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Reelin is an extracellular matrix protein expressed in several interneuron subtypes in the hippocampus and dentate gyrus. Neuronal
nitric oxide synthase (nNOS) is also expressed by interneurons in these areas. We investigated whether reelin and nNOS are co-
localized in the same population of hippocampal interneurons, and whether this colocalization is altered in the heterozygous
reeler mouse. We found colocalization of nNOS in reelin-positive cells in the CA1 stratum radiatum and lacunosum moleculare,
the CA3 stratum radiatum, and the dentate gyrus subgranular zone, molecular layer, and hilus. In heterozygous reeler mice,
the colocalization of nNOS in reelin-positive cells was significantly decreased only in the subgranular zone and molecular layer.
The coexpression of reelin and nNOS in several hippocampal regions suggests that reelin and nNOS may work synergistically to
promote glutamatergic function, and the loss of this coexpression in heterozygous reeler mice may underlie some of the behavioral
deficits observed in these animals.

1. Introduction

Reelin is a large extracellular matrix protein that plays
an important role in regulating neural migration and
synaptogenesis during development. It is also a key com-
ponent of synaptic plasticity in the adult brain (see [1, 2],
as recent reviews). As such, reelin promotes dendritic
development [3–5] and synaptogenesis [6, 7], contributes to
the maturation of dendritic spines [8, 9], increases NMDA
receptor subunit activity [10, 11], and enhances long-term
potentiation [12–14]. Reelin influences neural plasticity pri-
marily through activation of VLDLR and ApoER2 receptors
(for a review, see [2]), but it also increases translation
of selective mRNAs in dendritic spines by binding to
integrins located in the plasma membrane. One example
of this is the recent observation that reelin can increase
the translation of activity-related cytoskeletal protein (Arc)

thereby influencing spine maturation and stability [9]. In
addition, reelin also induces the clustering of its receptor
[15], and increases the number of intramembrane particles
(i.e., transmembrane proteins) in synaptosomal membranes
[16].

One purpose of the present study was to determine
whether nitric oxide is expressed in reelin-positive cells
located in the hippocampus and dentate gyrus. Nitric oxide
(NO) is a gaseous messenger that plays an important
regulatory role in many of the same forms of hippocampal
plasticity as those described above for reelin. For example,
NO regulates NMDA receptor activity, enhances long-term
potentiation, and increases the formation of dendritic spines
in the adult brain (see [17]). NO expression in neurons
arises from the activity of neuronal nitric oxide synthase
(nNOS). These nNOS-positive neurons can be localized via
immunohistochemical detection of nicotinamide adenine
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dinucleotide phosphate diaphorase (NADPHd), which acts
as a coenzyme for nNOS (reviewed in [17]). Given that both
reelin and nNOS have been implicated in NMDA receptor
regulation and long-term potentiation within hippocampal
circuits, we hypothesized that nNOS may be expressed by
reelin-positive interneurons in specific hippocampal regions,
thus facilitating hippocampal plasticity.

A second purpose of this work was to determine whether
the loss of reelin signalling also impacts nNOS expression
in the same cells. Deficits in reelin levels and a loss of
reelin-positive cells are apparent in brain pathologies such
as schizophrenia, depression, and epilepsy and this may be
accompanied by alterations in the nitrinergic system. For
example, examination of postmortem tissue from patients
with schizophrenia revealed a 50% decrease in reelin levels
[18–23], a decrease dendritic spine density [24–30], and a
decrease in the number of NADPHd- or NOS-positive neu-
rons [31–35]. Importantly, reelin haploinsufficient heterozy-
gous reeler mice (HRM), which express about 50% of normal
brain levels of reelin, also show deficits in cortical dendritic
spines and GAD67 expression, a decrease of NADPHd-
positive neurons in the cortical white matter [36–39], and
profound disturbances in hippocampal synaptic plasticity
and long-term potentiation [12, 40, 41]. In addition to
schizophrenia, reelin deficiencies have been observed in
a stress-based animal model of depression [42] and the
activity of the nitrinergic system appears to be important
for the development of stress and depression symptoms
[43]. Finally, a deficiency in hippocampal reelin expression
may also be involved in the dysregulation of hippocampal
neurobiology underlying the formation of seizures [44–46].
NO and nNOS have been implicated in the initiation of
hippocampal seizures [47].

