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Cortical dysplasia (CD) is a malformation of cortical development ranging from subtle microdysgenesis to profound
disruption of laminar organization, possibly associated with
aberrant cells (dysmorphic and/or giant neurons and balloon cells) (Taylor et al., 1971; Palmini et al., 2004). The
improvements in magnetic resonance imaging techniques
over recent years have led to these malformations being
increasingly recognized as one of the major causes of
focal epilepsy, and so animal models of CD are now frequently used to answer questions that cannot be addressed by human studies. The characterization of new
models may therefore provide further opportunities for
studying the abnormal brain development observed in epileptic patients. The 1-3-bis-chloroethyl-nitrosurea (BCNU)treated rat has been recently proposed as a new model of
CD (Benardete and Kriegstein, 2002; Moroni et al., 2008)
because of the presence of some histological alterations
similar to those observed in human CD, including cortical
thinning, laminar disorganization, heterotopia and dysmorphic/heterotopic neurons.
Although this model did not show spontaneous seizures, the dysplastic cortex exhibited both hyperexcitability
and decreased sensitivity to inhibition (Benardete and
Kriegstein, 2002).
In addition to usual histological procedures, immunocytochemistry (ICC) with antibodies such as anti-parvalbumin, -calretinin and -calbindin has been used to investigate
the histological and cytological features of CD, and similar
procedures are also used to characterize surgical specimens coming from drug-resistant epileptic patients (Colacitti et al., 1999; Roper et al., 1999; Spreafico et al., 2000;
Tassi et al., 2002; Calcagnotto et al., 2005). However,
descriptive neuropathology is often lacking in relating the
abnormal patterns observed in CD to normal cortical organization because routine histological staining and the currently used markers are insufficient to reveal the effects of
CD on layer-specific neuron types: for example, the origin
of dysmorphic or heterotopic neurons is still unknown as is
the neuronal composition of heterotopia.
Numerous molecules with layer-specific expression,
including transcription activators and repressors, secreted
morphogenes, axon guidance molecules, cell surface proteins and receptors, cell adhesion proteins and others,
have recently been identified in developing and adult
mouse cerebral cortex (Gong et al., 2003; Gray et al.,
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obtained by administering carmustine (1-3-bis-chloroethylnitrosurea [BCNU]) in pregnant rat uterus mimics the histopathological abnormalities observed in human CD patients:
altered cortical layering, and presence of heterotopia and dysmorphic/heterotopic neurons. To investigate further the cortical
layering disruption and the neuronal composition of heterotopia in BCNU-exposed cortex, we analyzed the expression pattern of the transcription factors Nurr1, Er81, Ror-␤, and Cux2
(respectively specific markers of layers VI, V, IV and superficial
layers) in the cortical areas of BCNU-treated rats by means of in
situ hybridization, and compared the findings with those observed in adult control rats. Combining in situ hybridization and
immunohistochemistry we also investigated the origin of dysmorphic or heterotopic neurons. The main results of the present
study are (i) the analysis of cortical layer thickness revealed that
the cortical thinning in the BCNU model was prevalently restricted to the superficial layers; (ii) in cortical and periventricular heterotopia, the prevalent presence of superficial layer neurons in the internal areas, and deeper layer neurons in a more
peripheral region, demonstrated a rudimentary pattern of laminar organization in nodule formation; and (iii) the Er81 signal in
the dysmorphic and heterotopic pyramidal neurons located in
layers I/II showed that they belong to layer V. These results shed
light on the disorganization of the laminar architecture of the
BCNU model by providing correlations with normal cortical
layering and revealing the ontogenesis of heterotopia and heterotopic/dysmorphic neurons. They also provide strong evidence of the usefulness of layer-specific markers in investigating the neuropathology of CD, thus opening up the possibility of
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2004; Arlotta et al., 2005; Molyneaux et al., 2007), and
increasing numbers of these molecules are being documented in monkeys and humans (Arion et al., 2007;
Hevner, 2007; Watakabe et al., 2007). Layer-specific
markers are expressed in one or a few cortical neuronal
types within a layer or across layers; in particular, the
transcription factors, Nurr1, Er81, Ror-␤, and Cux2 have
recently been used as markers of layers VI, V, IV and
superficial layers (II⫺IV) respectively (Schaeren-Wiemers
et al., 1997; Zimmer et al., 2004; Ferrere et al., 2006;
Yoneshima et al., 2006; Watakabe et al., 2007; Hirokawa
et al., 2008). Using appropriate panels of these molecules,
it is now possible to map cortical layers accurately and, to
a certain extent, follow their birthday and migration.
In this study, we used in situ hybridization (ISH) to
examine the expression patterns of Nurr1, Er81, Ror-␤,
and Cux2 genes in BCNU-treated rats and to identify the
details of cortical layering disruption; furthermore, for the
first time, we describe the layering composition of the nodular heterotopia and the origin of the dysmorphic/heterotopic neurons that characterize this model.

