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Neuronal heterotopia refers to brain malformations resulting from deficits of neuronal migration. Individuals with heterotopias show a
high incidence of neurological deficits, such as epilepsy. More recently, it has come to be recognized that focal heterotopias may also show
a range of psychiatric problems, including cognitive and behavioral impairments. However, because focal heterotopias are not always
located in the brain areas responsible for the symptoms, the causal relationship between the symptoms and heterotopias remains elusive.
In this study, we showed that mice with focal heterotopias in the somatosensory cortex generated by in utero electroporation exhibited
spatial working memory deficit and low competitive dominance behavior, which have been shown to be closely associated with the
activity of the medial prefrontal cortex (mPFC) in rodents. Analysis of the mPFC activity revealed that the immediate-early gene expression was decreased and the local field potentials of the mPFC were altered in the mice with heterotopias compared with the control mice.
Moreover, activation of these ectopic and overlying sister neurons using the DREADD (designer receptor exclusively activated by designer drug) system improved the working memory deficits. These findings suggest that cortical regions containing focal heterotopias
can affect distant brain regions and give rise to behavioral abnormalities.
Key words: DREADD; heterotopia; in utero electroporation; IntelliCage; neuropsychiatric symptom; optogenetics

Significance Statement
Recent studies reported that patients with heterotopias have a variety of clinical symptoms, such as cognitive disturbance,
psychiatric symptoms, and autistic behavior. However, the causal relationship between the symptoms and heterotopias remains
elusive. Here we showed that mice with focal heterotopias in the somatosensory cortex generated by in utero electroporation
exhibited behavioral deficits that have been shown to be associated with the mPFC activity in rodents. The existence of heterotopias indeed altered the neural activities of the mPFC, and direct manipulation of the neural activity of the ectopic neurons and their
sister neurons in the overlying cortex improved the behavioral deficit. Thus, our results indicate that focal heterotopias could
affect the activities of distant brain areas and cause behavioral abnormalities.

Introduction
Neuronal heterotopias are caused by impairment of the processes
underlying brain ontogenesis, especially of neuronal migration,
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and most are closely related to genetic disruption (Ekşioğlu et al.,
1996; Clark, 2004; Sisodiya, 2004). Individuals with these malformations commonly show a high incidence of neurological deficits, such as epilepsy and mental retardation (Dobyns et al., 1996;
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Gleeson et al., 1998; Aghakhani et al., 2005; Manent et al., 2009).
As exemplified by patients with periventricular nodular heterotopia, it has come to be recognized that individuals with focal
heterotopias show cognitive and behavioral impairments, and a
range of psychiatric problems as well as epilepsy and intellectual
disabilities (Chang et al., 2005; Felker et al., 2011; Fry et al., 2013).
Moreover, autistic behavior and attention-deficit/hyperactivity
disorder have also been reported in patients with focal heterotopias (Nopoulos et al., 2000; Wegiel et al., 2010). These suggest the
possible association of heterotopias with a variety of symptoms.
However, the causal relationship of focal heterotopias to the neuropsychiatric symptoms and behavioral problems is still unclear.
Dysfunction in the prefrontal cortex (PFC), which plays important roles in cognitive functions and social behavior, has been
implicated in many psychiatric diseases (Weinberger et al., 1988;
Amodio and Frith, 2006). On the other hand, the heterotopias
associated with neuropsychiatric symptoms are not always located in the PFC but in various regions of the brain (Fry et al.,
2013). These findings suggest the possibility that focal heterotopias could secondarily affect the activity of other brain regions,
including that of the PFC. However, the neurological mechanism
underlying this has not yet been vigorously addressed.
To examine this issue, we generated multiple mouse models of
focal heterotopias and investigated their behaviors in this study.
To produce heterotopias in the somatosensory cortex, we ectopically overexpressed one of the following three molecules by in
utero electroporation (Tabata and Nakajima, 2001; Kubo et al.,
2010): (1) Reelin, a protein involved in laminar formation and
neuronal migration in the developing cortex (Bar et al., 1995;
D’Arcangelo et al., 1995; Ogawa et al., 1995; Nakajima et al., 1997;
Honda et al., 2011; Sekine et al., 2014); (2) a constitutive-active
form of Fyn (CA-Fyn), a member of the Src family kinase (Arnaud et al., 2003); and (3) a dominant-negative form of Cdk5
(DN-Cdk5), a cyclin-dependent kinase known to be important
during neuronal migration (Ohshima et al., 1996). Behavioral
analyses revealed that the mice with heterotopias showed spatial
working memory deficit and low competitive dominance behavior relative to the control mice. Furthermore, we directly manipulated the neural activity of the heterotopias by the DREADD
(designer receptor exclusively activated by designer drug) system
and found that activation of the ectopic neurons and their sister
neurons in the overlying cortex located in the somatosensory area
improved the spatial working memory deficit. Thus, our results
indicate that focal heterotopias could affect the activities of distant brain areas and cause behavioral abnormalities.

