein expression, while GAD65,

hich is believed to coexist with GAD67 in the same
neuron, remains unchanged (see Tables 1 and 4). The
HRM phenotype exhibits the following signs (see Ta-
ble 1 for a comparison with the brain microanatomy of
schizophrenia): (1) a decrease in the expression of
reelin in horizontal, bitufted, and Martinotti GABAer-
gic neurons of the neocortex (Liu et al., 2001), (2) a
selective decrease of cortical neuropil expression asso-
ciated with an apparent increase in neuronal packing
density (Liu et al., 2001), (3) an altered distribution of
nicotinamide adenine dinucleotide phosphate-posi-
tive GABAergic neurons reminiscent of that observed
in schizophrenia brains (Tueting et al., 1999), and (4) a
decreased expression of dendritic spines on pyramidal
neurons of the frontal cortex and hippocampus (Fig. 8)
(Costa et al., 2000; Liu et al., 2001).

Moreover, the HRM exhibits the following biochem-
ical alterations: (1) a postpubertal appearance of a

TABLE 4

Reelin, GAD67, and GAD65 mRNA (attomol/mg RNA) in the
rains of Wild-Type (WTM), Heterozygote Reeler Mice (HRM),
nd Heterozygote GAD67 Knockout Mice (HGM)

mRNA

Frontal cortex

WTM HRM HGM

Reelin 190 6 9 99 6 16* 145 6 24
GAD67 7.0 6 0.8 4.2 6 0.59* 3.2 6 0.38*
GAD65 48 6 14 40 6 12 42 6 11

Note. Each value is the mean 6 SEM of 4 to 6 mice. Student’s t test,
wo-tailed * P , 0.01—statistical comparison between WTM and

RM or HGM (for details, see Table 1 of Liu et al., 2001).
E

downregulation in sensory motor gating reminiscent
of that expressed by almost every schizophrenia pa-
tient and some healthy members of schizophrenia
families (Tueting et al., 1999), (2) a decreased acquisi-
tion rate in the radial maze task when compared with
wild-type mice (Carboni et al., 2000), (3) when HRM
are socially isolated, their aggression to an intruder
mouse is limited and atypical, quickly showing indif-
ference (unpublished result). One might infer that this
indifference is an index of social withdrawal. We are
currently studying in more detail the social behavior
of the HRM model. However, we can safely state that
the haploinsufficient reeler mouse recapitulates sev-
eral neuroanatomical and neurochemical abnormali-
ties found in the cortex of schizophrenia and bipolar
disorder patients with psychosis.

In HRM, Reelin Downregulation Precedes the
GAD67 Expression Deficit

An important question to be addressed with the
HRM model is whether a primary defect of the GAD67

gene expression is responsible for the downregulation
of reelin expression and dendritic spine density, or
vice versa. These studies may allow us to exclude that
the reelin deficit precedes a progressive downregula-
tion of dendritic spines and the consequent reduction
of branching in innervating GABAergic axons. So far,
we have addressed this question by comparing the
HRM with the heterozygote GAD67 knockout mouse
(HGM). As shown in Table 4, as expected, the HGM
expresses a downregulation of GAD67 but has a nor-
mal level of dendritic spines and normal levels of
reelin mRNA and protein (Liu et al., 2001). Thus, it
appears that by some mechanism still to be clarified
(trophic action of reelin on dendritic spines?), a selec-
tive reelin downregulation lowers dendritic spine
density and consequently GAD67 expression in inner-
vating GABAergic terminal axons, while a primary
downregulation of GAD67 fails to influence reelin and
dendritic spine expression (Liu et al., 2001).

ECM Reelin Expression in HRM

In electron microscopy studies of HRM, we have
observed that this mouse model exhibits a low level of
ECM reelin (Liu et al., 2001). In contrast, it appears that
n the HGM model, GABAergic neurons and ECM
xpress normal amounts of reelin (Table 4). Since we
ave found that in-vitro neuronal secretion of reelin
epends on its synthesis rate (Lacor et al., 2000), we
uggest that the amount of reelin deposition in the
CM relates to its synthesis rate, which is decreased in
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.
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HRM but not in HGM (Liu et al., 2001). Hence, we
infer that in the haploinsufficient HRM model, the rate
of reelin synthesis is inappropriate to maintain a phys-
iological steady-state level of reelin expression in the
ECM.