EXPERIMENTAL PROCEDURES
Animal treatment and tissue fixation
The experiments were performed in accordance with the guidelines defined by the European Communities Council Directive
(86/609/EEC) and every effort was made to limit the number and
suffering of animals used.
Pregnant Sprague–Dawley rats (Charles River Italia, Calco,
Italy) were i.p. injected with 20 mg/kg of BCNU solution (5% sterile
glucose in water at 4 mg/ml) at E (embryonic day) 15 (E1 was
defined as the day of vaginal plug), at the time of peak cortical
neurogenesis. On the same gestational day, control pregnant rats
were injected i.p. With 5% glucose alone (Moroni et al., 2008). The
day of birth of the rat pups was designated postnatal day (P) 0.
To investigate cortical laminar disruption in BCNU-treated
rats, we used five rats (aged from P40 to P50) from three litters
exposed to BCNU in utero and three age-matched controls. The
rats were anesthetized with 4% chloral hydrate 1 ml/100 g of body
weight i.p., and then transcardially perfused with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB), pH 7.2, by means
of a peristaltic pump. Their brains were removed from the skull,
immersed in 4% paraformaldehyde in PB for 1 day, cut into 50 m
thick serial coronal sections by means of a vibratome VT1000S
(Leica, Heidelberg, Germany), stored in anti-freezing solution
(30% glycerol and 30% ethylene glycol in PB) at ⫺20 °C and
processed for ISH. Sections adjacent to those processed for ICC
were stained with Thionin (0.1% in distilled water) for the cytoarchitectonic analyses and the nomenclature adopted for cortical
area and layering was according to Zilles and Wree (1995).

ISH
We used ISH to investigate the expression of Nurr1, Er81, Ror-␤
and Cux2 genes, the cDNA fragments of which were obtained by
polymerase reaction using the primers listed elsewhere for Nurr1,
Er81 and Ror-␤ (Watakabe et al., 2007; Hirokawa et al., 2008) and
5=-TGCAAGTTGGGGTTCACCTT-3= and 5=-GAAGAAGCTGGAGAAGAAAGC-3= for Cux2; the cDNA were subsequently subcloned into the pBlueScriptII vector. The digoxigenin (DIG)-labeled riboprobes were produced using these plasmids as templates for in vitro transcription.
For single ISH, selected serial free-floating vibratome sections were washed in PB pH 7.0, preincubated for 1 h in 0.3%
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Triton X-100 in PB, and blocked in 0.75% glycine. After being
rinsed in PB, the sections were incubated overnight at 60 °C in the
hybridization buffer (5⫻ standard saline citrate (SSC), 50% formamide, 2% blocking reagent (Roche Diagnostics, Mannheim, Germany), 0.1% N-lauroylsarcosine (NLS), 0.1% SDS) containing 1.0
g/ml of the DIG-labeled riboprobe. The sections were sequentially washed twice in 2⫻ SSC/50% formamide/0.1% NLS for 20
min at 60 °C; incubated for 30 min at 37 °C in RNase buffer (10
mM Tris–HCl pH 8.0, 1 mM EDTA, 500 mM NaCl) containing
20 g/ml RNase A (Roche Diagnostics); washed four times for 20
min at 37 °C in 2⫻ SSC and 0.1% NLS; washed in TS pH 7.5
buffer (100 mM Tris–HCl pH 7.5, 150 mM NaCl) for 5 min; incubated in 1% blocking reagent for 1 h and, finally, incubated overnight at 4 °C in a solution containing alkaline phosphatase– conjugated anti-DIG antibody (Roche Diagnostics) diluted 1:1000 in
1% blocking reagent. The sections were washed three times in
0.05% Tween 20 in TS pH 7.5 for 15 min, rinsed in TS pH 9.5 (100
mM Tris–HCl pH 9.5, 150 mM NaCl) and then incubated for
between 30 min 1 h in the staining solution (1/50 NBT/BCIP in TS
pH 9.5; Roche Diagnostics) at 37 °C in the dark. The reaction was
stopped with PBS/10 mM EDTA. Finally, the sections were
mounted, dehydrated, and covered with Crystal Mount (Sigma, St.
Louis, MO, USA). There were no apparent signals in control
sections with the sense probes.