Materials and Methods
Animals
Pregnant ICR mice were purchased from Japan SLC. All animal experiments were performed using protocols approved by the Keio University
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Institutional Animal Care and Use Committee in accordance with Institutional Guidelines on Animal Experimentation at Keio University, and
the Japanese Government Law Concerning the Protection and Control of
Animals and Japanese Government Notification of Feeding and Safekeeping of Animals. Embryonic day 19 (E19) was designated postnatal
day 0 (P0). Dams, pups, and weaned animals were housed under a 12/12
h light/dark cycle in a temperature-controlled room. The animals were
given free access to food and water, except during behavioral experiments. Animals were weaned at 3 weeks of age, at which time males were
separated from females. All behavioral tests were performed with male
mice.

Construction of plasmids
The full-length mouse Reelin expression construct pCrl was kindly provided by Dr. T. Curran (University of Pennsylvania). The coding sequence of Reelin from pCrl was inserted into pCAGGS1 containing a
modified chicken ␤-actin promoter with the cytomegalovirusimmediate early enhancer (CAG) promoter (Niwa et al., 1991), kindly
provided by Dr. J. Miyazaki (Osaka University), by using EcoRI and NotI
sites, as previously reported (Kubo et al., 2010). To construct CAGtandem-Tomato fluorescent protein (tdTomato), the BamH I/NotI
fragment of the tdTomato vector (Clontech) was introduced into the
CAG-MCS2 vector (Kawauchi et al., 2005). pCGC-Cdk5N144 ( pCGCDN-Cdk5) was obtained as a kind gift from Dr. Toshio Oshima (Waseda
University). pCAGGS1-CA-Fyn was constructed from pME-B-Fyn Y531
(kindly provided by Dr. Tadashi Yamamoto, Okinawa Institute of Science and Technology Graduate University) and pCAGGS1. The EcoR
I/SalI fragment (hM3Dq-mCherry) of the No. 41_pAAV-CMV-hM3DqmCherry (Inutsuka et al., 2014) was inserted into pCAGGS1 by using
EcoR I and XhoI sites. Channelrhodopsin-2 (ChR2) (C128S)-EYFP
(Berndt et al., 2009) was inserted into pCAGGS1 by using XbaI and EcoR
I sites.

In utero electroporation
Pregnant mice at E14.5 were deeply anesthetized with pentobarbital sodium (Nembutal) administered by intraperitoneal injection, and their
intrauterine embryos were surgically manipulated as described previously (Tabata and Nakajima, 2001). Plasmid solutions in volumes of 1–2
l containing the vectors at concentrations of 1.0 –7.5 mg/ml were injected into the lateral ventricles, and electronic pulses (33 V, 50 ms, 4
times) were applied using an electroporator (CUY-21 or NEPA21; NEPA
GENE) with a forceps-type electrode (CUY650P5). To generate mice with
heterotopias and control mice, pEGFP-CAGGS or pCAG-tdTomato was
cotransfected at a concentration of 2.5 mg/ml with the Reelin expression
vector (pCAGGS1-Reelin) at a concentration of 7.5 mg/ml or the control
expression vector (pCAGGS1), respectively. To generate mice with heterotopias induced by CA-Fyn, pEGFP-CAGGS was cotransfected at a
concentration of 2.0 mg/ml with the CA-Fyn expression vector
( pCAGGS1-Fyn Y531F) at a concentration of 2.5 mg/ml. To generate
the mice with heterotopias induced by DN-Cdk5, the DN-Cdk5 expression vector ( pCGC-Cdk5N144) was transfected at the concentration of 2.0 mg/ml. To generate mice with heterotopias that expressed
the hM3Dq-mCherry induced by CA-Fyn, pCAGGS1-hM3DqmCherry and pEGFP-CAGGS were cotransfected at a concentration
of 2.5 mg/ml and 1.25 mg/ml, respectively, with the pCAGGS1-Fyn
Y531F at a concentration of 2.5 mg/ml. To generate mice with heterotopias that expressed ChR2 (C128S)-EYFP induced by CA-Fyn,
pCAGGS1-ChR2 (C128S)-EYFP and pEGFP-CAGGS were cotransfected at a concentration of 3.0 mg/ml and 3.0 mg/ml, respectively,
with the pCAGGS1-Fyn Y531F at a concentration of 3.0 mg/ml.