The HRM fails to manifest the neuroanatomical and
behavioral phenotypic traits of null mutant reelin
mice. The neuronal positioning and layering in the
telencephalon and cerebellum of HRM appears nor-
mal. However, the increased neuronal packing density
and a decrease of cortical thickness, perhaps second-
ary to neuropil hypoplasticity, as well as the decrease
of dendritic spine expression density of motor frontal

FIG. 8. Photomicrographs showing Golgi-impregnated or D9-Dil-
stained dendritic spines of Layer III frontal motor cortex pyramidal
neurons in wild-type mice (WTM) or heterozygous reeler mice
(HRM). (A and B) High magnification of basilar (B2) dendritic
branches stained with Golgi method (for details, see Liu et al., 2001).
(C and D) High magnification of apical dendrites stained with
D9-Dil, according to Hosokawa et al. (1992) (for further details see
Liu et al., 2001).
a

Copyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
cortex pyramidal neurons in these animals suggest
that reelin haploinsufficiency may be a factor in the
dynamic of cortical neuropil expression and plasticity
(Liu et al., 2001).

The hypothesis that reelin decorating and adhering
to basal and apical dendritic shafts and spines of py-
ramidal neurons (Rodriguez et al., 2000) has a trophic
role in the neuropil is in line with the view expressed
by Zec & Tieman (1994) that dendrite development
not only reflects the expression of a programmed in-
trinsic mechanism, but it is also due to a dendritic
plasticity related to ECM proteins (including reelin)
operative in promoting dendritic arbor development
(Xiao et al., 1991; Humphries, 1996; Staubli et al., 1998;

inkstaff et al., 1999).

lasticity in Dendritic Spines of HRM

Studies of synaptic plasticity have contributed to the
resent belief that synaptic activity may regulate the

ocal synthesis of cytoskeletal proteins in dendrites to
aintain the steady-state expression of dendritic

pines (Garnes et al., 1988; Toni et al., 1999, Matus &
hepherd, 2000; Wells et al., 2000). We may also sug-
est that dendritic resident mRNAs play a major role

n this process (Klintsova & Greenough, 1999; Eber-
ine, 1999; Kuhl & Skehel, 1998).
The role of the dendritic spine downregulation in
ental deficiency was first suggested by Purpura

1975). The interesting capacity of spines to synthesize
roteins locally from dendritic resident mRNAs doc-
mented by Crino and Eberwine (1996) not only sug-
ests that the spine protein composition, shape, and
olume can change as a function of this synthesis, but
lso involves the possibility that dendritic spines via
he synthesis of new proteins (Eberwine, 1999) can
end specific messages to the nucleus (a process re-
erred to as nuclear imprinting) and thereby adapt
uclear DNA transcription to the needs of specific
endritic resident mRNA expression (Crino et al.,
998; Miyashiro et al., 1994). If reelin and DAB1 are
nvolved in the regulation of protein synthesis in
pines, then one can postulate a functional nuclear
mprinting regulated by reelin and perhaps by other
CM proteins bringing extrasynaptic information to
ct on integrin receptors expressed in dendritic spines
Figs. 2 and 3). Klintsova and Greenough (1999) have
hown that the activation of metabotropic glutamate
eceptors located in spines can stimulate local protein
ynthesis (Weiler et al., 1993, 1994, 1997) via the acti-
ation of a mRNA encoding for FMRP, a member of
he FMR1 protein family (Ashley et al., 1993; Siomi et
l., 1993). FMRP is absent in the filopodia and abnor-
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mal spines of patients with fragile X-chromosome
mental deficiency (Cormeyer et al., 1997) but is present
in dendritic spines of normal individuals. FMRP is a
binding protein to mRNAs associated with polyribo-
somes that changes the translation efficiency of
mRNAs resident in dendritic spines (Klintsova &
Greenough, 1999). Thus, our working hypothesis is
that protein synthesis in spines can be regulated via
the signal transduction pathway activated by gluta-
mate or other neurotransmitters acting on spine lo-
cated metabotropic or ionotropic receptors and by
reelin acting on integrin receptors expressed on den-
drites enriched in specific subtypes of resident
mRNAs.