Double fluorescent labeling with ISH and ICC
In order to investigate the origin of heterotopic cells found in layers
I/II, double ISH and ICC were carried out on two BCNU-treated
rats using the DIG-labeled riboprobe for Er81 and anti-non-phosphorylated neurofilament (SMI311) antibody. The hybridization
and washing procedures were carried out as described above.
After hybridization, the sections were incubated overnight at 4 °C
with 1:100,000 polyclonal anti-DIG antibody (Sigma) and (1) 300
anti-SMI311 (Sternberger Monoclonals Incorporated, Lutherville, USA) in blocking reagent and then washed three times for 15
min in 0.05% Tween 20 in TS pH 7.5 and incubated for 1 h at room
temperature in 1:200 biotinylated goat antirabbit IgG (Vector Laboratories, Burlingame, CA, USA) and indocarbocyanine (Cy)
3– conjugated goat antimouse IgG (1:600; Jackson ImmunoResearch Laboratories). After washing in TS pH 7.5, incubating in
3% H2O2, and washing in 0.05% Tween 20 in TS pH 7.5, the
sections were incubated in 1:1000 streptavidin– horseradish peroxidase (HRP) (PerkinElmer, Boston, USA) and washed three
times for 15 min in 0.05% Tween 20 in TS pH 7.5. At this point, the
peroxidase activity was detected using the TSA PLUS fluorescent
system (PerkinElmer) according to the manufacturer’s instructions. The incubation for this substrate was carried out for 3 min.
After further rinsing in 0.05% Tween 20 in TS pH 7.5, the sections
were mounted with Fluorsave (Calbiochem, San Diego, CA, USA)
and examined through a confocal laser scanning microscope
(Bio-Rad, Hemel Hempstead, UK) equipped with an argon/krypton
mixed gas laser, and mounted on a light microscope (Eclipse
E600, Nikon, Tokyo, Japan). The confocal images were recorded
through separate channels at excitation peaks 510 nm (for Cy2)
and 550 nm (for Cy3) with the double-immunostained sections
being merged using Bio-Rad Lasersharp 2000 software. All of the
parameters were standardized in order to ensure the best quality
and comparability (for details, see Frassoni et al., 2005).

Single immunoperoxidase and immunofluorescent
labeling
In order to verify whether the reduced expression of Nurr1 in the
lateral cortex of BCNU-treated rats was attributable to the neurons
belonging to layer VI, immunoperoxidase labeling was performed
on the same rats analyzed with the ISH, using an antibody against
latexin, a protein expressed in layer VI neurons (Arimatsu et al.,
2003). To reveal cortical and periventricular nodules of heterotopic
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neurons, antibody against calbindin D-28K (CB) was used as
marker (Moroni et al., 2008).
Selected free-floating sections were preincubated for 30 min
in 3% H2O2 in phosphate-buffered saline (PBS), pH 7.4, in order
to inactivate endogenous peroxidase. After rinsing in PBS, the
non-specific sites were blocked in PBS containing 10% normal
rabbit serum (NRS) or normal goat serum (NGS) and 0.2% Triton
X-100, and the sections were incubated overnight at 4 °C with the
following antisera diluted in 1% NRS or NGS in PBS: 1:500
antimouse latexin (R&D Systems, Minneapolis, USA) or 1:5000
anti-CB (Swant, Bellinzona, Switzerland). After several rinses in
PBS, the sections were incubated in biotinylated rabbit anti-sheep
IgG or biotinylated goat antirabbit (Vector Laboratories) diluted 1:200
in 1% NRS in PBS. The avidin– biotin–peroxidase protocol (ABC;
Vector) was followed, with 3,3=-diaminobenzidine tetrahydrochloride
(DAB; Sigma) being used as the chromogen. Finally, the sections
were mounted, dehydrated, and coverslipped with DPX (BDH, Poole,
Dorset, UK). In order to check antibody specificity, some sections
were processed omitting the primary antibody or replacing it with
NRS diluted 1:100. No specific staining was detected.
In order to identify abnormally oriented pyramidal neurons in
layers I/II and dysmorphic cells in BCNU-treated rats, we performed
immunofluorescent labeling using anti-SMI311 antibody. Followed
by the appropriate secondary antibodies, as described previously
(Moroni et al., 2008). Secondary antibodies were from Jackson ImmunoResearch Laboratories (West Grove, PA, USA). Sections
were mounted with Fluorsave (Calbiochem) and examined
through a confocal laser scanning microscope (Bio-Rad) equipped
with an argon/krypton mixed gas laser, and mounted on a light
microscope (Eclipse E600, Nikon). The confocal images were
recorded through a channel at excitation peaks 510 nm.