The potential synergistic action of reelin and nNOS in
the adult hippocampus has not been studied, but in the
olfactory bulb, nNOS-positive neurons express the reelin
receptor ApoER2 and target some reelin-positive cells. Sur-
prisingly, there is no neuronal colocalization of both reelin
and nNOS in this region in adults [48]. However, during
brain development, Cajal-Retzius cells that characteristically
express reelin also express nNOS in both rodents [49, 50]
and humans [51]. In addition, nitric oxide is expressed by
some pyramidal-basket neurons in the dentate subgranular
cell layer [52], and we have previously shown that a single
layer of pyramidal-basket cells in this region also express
reelin [53].

Based on the overall pattern of findings discussed here,
we hypothesized that there may be a functional connection
between reelin and nNOS in regulating dendritic spine plas-
ticity in hippocampal brain regions, and that this connection
may be dysregulated under pathological conditions that
affect the hippocampus. To begin to study this hypothesis, we
examined the colocalization of reelin and nNOS throughout
the hippocampus and dentate gyrus, where both reelin
and nNOS appear to be expressed by selective subtypes of
GABAergic interneurons [52–57]. We also assessed whether
the colocalization of reelin and nNOS-positive neurons
under normal circumstances is altered in the heterozygous
reeler mouse.

2. Materials and Methods

2.1. Animals and Tissue Processing. We used 16 adult male
mice in this experiment: 8 wild type mice (WTM) and
8 heterozygous reeler mice (HRM) (B6C3Fe-a/a-Relnrl).
The animals were obtained from heterozygous reeler pairs
(Jackson Laboratory, Bar Harbor, ME) maintained in our
colony at the University of Santiago de Compostela, Spain.
Genotyping was performed using the polymerase chain
reaction (PCR) technique as described previously [58]. The
following primers were used: 5′-TAA TCT GTC CTC ACT
CTG CC-3′, 3′-ACA GTT GAC ATA CCT TAA TC-5′, 3′-
TGC ATT AAT GTG CAG TGT TGT 5′. The PCR products
were analyzed in a 2% agarose gel. The product from
wild type mice DNA is 266 bp long and the product from
heterozygous reeler mice is 363 bp long.

For histological studies, the animals were anesthetized
with 15% chloral hydrate, followed by transcardial perfusion
with saline and 4% paraformaldehyde in 0.1 M phosphate
buffer (PB) at room temperature. The brains were removed
from the cranium and postfixed for 24 hours at 4◦C in
the same fixative. Subsequently, the brains were rinsed with
0.1 M PB and cryoprotected with 30% sucrose in 0.1 M PB.
The brains were sectioned at 35 μm in a cryostat at −20◦C,
and the sections were stored in antifreeze solution containing
ethylene glycol/glycerol in 0.1 M PB, until immunolabelling.

2.2. Immunohistochemistry. Immunohistochemistry was
performed on free-floating coronal sections corresponding
to the coordinates −1.46 mm to −2.06 mm from bregma
[59]. The sections were rinsed several times in Tris buffered
saline (pH 7.4, TBS), followed by an overnight incubation
at room temperature with mouse monoclonal antireelin
(1 : 150, Chemicon, #MAB5364) and rabbit polyclonal
anti-nNOS (1 : 250, Sigma, #N7280) antibodies diluted in a
solution containing 15% normal goat serum (NGS), 0.5%
Triton X-100, and 1% BSA diluted in TBS. Thereafter, the
sections were rinsed with TBS and incubated for 2 hours
at room temperature with fluorescent-labelled secondary
antibodies: Alexa 488 goat antimouse and Alexa 546 goat
anti-abbit. The secondary antibodies were diluted in a
solution containing 15% NGS, 0.5% Triton X-100, and 1%
BSA in TBS. To assess nonspecific background labelling,
we carried out control experiments with the omission of
primary antibodies from the incubation cocktail and this
resulted in a total absence of labelling.

2.3. Data Analyses and Statistics. Confocal images were
obtained using a spectral confocal microscope (Leica TCS
SP2) in 1 μm thick virtual slices. The analysis of double-
labelled neurons in virtual slices of 1 μm thickness allowed us
to identify double-labelled cells more accurately compared
to the more standard practice of counting cells in whole
sections of 35 μm thickness. This decreased the probability
of counting artifacts due to false positives.