Since in the neocortex, dendritic spines are inner-
vated by GABAergic and glutamatergic terminals as
well as by dopaminergic, serotonergic, or cholinergic
axonal arborizations (DeFilipe & Farinas, 1992; Somo-
gyi et al., 1998; Goldman-Rakic et al., 1990; Smiley et al.,
1992), we wonder whether the modulation of nuclear
imprinting mediated by the reelin binding on den-
drites and spine postsynaptic densities (Rodriguez et
al., 2000) is a mechanism to be considered to explain
the beneficial effect of dopamine receptor antagonists
in psychosis. In this regard, the specific question that
must be addressed is whether long-term treatment
with antipsychotics modulates spine protein synthesis
and thereby overcome the deficient spine expression
density detected in basal and apical dendrites of py-
ramidal neurons in PFC and hippocampus of schizo-
phrenia and bipolar disorder patients (Garey et al.,
1998; Glantz et al., 2000; Rosoklija et al., 2000). A ger-
mane question is: can ECM protein-mediated imprint-
ing of neuronal nuclei be considered an additional
extrasynaptic functional aspect of the action of anti-
psychotic-induced amelioration of schizophrenic
symptoms?

REELIN, GAD67, DENDRITIC SPINE
DENSITY, AND QUALITY OF
PSYCHOTIC SYMPTOMS

In considering the remarkable complexity of the
syndromes associated with schizophrenia and bipolar
disorder with mania, we have focused our attention
on the possibility that the downregulation of a pleio-
tropic gene such as reelin may influence not only the
vulnerability to these two disorders, by changing neu-
ronal migration and final positioning during embry-
onic corticogenesis, but it may also continue to exert
its influence in the operation of adult telencephalic
synaptic spine plasticity by participating in the mod-
 a
ulation of complex genomic interactions occurring in
the dendritic spines, their synapses and shafts in var-
ious areas of cortex and hippocampus. Since the vast
majority of excitatory and inhibitory synapses in the
cortex are expressed on dendritic spines of pyramidal
neurons (Gray, 1959; DeFilipe & Farinas, 1992; Gold-
man-Rakic & Selemon, 1997; Fischer et al., 2000),

here virtually all of the glutamatergic afferent neu-
ons and more than 80% of intrinsic GABAergic axons
onverge, one may attribute the characteristic variabil-
ty of psychotic symptoms expressed by schizophrenia
nd bipolar disorder patients as due to an alteration of
he dynamic processes that maintain the required den-
ritic spine density and their appropriate presynaptic
ABAergic, glutamatergic, and monoaminergic inner-
ation in some but not in other neocortical areas. Such
possibility can be verified by answering the follow-

ng questions: (1) Does a long-term administration of
ntipsychotics modify spine dystrophy of HRM only
n the selected population of spines that include do-
amine, and depending on the antipsychotic, also in
pines expressing specific serotonin or acetylcholine
eceptors? and (2) Can drugs acting as agonists of
ntegrin receptor subtypes expressed in dendritic
pines be associated with currently-used antipsychot-
cs to improve the overall expression of dendritic
pines in the HRM model? These questions are di-
ected to test whether there is a preferential location of
CM reelin in dendrites and spines expressing
ABAergic synapses, and to the possibility that spine
ystrophy is secondary to a defective GABAergic
odulation of the triadic spine afferents [i.e., gluta-
ate, monoamines, and GABA (Nusser, 1999)] (Fig.

). Probably an excessive or a defective Ca21 influx in
a spine with a downregulation of GABAergic modu-
lation brings about spine dystrophy (Fischer et al.,
2000; Yuste et al., 2000). Alternatively, if we detect that
eelin does not selectivity localize in GABAergic spine
ynapses, then we have to accept the working hypoth-
sis that reelin has an indiscriminate trophic influence
n synapses and on dendritic spines and we must

nvestigate a reelin-induced cascade of events medi-
ted through integrin or cadherin receptors. One in-
lusive approach will be to study how the autophos-
horylation of integrin-associated tyrosine kinases can
e modified in PFC slices of rats receiving antipsy-
hotics selected from those currently prescribed to
chizophrenia and bipolar disorder patients with psy-
hosis.

In this study one might test the working hypoth-
sis that the onset of bipolar disorder or schizophre-
ia symptoms in adolescence and early adulthood is
ttributable to functional deficits related to reelin
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.
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downregulation occurring in the neuropil during
late development pruning (axonal and dendritic)
(Mirnics et al., 2000). Until adolescence, the deficit
may be compensated by a redundancy in neuronal
circuits. When this redundancy is drastically re-
duced by dendritic pruning occurring in early
adulthood (Segal et al., 2000), such a process may
acilitate the explosion of schizophrenia or bipolar
isorder symptoms. The altered dendritic spine dy-
amics compounded by the completion of dendritic
runing in early adulthood may result in a de-
reased brain volume reported to occur in schizo-
hrenia brain by Johnstone et al. (1976) and now
ocumented by imaging studies (Altshuler et al.,
000; Crespo-Facorro et al., 2000; Falkai et al., 2000).