Thickness of cortical layers
To determine the thickness of cortical layers VIb, V, IV and of superficial layers we analyzed brain sections hybridized with the layerspecific Nurr1, Er81, Ror-␤ and Cux2 riboprobes. Two coronal sections from different levels (1⬃2 mm anterior to the bregma and the
other 3.60 mm posterior to the bregma, according to Paxinos and
Watson (1982)) were taken from three control and three BCNUtreated rats. In order to take sections at comparable rostrocaudal
levels from different animals, we used as reference points the anterior commissure for the anterior sections and the subdivision of
thalamic nuclei for the posterior sections. The following regions were
measured (the nomenclature of the cortical areas are based on the
Zilles’ stereotaxic atlas (Zilles, 1985)): frontal (Fr), forelimb area (fl.)
and parietal area 1 (Par1A) in the anterior sections and occipital
cortex (Oc), Par1B and temporal cortex (Te) in the posterior sections.
The areas expressing each layer-specific marker (which corresponded to the layer depth) were manually delimited by drawing one
line at the upper border and one line at the lower border of the area
comprising the labeled cells. The mean thickness of these areas was
measured using Image-Pro Plus software (Media Cybernetics, Silver
Spring, USA). The sections of BCNU-treated rats chosen for this
analysis did not include any obvious discontinuities in the layers
(such as those shown in Fig. 2B), and so their thickness could be
clearly identified.

RESULTS
Overview of the histological alterations found in
BCNU-treated rats
Fig. 1 summarizes the most prominent histopathological
features identified in BCNU-exposed brain. They included:
(i) the disorganization of cortical layers I/II (Fig. 1A), (ii) the
large nodular clusters of heterotopic neurons prevalently
localized in the lowest part of the cortex and periventricular