Colocalization of reelin-positive and nNOS-positive cells
was assessed in the following layers in the hippocampus: stra-
tum oriens (SOs), stratum radiatum (SR), stratum lacuno-
sum moleculare (SLM), and pyramidal cell layer (SP) within
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Figure 1: Coronal section of the anterior hippocampus immunostained for reelin (a) and nNOS (b). Note that both markers are primarily
expressed by some interneuron subtypes in different hippocampal layers, but not by pyramidal neurons or granule cells. Calibration bars:
300 μm.

the CA1 and CA3 subfields; as well as in the dentate gyrus
molecular layer (ML), subgranular zone (SGZ), and the
hilus. Within the confocal images, we counted cells that
expressed both reelin and nNOS. For each animal, we
counted cells in three sections per brain and three random
cell fields per layer, using a 40X objective lens. Data are
expressed as the mean ± SEM of the percentage of reelin-
positive cells that coexpress nNOS.

For the statistical analyses, we used SPSS software,
version 11 (Chicago, IL, USA). Group differences in the
percentage of cells showing reelin and nNOS colocalization
were examined using separate two-tailed t-tests for each
region of the hippocampus. The criterion for statistical
significance was set at P < .05.

3. Results

Figure 1 shows the overall pattern of reelin (Figure 1(a)) and
nNOS (Figure 1(b)) immunoreactivity in the hippocampus
of wildtype mice. Reelin immunoreactivity (reln-ir) was
located across a subset of nonpyramidal neurons in the
hippocampus and dentate gyrus. Reln-ir was primarily seen
as cytoplasmic labelling limited to cell bodies and proximal
processes. In addition, there was diffuse labelling in the
hippocampus stratum lacunosum-moleculare, which prob-
ably represents reelin within the neuropil and extracellular
space. nNOS immunoreactivity (nNOS-ir) was also observed
in scattered nonpyramidal neurons in the hippocampus
and dentate gyrus. This labelling was also cytoplasmic and
somewhat weaker than what is typically seen in nNOS-ir
cortical neurons (see Figure 1(b)).

Figure 2(a) shows an overlay of optical confocal images of
both reln-ir and nNOS-ir across the whole hippocampus and
several hippocampal subregions in the wildtype mice. The
percentage of cells that expressed both reln-ir and nNOS-ir
varied across the different hippocampal regions and layers
that were quantified. High levels of colocalization between
reln-ir and nNOS-ir were seen in the dentate gyrus. Note
that the granule cell layer has no reelin-positive cells, so
there was no possibility of co-localized expression of reelin

and nNOS in this area. However, in the subgranular zone,
about 25% of reln-ir cells expressed nNOS-ir (24.19± 2.92);
in the hilus, about 20% of reln-ir cells expressed nNOS-ir
(17.39± 3.90%); in the molecular layer, about 50% of reln-ir
cells expressed nNOS-ir (49.28±2.38). These data are shown
in Figure 5.

Within the hippocampus proper, we observed about 20%
colocalization of reln-ir and nNOS-ir in the CA1 stratum
radiatum (19.35 ± 2.43) and CA1 stratum lacunosum-
moleculare (20.44 ± 1.72), and about 10% colocalization of
reln-ir and nNOS-ir in the CA3 stratum radiatum (12.58 ±
1.96). There was no colocalization of reln-ir and nNOS-ir in
the CA1 and CA3 pyramidal cell layers or stratum oriens.
These data are also shown in Figure 5.

Close examination of the images in Figure 2 revealed that
the colocalization of reln-ir and nNOS-ir in the CA1 and
CA3 stratum radiatum occurs primarily in small multipolar
neurons (Figures 2(b) and 2(f)). Colocalization of both
markers was also found in some round or fusiform small
neurons in the CA1 stratum lacunosum-moleculare and the
dentate gyrus molecular layer (Figures 2(c) and 2(g)), in
a subpopulation of pyramidal-basket cells in the dentate
gyrus subgranular zone (Figures 2(d) and 2(h)), and in some
multipolar neurons in the hilus (Figures 2(e) and 2(i)).