Bilateral in utero electroporation
For introducing the plasmids into the somatosensory cortices bilaterally,
the brains were transfected with pCAGGS1-Reelin, or pCAGGS1-Fyn
Y531F and pEGFP-CAGGS vectors at concentrations of 2.5–7.5 mg/ml
and 2.5 mg/ml, respectively, followed immediately by transfection of
pCAG-tdTomato at a concentration of 1 mg/ml into the contralateral
hemisphere of E14.5 embryos. Because the second in utero electroporation was performed within 5 min of the first, the EGFP-labeled neurons
and tdTomato-labeled neurons had the same birth date. To introduce the
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plasmids into the left mPFC and right somatosensory cortex sequentially,
the pEGFP-CAGGS vector was injected into the left ventricle and transfected by in utero electroporation at E14.5. Immediately after transfection of
pEGFP-CAGGS at the concentraion of 1 mg/ml, pCAGGS1-Reelin, or
pCAGGS1-Fyn Y531F and pCAG-tdTomato vectors at concentrations of
2.5–7.5 mg/ml and 2.5 mg/ml, respectively, were introduced into the right
somatosensory cortex by in utero electroporation. The second electroporation was performed within ⬃5 min of the first.

Immunohistochemistry
Coronal slices of the brains were prepared as described previously (Tabata and Nakajima, 2001). Sections were first washed with 0.05% Triton
X-100 in PBS and then blocked in 10% normal goat serum or 10%
normal donkey serum and PBS for 30 min. Sections were incubated with
the primary antibody in 5% normal goat serum or normal donkey serum,
0.05% Triton X-100, and PBS at 4°C overnight. We used the following
primary antibodies: rabbit anti-GABA (1:1000, Sigma), rabbit anti-CDP
(Cux1) (1:200, Santa Cruz Biotechnology), rabbit anti-Tbr1 (1:1000,
kindly provided by Dr. R. F. Hevner), rabbit anti-GFP (1:1000, MBL),
mouse anti-NeuN (1:200, clone A60; Millipore), mouse anti-Satb2 (1:
200, SATBA4B10; Abcam), and rabbit anti-RFP (1:200, Rockland). To
detect GABA, the sections were incubated at 85°C in 0.01 M citrate buffer, pH 6.0, for 10 min before the treatment with the primary antibodies.
To detect Cux1, NeuN, and Satb2, the sections were incubated at 70°C in
HistoVT One (Nacalai Tesque) for 20 min before the incubation with the
primary antibody. The sections were then rinsed several times with
0.05% Triton X-100 in PBS and incubated with fluorescence-conjugated
secondary antibodies (goat Alexa-594 anti-rabbit or anti-mouse, donkey
Alexa-555 anti-rabbit or anti-mouse, goat Alexa-488 anti-rabbit or antimouse, donkey Alexa-647 anti-rabbit or anti-mouse, 1:1000, Invitrogen)
for 1 h at room temperature. In some sections, the nuclei were labeled
with DAPI (1:5000, Invitrogen) or propidium iodide (1:1000, Invitrogen). Images were acquired through a confocal microscope (FV1000,
Olympus) and fluorescence microscope (BX50, Olympus) equipped
with a CCD camera (VB-7010, Keyence).

Drug-induced seizure test
Pentylenetetrazole (PTZ) (Sigma) was dissolved in 0.9% NaCl and injected intraperitoneally every 10 min to P28 mice at a concentration of 25
mg/kg and dose of 10 l/g body weight. Injections of PTZ were continued
until the drug elicited a generalized tonic-clonic seizure. Immediately
after a generalized tonic-clonic seizure was observed, the mice were
deeply anesthetized and fixed in 4% PFA. The seizure intensity was classified on Becker’s 5 point scale (Becker et al., 2000), modified by Racine
(Racine et al., 1972).