heterotopia (Fig. 1B) identified with CB immunolabeling,
(iii) ectopic and inverted pyramidal neurons in cortical layers I/II (Fig. 1C) identified with SMI311 immunolabeling.
Another striking feature was the presence of dysmorphic
neurons with atypical dendritic processes and rich in
SMI311-ir neurofilaments prevalently localized in the deep
layers (Fig. 1D).
Expression patterns of layer-specific markers in
adult rats
The expression patterns of the Nurr1, Er81, ror-␤ and
Cux2 genes at three coronal brain levels of the control and
BCNU-treated rats are shown in Fig. 2.
Nurr1. In the control rats, and in line with previous
reports (Zetterstrom et al., 1996; Arimatsu et al., 2003;
Watakabe et al., 2007), Nurr1 mRNA was prevalently expressed in layer VI throughout the rostrocaudal extent of
the neocortex, although there were differences in its distribution pattern and signal intensity between one area and
another. In the dorso/lateral parts of the neocortex (Fr, the
dorsal part of Par 1 and Oc), its transcript was almost
exclusively found in layer VIb (Figs. 2A and 3A), which
consists of a thin layer of persistent subplate cells; in the
lateral part of the neocortex (Par1, Par 2 and Te) the
messenger was also found in layer VI (Figs. 2A and 3C).
The signal intensity was less in layer VIb than in layer VI
(inset in Fig. 3C). Scattered and faintly stained cells were
found in the mesial cortex (cingulate and retrosplenial
cortex) and in layers II/III.
In the BCNU-treated rats, the distribution of Nurr1
mRNA was altered, thus highlighting the previously described layering disarrangement (Moroni et al., 2008). In
particular, layer VIb appeared thicker than in the controls and
occasionally interrupted by groups of cells not expressing
Nurr1 (Figs. 2B and 3B); this was observed in all of the
examined areas of the cortex but was greatest in the dorsal
region of the neocortex (FL and Oc, Table 1). Unlike in the
control rats, only a few Nurr1⫹ neurons were detected in
layer VI in the lateral cortex (Par. 2 and Te) (Fig 3D).
It has been previously found that control rats show the
co-expression of Nurr1 and latexin proteins in the neurons
of layer VI of the lateral cortex but not layer VIb (Arimatsu
et al., 2003). In order to verify whether the reduced expression of Nurr1 in the lateral cortex of BCNU-treated rats was
attributable to the neurons belonging to layer VI, we investigated the expression of latexin. In control rats, latexin⫹
cells were found in layer VI and, to a lesser extent in layer
V of Par 2 and Te (Fig. 3E). Within Par 1, positive neurons
were located mainly in layer VI, but no positive neurons
were found in the dorsal region of the neocortex. The
BCNU-treated rats showed a reduced number of latexin⫹
neurons, with some areas completely devoid of positive
cells (Fig. 3F), thus confirming the findings of the Nurr1
ISH experiments (compare Fig. 3D with Fig. 3F).
Er81. In the control rats, Er81 mRNA was almost
exclusively expressed in layer V, with the exception of
scattered labeled cells in layer VI (Figs. 2C and 4A). It was
evenly distributed in both the upper and lower parts of layer

R. F. Moroni et al. / Neuroscience 159 (2009) 682– 691

685

Fig. 1. Overview of the histological alterations found in coronal brain sections of BCNU-treated rats stained with thionin (A) or immunolabeled with
calbindin (B) or SMI-311 (C, D) antibodies. Note in A the alteration of normal cortical layering in the somatosensory cortex and in B the presence of
cortical (arrows) and periventricular (arrowheads) heterotopia. (C) Heterotopic abnormally oriented pyramidal neurons in layers I/II and D show a
dysmorphic neuron with enlarged apical dendrite. Scale bar⫽300 m (A, B); 75 m (C); 14.3 m (D).

V, following the variations in depth of the layer in different
cortical areas. There were no appreciable area-specific
differences in its signal intensity.
The reduction in the depth of layer V in the BCNUtreated rats showed a lateral-to-medial gradient (Fig. 2D,
Table 1). The most affected region was the dorsal cortex
(Fr, FL, Oc): layer V was not only thinner, but sometimes
displayed areas in which ISH signal was scanty or absent
(Fig. 4B). Er81⫹ neurons were occasionally scattered in
layer VI, near or (rarely) in the white matter and in the
supragranular layers, in which single cells or small groups
of neurons were localized particularly between layers I and
II or in layer I (Fig. 5C).
Ror-␤. In the cerebral cortex of the control rats, Ror-␤
was predominantly expressed in layer IV (Figs. 2E and
4C). Its expression was strong in the parietal and temporal
cortices, but weaker in the Fr and Oc (few stained cells),
and absent in the mesial cortex (e.g. cingulate cortex).
The BCNU-treated rats had a reduced and discontinuous layer IV, which was thinner throughout the entire
neocortex (Table 1) and occasionally interrupted by small
areas lacking in Ror-␤⫹ cells (Fig. 4D). Groups of Ror-␤⫹
neurons were located in the infragranular layers, particularly in the somatosensory cortex, where they constituted
cortical heterotopia (see below). Isolated Ror-␤⫹ cells
were sporadically found in layers II and III.