Once we established the existence of some colocalization
of reln-ir and nNOS-ir in wildtype mice, we proceeded
to study whether the pattern and extent of colocalization
is altered in the heterozygous reeler mouse. Figures 3 and
4 show representative examples of reln-ir and nNOS-ir
colocalization throughout the dentate gyrus and hippocam-
pus whereas Figure 5 shows the quantitative data of this
colocalization. The percentage of reln-ir cells that coexpress
nNOS-ir was not significantly altered in any quantified
regions of the hippocampus and dentate gyrus except for
the molecular layer and subgranular zone (all P’s <.11). In
the molecular layer and subgranular zone, the heterozygous
reeler mice had significantly less colocalization of reln-ir and
nNOS-ir (ML: t(13) = 3.93, P < .001; SGZ: t(13) = 3.01,
P < .01). In practical terms, these differences amounted to
about a 40% decrease in the percentage of reln-ir cells that
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Figure 2: Overlay micrograph of double-immunostaining experiments showing colocalization of reelin (green) and nNOS (red) in the
anterior hippocampus (a). High magnification micrographs of several hippocampal interneurons coexpressing reelin and nNOS (b–i).
The left-side panels show the neurons as seen in 35 μm sections whereas the right-side panels show a virtual section 1mm in thickness
of these same neurons. The virtual slices allowed us to confirm the colocalization of both markers in the cytoplasm of the same neurons. SR
(stratum radiatum), SLM (stratum lacunosum-moleculare), ML (dentate molecular layer), SGZ (dentate subgranular zone), and HI (hilus).
Calibration bars: 300 μm (a), 50 μm (b–i).
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Figure 3: Representative micrographs of double immunolabelling of reelin (green) and nNOS (red) in wild type mice (WTM) and
heterozygous reeler mice (HRM) in the CA1 stratum lacunosum-moleculare and dentate molecular layer (a, b), and the dentate subgranular
zone and hilus (c, d). Note the decrease in the number of neurons coexpressing both markers in the heterozygous reeler mice dentate
molecular layer and subgranular zone. Calibration bars: 75 μm.

coexpress nNOS in the molecular layer of heterozygous mice
compared to wildtype mice and about a 45% decrease in the
percentage of cells that coexpress nNOS in the subgranular
zone of heterozygous mice compared to wildtype mice.

4. Discussion

The results of this study provide the first data showing that a
subset of reelin-positive cells throughout the hippocampus
and dentate gyrus also express nNOS. They also revealed
that this colocalization of reelin and nNOS is substantially
decreased in heterozygous reeler mice. Reelin haploinsuffi-
cient heterozygous mice generally have reelin levels that are
about 50% lower than those observed in wildtype mice [36].
However, despite the lower levels of reelin in these mice,
reln-ir cells can still be detected with immunohistochemistry,
albeit with a less intense signal (see Figures 3 and 4).
This dictated our approach for measuring the potential
colocalization of reelin and nNOS. We opted to assess the
percentage of reln-ir cells that coexpress nNOS, rather than
the percentage of nNOS-ir cells that coexpress reelin, because
the former method eliminates the possibility of counting
artifacts due to very low levels of reelin immunoreactivity.
For example, it is possible that nNOS-positive cells might be

considered reelin negative in the heterozygous mice due to
very low levels of reelin staining, leading to false negatives.