A GENETIC PERSPECTIVE OF THE
NEURODEVELOPMENTAL HYPOTHESIS
OF SCHIZOPHRENIA ETIOLOGY

The comparisons of adoptees from schizophrenia
families strongly indicate that a genetic defect may be
operative in the etiology of schizophrenia, bipolar dis-
order with mania, and probably other diseases affect-
ing cognition (Kety et al., 1994). Considering the lack
of Mendelian transmission and the insufficient concor-
dance of schizophrenia found in monozygotic twins, it
is often suggested that in the genetic background of
schizophrenia there may be a multigenic disorder.
Since schizophrenia and bipolar disorders share the
expression of a number of psychophysically detectable
objective symptoms that are also present in the
healthy relatives of these patients, it is generally be-
lieved that a multigenic origin may well be the most
logical explanation. We propose that such an explana-
tion may not be the only alternative available. Another
alternative to be considered is, for example, a pleio-
tropic gene downregulation that operates during brain
development but which also continues to function
after brain maturation in neocortex, hippocampus,
and cerebellum causing a dysfunction in the dynamic
steady state of dendritic spine expression (Halpain,
2000) in selected cortical areas and leading to a vari-
able degree of neuropil hypoplasia depending on the
degree of disruption of dynamic processes that main-
tain dendritic spine expression at a given steady state
(Harris, 1997). We intend to pursue such a working
hypothesis considering that the downregulation of
reelin (a pleiotropic gene product), which we have
detected in postmortem brain of schizophrenia and
bipolar disorder patients with psychosis is responsible
at least in part for neuropil hypoplasia. We will pro-
Copyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
ceed to test this hypothesis using the dendritic spine
downregulation in the genetic HRM model (Liu et al.,
2001). Pending this confirmation, we plan further
studies in nonhuman primates in which we envision
inducing reelin downregulation by injecting a recom-
binant adenovirus expressing reelin antisense tran-
scripts. We have already prepared and successfully
tested these transcripts in cultures of cerebellar gran-
ule neurons from normal rats (Lacor et al., 2000).

CONCLUDING CONSIDERATIONS

In closing, we would like to comment on the anal-
ogies of reelin downregulation expressed in schizo-
phrenia and bipolar disorder patients with psychosis.

Traditionally these two disorders are considered
two separate entities. The bipolar disorder usually
manifests itself as a disturbance of mood, whereas
schizophrenia is primarily conceived as a disorder of
cognition. Mood stabilizers are effective in bipolar
illness and not in schizophrenia. Despite these differ-
ences, similarities in the epidemiology of family stud-
ies suggest that these two groups of disorders are
more closely related than previously believed. They
have somewhat similar age of onset, worldwide dis-
tribution, risk for suicide, equal risk for male and
female, and somewhat well established commonalties
in genetic susceptibility. Because bipolar disorder with
mania and schizophrenia nosologic classes each in-
cludes multiple syndromes disease entities (with some
clinical analogies), our studies encourage the view that
some of these disease entities might produce syn-
dromes that can be assigned to either nosologic group
depending on the genetic background from which
they arise. Among the several etiological factors con-
sidered in each illness there might be common etio-
logical elements shared by both disorders.

Our studies imply that vulnerability to psychosis
may have a common anatomical background; namely,
a decrease in the expression of dendritic spines and
this, based on studies in HRM model (Liu et al., 2001),
an be related to a downregulation of reelin gene
xpression causing a reduction of GAD67 and neuropil

expression. However due to the phenotypic complex-
ity of schizophrenia and bipolar disorders with psy-
chosis, the concept that reelin may be a common vul-
nerability factor in these psychiatric disorders remains
a possible hypothesis to be tested in the future with
pharmacological agents acting at the reelin receptors
(integrins?) or at various steps of the reelin signal
transduction pathway. We are currently studying the
genetic background of reelin downregulation by char-
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acterizing the role of methylation in the regulation of
the reelin promoter region in families of schizophrenia
patients (Grayson et al., 2000). Also, we are investigat-
ng a CGG trinucleotide repeat within the 59 untrans-
ated portion of the reelin mRNA. Studying the repeat
ength in 100 trios of schizophrenia families (For the
emographic information of these families see Egan et
l., 2001) we have obtained evidence that there is a
oncordance between the repeat length and schizo-
hrenia symptomatology. Should these preliminary
ata be consolidated one can propose that the repeat

ength may explain the down regulation of reelin be-
ause the methylation of the promoter may depend on
he length of the repeat. We know that changes in
romoter methylation change the expression of reelin

n a cell-dependent manner.
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