Cux2. The Cux2 gene was used as a marker of the
superficial layers; in fact, it was homogeneously expressed
from layer IV to layer II throughout the neocortex of the
control rats (Figs. 2G and 4E).
In the BCNU-treated rats, the distribution of Cux2 mRNA (like that of Ror-␤) revealed the reduced depth of
upper layers (Fig. 4F, Table 1). Furthermore, particularly in
the somatosensory cortex, groups of Cux2⫹ neurons were
found in the infragranular layers constituting cortical heterotopia (Fig. 5D), as well as in the periventricular nodules
(Fig. 6F).
Cellular composition of the heterotopic neuronal
clusters
In BCNU-treated rats, we identified two main different
types of abnormal neuronal clusters: cortical and periventricular heterotopia. We also occasionally found small clusters of neurons localized in the white matter.
The cortical heterotopia consisted of cell clusters of
different shapes and sizes, largely localized in infragranular layers. They were set inside the layer of Nurr1⫹ cells
(Fig. 5A) and consisted of Ror-␤⫹ (Figs. 5C and 6B) and
Cux2⫹ cells (Fig. 5D). Some neurons expressing Er81
were identified in more marginal position of the nodules
(Figs. 5B and 6A).
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Fig. 2. Distribution of Nurr1 (A,B ), Er81 (C, D), Ror-␤ (E, F) and Cux2 (G, H) mRNA in coronal sections from control (A, C, E, G) and BCNU-treated
rats (B, D, F, H). The expression of layer-specific genes was analyzed by means of ISH at three different levels of the rat brain. The abbreviations of
the cortical areas are based on the Zilles’ stereotaxic atlas (Zilles, 1985). Scale bar⫽500 m.

The periventricular heterotopia were nodular clusters
of cells located under the white matter close to the lateral
ventricles (Fig. 6C–H). They mainly consisted of Cux2⫹
(Fig. 6F) and faintly labeled Nurr-1⫹ neurons (Fig. 6C),
with a few Ror-␤⫹ (Fig. 6E, H) and Er81⫹ (Fig. 6D, G)
neurons prevalently at their borders.
Rarely, small clusters of neurons expressing Nurr1 or
Er81 were found in the white matter (data not shown).
Heterotopic and dysmorphic neurons
As previously described (Moroni et al., 2008), the BCNUtreated rats had some pyramidal cells mislocated in layers
I/II, and dysmorphic neurons in the infragranular layers.
The combination of ISH and ICC methods revealed inverted SMI311-immunoreactive (-ir) pyramidal neurons expressing Er81 mRNA in layers I/II (Fig. 7A, B). Er81 mRNA
signal was also detected in some dysmorphic SMI311-ir
neurons characterized by atypical dendritic process (Fig.
7C, D).

DISCUSSION
We reported a comparative analysis of the expression of
some layer-specific markers between control rats and a
model of CD, namely BCNU-treated rats, with the aim of
mapping the alterations in the distribution of the cortical

laminae that characterize CD. Our findings concerning the
details of cortical layering disruption revealed the neuronal
composition of heterotopia, and our combined use of ISH
and ICC demonstrated the origin of the heterotopic and
dysmorphic neurons characterizing this model.
We chose a panel of markers whose expression covers the entire depth of the rodent neocortex: Nurr-1 is
expressed in layer VI, Er81 in a subpopulation of layer V
pyramidal neurons (Yoneshima et al., 2006; Watakabe et
al., 2007), Ror-␤ in layer IV (Schaeren-Wiemers et al.,
1997) and Cux2 in the superficial layers (Zimmer et al.,
2004). All of these markers are found during early cortical
development (E15–E18) and continue to be expressed in
the adult neocortex in a layer-specific pattern, thus suggesting that they are involved in the specification and
maintenance of neuronal types. As the neuron type identity
and laminar fate, once specified, are apparently impervious to change even if cell migration is abnormal (Hevner,
2007), layer-specific markers can be confidently used as
probes even in the case of cortical malformations (Zhou et
al., 1999; Xu et al., 2000; Sugitani et al., 2002).
BCNU-treated rat has been considered an experimental model mimicking human CD, due to cortical cytoarchitectural abnormalities that recall the human neuropathology, such as cortical thinning, laminar disorganization,
heterotopia and dysmorphic/heterotopic neurons. We have
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Fig. 3. Details of brain coronal sections from control (A, C, E) and
BCNU-treated rats (B, D, F) showing the ISH pattern of Nurr 1 m-RNA
(A–D) and the immunolocalization of latexin (E, F). (A, B) A detail of
layer VIb in Par1 (anterior sections); the thickening of layer VIb and the
presence of areas without Nurr1 expression (asterisks) are evident in
BCNU-treated rats. (C, D) Nurr1 expression in lateral cortex layers
VIb, VI and (to a lesser extent) V; the signal is less intense in layer VIb
than in layers VI/V (inset in C), and there is a clear reduction in the
number of Nurr1⫹ cells in layers VI and V of the BCNU-treated rats
(D). (E, F) The lateral cortex expression of latexin which can be seen
in layers VI and (to a lesser extent) V in the control rat. Note the fewer
latexin⫹ cells in the BCNU-treated rat. Scale bar⫽100 m in B (applies to A); 400 m in F (applies to C–E); inset in C magnified 1.4
times.