To our knowledge, there have been no previous studies
of reelin and nNOS colocalization in the rodent hippocam-
pus. Previous studies have focused on the olfactory bulb,
showing that NOS-positive neurons in this region express
receptors for reelin but no reelin itself [48]. Similarly, we
have also failed to identify neurons showing both reln-
ir and nNOS-ir in the cerebral cortex (unpublished data).
However, the labelling of nNOS-ir in some somatostatin-ir
pyramidal-basket cells in the dentate gyrus subgranular layer
[52], together with our results indicating that a subset of
these cells is reelin-positive [53], prompted us to speculate
that perhaps the nNOS-ir and reln-ir cells were part of
the same neuronal subpopulation. In addition, different
interneuron GABAergic subtypes in different areas of the
rodent hippocampus have been shown to express nNOS [60–
63]. Our results demonstrate that we were partially right,
in that about 25% of pyramidal-basket reln-ir cells in the
dentate subgranular layer also show nNOS-ir. Interestingly,
the colocalization of both markers is not restricted to this cell
subpopulation, because we also saw nNOS-ir in about 20%
of reln-ir cells in the stratum radiatum, stratum lacunosum-
moleculare, and the hilus, and in about 50% of reln-ir cells
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Figure 4: Representative micrographs of double immunolabelling of reelin (green) and nNOS (red) in wild type mice (WTM) and
heterozygous reeler mice (HRM) in the CA1 (a, b) and CA3 hippocampal regions (c, d). Calibration bars: 75 μm.
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in the dentate distal molecular layer. No colocalization of
reelin and nNOS was apparent in the stratum oriens or
pyramidal and granule cell layers (although in these last two
areas, reln-ir cells are basically nonexistent). In the adult
cortex and hippocampus, reelin is primarily observed on the
surface of dendritic spines [8] after being secreted primarily
by GABAergic interneuron subtypes impinging onto apical
dendrites of pyramidal neurons [55]. Reelin also affects
NMDA receptor activity [10, 11] and enhances hippocampal
long-term potentiation [12–14]. All these actions are also
promoted by nitric oxide (reviewed in [17]). The lack of
colocalization of reln-ir and nNOS-ir in neurons within
the stratum oriens that primarily contact basal dendrites
of pyramidal neurons, and the partial colocalization of
both markers in interneurons of the stratum radiatum,
stratum lacunosum-moleculare, and dentate molecular layer,
suggest that there could be a synergic action of both
reelin and NO in strengthening some glutamatergic synapses
onto the distal apical dendrite of pyramidal (or dentate
granule cell layer) neurons, potentially facilitating long-term
potentiation. Clearly, additional studies will be needed to
evaluate this hypothesis.

A second issue is that of the colocalization of reelin and
nNOS in a subpopulation of reln-ir cells in the subgranular
zone. These cells are pyramidal-basket cells that impinge
onto the cell body of granule neurons. It is possible that the
release of reelin and NO in the subgranular zone, or by cells
in the hilus, could influence the migration and maturation of
newly born granule cells. Lussier et al. [42] recently showed
that repeated exposure to high levels of glucocorticoids,
which increases depression-like behavior and decreases hip-
pocampal neurogenesis [64–66], significantly decreases the
number of reelin-positive cells in the subgranular zone of
the dentate gyrus [42]. Similarly, Pujadas et al. [67] reported
that reelin overexpression increased hippocampal neuroge-
nesis, increased synaptic contacts, and produced dendritic
hypertrophy. These results provide some momentum for
the idea that reelin-positive cells in the subgranular zone
influence neurogenesis, but whether these reelin-positive
cells are the ones that also contain nNOS and how exactly
reelin and nNOS interact awaits further study. Preliminary
studies from our laboratory have shown that heterozygous
reeler mice show alterations in the maturation of newborn
dentate granule cells, which could relate to possible disrup-
tions in plasticity within the dentate gyrus. We have also
found that heterozygous reeler mice are more vulnerable to
the deleterious effects of corticosterone on reelin-positive
pyramidal-basket cells and depressive-like behavior (Lussier
et al., personal communication).

A final issue relates to the functional implications of a
decrease in reelin and nNOS colocalization in heterozygous
reeler mice. A previous study by Hermann et al. [68] showed
a decline in nNOS protein, but not nNOS mRNA, in the
olfactory bulb of reeler mice. Here, we report a decrease of
about 40%–45% of reelin-positive cells that coexpress nNOS
specifically in the dentate molecular layer and subgranular
zone, but not in other hippocampal areas. Although this
is not a functional study, it is tempting to propose that
the specific alteration of reelin and nNOS colocalization in

the dentate gyrus of heterozygous reeler mice could underlie
some of the disturbances in synaptic plasticity that have been
observed in these mice [12, 40, 41]. For example, Qiu et al.
[40] found that heterozygous reeler mice are impaired on
a contextual fear-conditioning task and also display deficits
in long-term depression and long-term potentiation. The
converse relationship is also true. Pujadas et al. [67] revealed
that reelin overexpression provoked substantial increases in
long-term potentiation. Importantly, nNOS knockout mice
have a severe deficit in contextual fear conditioning [69,
70] and nNOS is required for the induction of long-term
potentiation [71]. However, one should consider that most
of these studies focus primarily on hippocampal CA1 long-
term potentiation whereas our observations show a deficient
reelin-nNOS colocalization in the dentate gyrus of the
heterozygous reeler mouse. Therefore, it would be interesting
to study potential alterations in long-term potentiation in the
dentate gyrus of these animals, mostly taking into account
that dentate gyrus long-term potentiation enhances adult
dentate neurogenesis and the rate of new neuron survival
and maturation [72–74], and that the induction of long-term
depression suppresses this effect [75]. In any case, the fact
that reelin and nNOS seem to be involved in similar types
of hippocampal-dependent behavior and synaptic plasticity,
combined with our observations here of colocalization of
reelin and nNOS throughout the hippocampus and dentate
gyrus and loss of colocalization when reelin is deficient,
suggest that reelin and nNOS may work together to regulate
some aspects of hippocampal function.

In conclusion, the results of this study demonstrate that
a subpopulation of hippocampal and dentate gyrus reelin-
positive cells also express nNOS, and that this coexpression
is decreased selectively in the dentate gyrus of heterozygous
reeler mice. We propose that some of these alterations could
be operative in the disturbed synaptic plasticity associated
with a loss of reelin.
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late the development of hippocampal connections,” Molecular
and Cellular Neuroscience, vol. 36, no. 2, pp. 158–173, 2007.

[8] M. A. Rodriguez, C. Pesold, W. S. Liu et al., “Colocalization of
integrin receptors and reelin in dendritic spine postsynaptic
densities of adult nonhuman primate cortex,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 97, no. 7, pp. 3550–3555, 2000.

[9] E. Dong, H. Caruncho, W. S. Liu et al., “A reelin-integrin
receptor interaction regulates Arc mRNA translation in synap-
toneurosomes,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 100, no. 9, pp. 5479–5484,
2003.

[10] Y. Chen, U. Beffert, M. Ertunc et al., “Reelin modulates NMDA
receptor activity in cortical neurons,” Journal of Neuroscience,
vol. 25, no. 36, pp. 8209–8216, 2005.

[11] C. Gonzalez Campo, M. Sinagra, D. Verrier, O. J. Manzoni, and
P. Chavis, “Reelin secreted by GABAergic neurons regulates
glutamate receptor homeostasis,” PLoS ONE, vol. 4, no. 5,
article no. e5505, 2009.

[12] E. J. Weeber, U. Beffert, C. Jones et al., “Reelin and apoE recep-
tors cooperate to enhance hippocampal synaptic plasticity and
learning,” Journal of Biological Chemistry, vol. 277, no. 42, pp.
39944–39952, 2002.

[13] U. Beffert, E. J. Weeber, A. Durudas et al., “Modulation of
synaptic plasticity and memory by reelin involves differential
splicing of the lipoprotein receptor Apoer2,” Neuron, vol. 47,
no. 4, pp. 567–579, 2005.

[14] U. Beffert, A. Durudas, E. J. Weeber et al., “Functional
dissection of reelin signaling by site-directed disruption of
disabled-1 adaptor binding to apolipoprotein E receptor 2:
distinct roles in development and synaptic plasticity,” Journal
of Neuroscience, vol. 26, no. 7, pp. 2041–2052, 2006.

[15] V. Strasser, D. Fasching, C. Hauser et al., “Receptor clustering
is involved in reelin signaling,” Molecular and Cellular Biology,
vol. 24, no. 3, pp. 1378–1386, 2004.

[16] H. J. Caruncho, I. G. Dopeso-Reyes, M. I. Loza, and M.
A. Rodriguez, “GABA, reelin, and the neurodevelopmental
hypothesis of schizophrenia,” Critical Reviews in Neurobiology,
vol. 16, no. 1-2, pp. 25–32, 2004.

[17] L. Zhou and D.-Y. Zhu, “Neuronal nitric oxide synthase:
structure, subcellular localization, regulation, and clinical
implications,” Nitric Oxide, vol. 20, no. 4, pp. 223–230, 2009.

[18] F. Impagnatiello, A. R. Guidotti, C. Pesold et al., “A decrease
of reelin expression as a putative vulnerability factor in
schizophrenia,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 95, no. 26, pp. 15718–
15723, 1998.