recently described the cytological and histological alterations characterizing the neocortex in the BCNU model,
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Fig. 4. Details of brain coronal sections from control (A, C, E) and
BCNU-treated rats (B, D, F) showing the ISH pattern of Er81 (A–B),
Ror-␤ (C, D) and Cux2 (E, F). (B, D, F) The thinning respectively of
layers (V) IV and superficial layers. Note in B and D areas in which the
ISH signal was scanty or absent (asterisk). Scale bar⫽100 m in D
(applies to A–C); 200 m in F (applies to E).

which was analyzed by means of histological and immunological staining with antibodies recognizing calciumbinding proteins and neurofilaments that respectively allow
the identification of GABA-ergic and pyramidal neurons
(Moroni et al., 2008). In the present study, we improved the
histological characterization of BCNU-exposed cortex by

Table 1. Mean thickness (expressed in m)⫾SD of cortical layers VIb, (V) IV and superficial layers as identified by means of Nurr1, Er81, Ror-␤ and
Cux2 mRNA expression respectively, in different cortical areas
Nurr1 (VIb)

Fr
FL
Par1A
Oc
Par1B
Te

Ror-␤ (IV)

Er81 (V)

Cux2 (II–IV)

Control

BCNU

Control

BCNU

Control

BCNU

Control

BCNU

112⫾3
76⫾9
84⫾3
63⫾21
72⫾13
96⫾7

207⫾36
264⫾19
160⫾13
147⫾27
124⫾37
106⫾63

659⫾90
469⫾30
326⫾57
384⫾48
294⫾26
320⫾11

287⫾97
242⫾35
240⫾22
140⫾17
184⫾24
309⫾35

—
284⫾51
304⫾71
—
248⫾47
251⫾31

—
138⫾34
134⫾12
—
104⫾2
114⫾3

443⫾22
664⫾46
695⫾19
489⫾87
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Fig. 5. Expression of Nurr1 (A), Er81 (B), Ror-␤ (C) and Cux2 mRNA (D) in cortical heterotopia from adjacent coronal sections. The cortical
heterotopia were set in the layer of Nurr1⫹ cells (A) and consisted of scattered Er81⫹ neurons localized in peripheral position (B) and Ror-␤⫹ (C)
and Cux2⫹ cells (D) localized in the central part. High magnification of two nodules for each probe are shown in the panels indicated with * and .
The arrows in the high magnification in B indicate heterotopic Er81⫹ neurons localized at the border of the nodules. Scale bar⫽300 m in D (applies
to A–C); details (*, ) are magnified two times compared with (A–D).

analyzing the expression of layer-specific markers, thus
providing a correlation between normal and CD-affected
cortical layering. Our main findings were (i) the reduced
cortical thickness observed in the BCNU model prevalently
affects the superficial layers; (ii) the distribution of neurons
in cortical heterotopia and periventricular nodules has a
rudimentary laminar organization, with the neurons belonging to the superficial layers being found in the central
part of the nodule and those arising from deeper layers
being arranged in an outer position; and (iii) the dysmor-

phic neurons and heterotopic pyramidal neurons located in
layers I/II belong to layer V.
Thinning of cortical layers
We have previously reported that the neocortex of BCNUtreated rats is clearly thinned. Here we show that the
thinning is mainly imputable to supragranular layers, layer
IV and (partially) layer V. As shown in Fig. 4, the supragranular layers (Cux2 signal) and layer IV (Ror-␤ signal)