[19] A. Guidotti, J. Auta, J. M. Davis et al., “Decrease in reelin
and glutamic acid decarboxylase67 (GAD67) expression in
schizophrenia and bipolar disorder: a postmortem brain
study,” Archives of General Psychiatry, vol. 57, no. 11, pp. 1061–
1069, 2000.

[20] S. H. Fatemi, J. A. Earle, and T. McMenomy, “Reduction
in reelin immunoreactivity in hippocampus of subjects with
schizophrenia, bipolar disorder and major depression,” Molec-
ular Psychiatry, vol. 5, no. 6, pp. 654–663, 2000.

[21] S. H. Fatemi, J. L. Kroll, and J. M. Stary, “Altered levels of
reelin and its isoforms in schizophrenia and mood disorders,”
NeuroReport, vol. 12, no. 15, pp. 3209–3215, 2001.

[22] S. L. Eastwood and P. J. Harrison, “Interstitial white matter
neurons express less reelin and are abnormally distributed
in schizophrenia: towards an integration of molecular and
morphologic aspects of the neurodevelopmental hypothesis,”
Molecular Psychiatry, vol. 8, no. 9, pp. 821–831, 2003.

[23] S. L. Eastwood and P. J. Harrison, “Cellular basis of reduced
cortical reelin expression in schizophrenia,” American Journal
of Psychiatry, vol. 163, no. 3, pp. 540–542, 2006.

[24] R. C. Roberts, R. Conley, L. Kung, F. J. Peretti, and D. J. Chute,
“Reduced striatal spine size in schizophrenia: a postmortem
ultrastructural study,” NeuroReport, vol. 7, no. 6, pp. 1214–
1218, 1996.

[25] L. J. Garey, W. Y. Ong, T. S. Patel et al., “Reduced den-
dritic spine density on cerebral cortical pyramidal neurons
in schizophrenia,” Journal of Neurology Neurosurgery and
Psychiatry, vol. 65, no. 4, pp. 446–453, 1998.

[26] L. A. Glantz and D. A. Lewis, “Decreased dendritic spine den-
sity on prefrontal cortical pyramidal neurons in schizophre-
nia,” Archives of General Psychiatry, vol. 57, no. 1, pp. 65–73,
2000.

[27] A. J. Law, C. S. Weickert, T. M. Hyde, J. E. Kleinman, and
P. J. Harrison, “Reduced spinophilin but not microtubule-
associated protein 2 expression in the hippocampal formation
in schizophrenia and mood disorders: molecular evidence
for a pathology of dendritic spines,” American Journal of
Psychiatry, vol. 161, no. 10, pp. 1848–1855, 2004.

[28] N. Kolluri, Z. Sun, A. R. Sampson, and D. A. Lewis, “Lamina-
specific reductions in dendritic spine density in the prefrontal
cortex of subjects with schizophrenia,” American Journal of
Psychiatry, vol. 162, no. 6, pp. 1200–1202, 2005.

[29] J. J. Hill, T. Hashimoto, and D. A. Lewis, “Molecular
mechanisms contributing to dendritic spine alterations in the
prefrontal cortex of subjects with schizophrenia,” Molecular
Psychiatry, vol. 11, no. 6, pp. 557–566, 2006.

[30] R. A. Sweet, R. A. Henteleff, W. Zhang, A. R. Sampson, and D.
A. Lewis, “Reduced dendritic spine density in auditory cortex
of subjects with schizophrenia,” Neuropsychopharmacology,
vol. 34, no. 2, pp. 374–389, 2009.

[31] S. Akbarian, W. E. Bunney Jr., S. G. Potkin et al., “Altered dis-
tribution of nicotinamide-adenine dinucleotide phosphate-
diaphorase cells in frontal lobe of schizophrenics implies
disturbances of cortical development,” Archives of General
Psychiatry, vol. 50, no. 3, pp. 169–177, 1993.

[32] S. Akbarian, A. Viñuela, J. J. Kim, S. G. Potkin, W. E. Bunney
Jr., and E. G. Jones, “Distorted distribution of nicotinamide-
adenine dinucleotide phosphate-diaphorase neurons in tem-
poral lobe of schizophrenics implies anomalous cortical
development,” Archives of General Psychiatry, vol. 50, no. 3, pp.
178–187, 1993.

[33] S. Akbarian, J. J. Kim, S. G. Potkin, W. P. Hetrick, W. E. Bunney
Jr., and E. G. Jones, “Maldistribution of interstitial neurons
in prefrontal white matter of the brains of schizophrenic
patients,” Archives of General Psychiatry, vol. 53, no. 5, pp. 425–
436, 1996.



Neural Plasticity 9

[34] M. Lauer, S. Johannes, S. Fritzen, D. Senitz, P. Riederer, and A.
Reif, “Morphological abnormalities in nitric-oxide-synthase-
positive striatal interneurons of schizophrenic patients,” Neu-
ropsychobiology, vol. 52, no. 3, pp. 111–117, 2005.

[35] S. Fritzen, M. Lauer, A. Schmitt et al., “NO synthase-
positive striatal interneurons are decreased in schizophrenia,”
European Neuropsychopharmacology, vol. 17, no. 9, pp. 595–
599, 2007.

[36] P. Tueting, E. Costa, Y. Dwivedi et al., “The phenotypic char-
acteristics of heterozygous reeler mouse,” NeuroReport, vol. 10,
no. 6, pp. 1329–1334, 1999.

[37] W. S. Liu, C. Pesold, M. A. Rodriguez et al., “Down-regu-
lation of dendritic spine and glutamic acid decarboxylase 67
expressions in the reelin haploinsufficient heterozygous reeler
mouse,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 98, no. 6, pp. 3477–3482, 2001.

[38] G. D. Pappas, V. Kriho, and C. Pesold, “Reelin in the extracel-
lular matrix and dendritic spines of the cortex and hippocam-
pus: a comparison between wild type and heterozygous reeler
mice by immunoelectron microscopy,” Journal of Neurocytol-
ogy, vol. 30, no. 5, pp. 413–425, 2001.

[39] G. Carboni, P. Tueting, L. Tremolizzo et al., “Enhanced diz-
ocilpine efficacy in heterozygous reeler mice relates to GABA
turnover downregulation,” Neuropharmacology, vol. 46, no. 8,
pp. 1070–1081, 2004.

[40] S. Qiu, K. M. Korwek, A. R. Pratt-Davis, M. Peters, M. Y.
Bergman, and E. J. Weeber, “Cognitive disruption and altered
hippocampus synaptic function in reelin haploinsufficient
mice,” Neurobiology of Learning and Memory, vol. 85, no. 3,
pp. 228–242, 2006.

[41] S. Qiu and E. J. Weeber, “Reelin signaling facilitates matura-
tion of CA1 glutamatergic synapses,” Journal of Neurophysiol-
ogy, vol. 97, no. 3, pp. 2312–2321, 2007.

[42] A. L. Lussier, H. J. Caruncho, and L. E. Kalynchuk, “Repeated
exposure to corticosterone, but not restraint, decreases the
number of reelin-positive cells in the adult rat hippocampus,”
Neuroscience Letters, vol. 460, no. 2, pp. 170–174, 2009.

[43] G. F. Orlando, G. Wolf, and M. Engelmann, “Role of neuronal
nitric oxide synthase in the regulation of the neuroendocrine
stress response in rodents: insights from mutant mice,” Amino
Acids, vol. 35, no. 1, pp. 17–27, 2008.

[44] C. Heinrich, N. Nitta, A. Flubacher et al., “Reelin deficiency
and displacement of mature neurons, but not neurogenesis,
underlie the formation of granule cell dispersion in the
epileptic hippocampus,” Journal of Neuroscience, vol. 26, no.
17, pp. 4701–4713, 2006.

[45] C. Gong, T.-W. Wang, H. S. Huang, and J. M. Parent,
“Reelin regulates neuronal progenitor migration in intact and
epileptic hippocampus,” Journal of Neuroscience, vol. 27, no. 8,
pp. 1803–1811, 2007.

[46] N. M. Fournier, D. R. Andersen, J. J. Botterill et al., “The
effect of amygdala kindling on hippocampal neurogenesis
coincides with decreased reelin and DISC1 expression in the
adult dentate gyrus,” Hippocampus, vol. 20, no. 5, pp. 659–671,
2010.
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