Behavioral analyses
Y-maze. Working memory was assessed by the spontaneous alteration
behavior in the Y-maze test. The gray-painted maze has three arms,
each arm being 40-cm-long, 15-cm-high, 3-cm-wide at the bottom
and 12-cm-wide at the top. The test was conducted as described
previously (Sarter et al., 1988; Maurice et al., 1994), with minor modifications. Each mouse (CA-Fyn, n ⫽ 13; control, n ⫽ 14; hM3Dqcontrol, n ⫽ 27; hM3Dq-CA-Fyn, n ⫽ 15; P6W male mice in each
group were randomly selected from 4 –7 dams) was placed at the end
of one arm and allowed to explore freely for 8 min. Then, the series of
arm entries was recorded both visually and by video recording. When
the hindpaws of a mouse were placed on the arm, the mouse was
considered to have entered the arm. Alternation behavior was defined
as complete entry into the each arm, on overlapping triplet sets. The
percentage alternation was calculated as the ratio of the actual (total
alterations) to possible (total entries ⫺ 2) ⫻ 100. In the case of the
hM3Dq-CA-Fyn and hM3Dq-control mice (see Fig. 6), the animals
were given intraperitoneal administration of 6 mg/kg clozapine-Noxide (CNO) or 0.9% saline 1 h before the task.
Three-chamber social interaction test. The arena of apparatus (40 ⫻ 60
cm 2, 20 lux, O’Hara) is divided into left, center, and right areas by transparent walls with a small opening. The left and right areas contain two
round cages (8 cm in diameter) at the corner. The tests were performed as
previously described (Faizi et al., 2012; Won et al., 2012), with slight
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modifications. In Session 1 for habituation, the mice with heterotopia or
control mice (Reelin, n ⫽ 20; control, n ⫽ 13; P14-P19W male mice in
each group were randomly selected from 5 dams; CA-Fyn, n ⫽ 8; control,
n ⫽ 8; P16W male mice in each group were randomly selected from 4
dams) were placed in the center area and allowed to explore the whole
arena freely for 10 min. In Session 2, the mice were allowed 10 min
explorations of the new environment of the arena where an inanimate
object and a stranger mouse (stranger 1) occupied each cage. In Session 3,
the object was replaced with another stranger mouse (stranger 2), and the
test mice were allowed to explore the arena freely for 10 min. The behaviors of the mice were recorded using the ImageJ CSI software (O’Hara)
The time spent in sniffing the cages, defined as touching the cage with the
nose or forelimbs, was measured manually.
IntelliCage (TSE Systems): test apparatus. The mice were housed in the
animal facility at a controlled temperature of 22°C–24°C and humidity of
40%– 60%, under a 12/12 h light/dark cycle (lights on: 08:00 –20:00 h).
Male pups in each group (control, Reelin, CA-Fyn, DN-Cdk5) were randomly selected per 3– 6 dams for the behavioral tests using IntelliCage to
minimize litter effects. IntelliCage is a computer-based, fully automated
testing apparatus that is used to analyze the spontaneous and cognitive
behaviors of RFID-tagged mice in a home cage. In short, it is a large
plastic cage (55 ⫻ 37.5 ⫻ 20.5 cm) equipped with four triangular operant
learning chambers (corners, hereafter) (15 ⫻ 15 ⫻ 21 cm) that fit inside
each corner of the cage. RFID readers, infrared sensors, and lickometers
allow simultaneous monitoring of up to 16 RFID-tagged mice housed in
the IntelliCage apparatus. The mice are allowed to enter the corner (corner visit, hereafter) through a short narrow tunnel that functions as an
RFID antenna. Only one mouse can enter the corner at a time due to the
limited size of the tunnel and the corner. In the inner space of the corner,
the mice can access two nosepoke holes equipped with an infrared beambreak response detector. A nosepoke can trigger the opening of a motorized access gate to a water-bottle nozzle (gate, hereafter). In the
IntelliCage, the time and duration of each behavioral event (corner visit,
nosepoke, lick, etc), the mouse ID, and the corner ID are automatically
recorded through the RFID readers, infrared sensors, and lickometers. A
total of two IntelliCage apparatuses were used in this experiment. Acclimation: In this test, 7-month-old mice (Reelin, n ⫽ 9; control, n ⫽ 7)
were housed and tested together in one IntelliCage apparatus throughout
the experiment. All the mice were implanted with an RFID chip subcutaneously 1 week before the experiment, under anesthesia with diethyl
either (Wako). The protocol of acclimation to the IntelliCage apparatus
was based on that reported in a previous study, with some modifications.
All the mice were introduced to the IntelliCage at 10:00 A.M. During the
first 5 d of acclimation, the gates in all the corners through which mice
could access the water-bottle nozzle were kept open, thereby allowing
the mice to drink water ad libitum from all corners. Next, the shaping
of the nosepoking behavior was performed for a total of 6 d. In this phase,
all the gates in front of the water bottle nozzle were closed initially so that
the mice had to poke with their noses to open the gate and drink water.
The gate could be opened by an action of a nosepoke and was closed 4 s
later. During the first day of the shaping, the mice were able to obtain
access to the water by nosepokes throughout the day. From the second
day of shaping, the nosepokes allowed opening of the gates only for a 3 h
period, from 22:00 to 01:00 h, during the dark phase. In other words, all
the mice were deprived of water except during this 3 h period. A red
light-emitting diode, which was attached to the outside of the cage, was
kept dimly lit throughout the 3 h period to signal the water availability
period. Likewise, during this period, the red light-emitting diodes in the
corners were lit when the mice made a visit. Competition task: After the
acclimation, the competition task was initiated. Similar to the case in
the last phase of acclimation, the mice were deprived of water throughout
the test period, except for the 3 h period of 22:00 to 01:00 h every day.
During the 3 h period, the mice were permitted to drink water for 4 s in
each corner visit after the first nosepoke. Staying in or reentering the
same corner did not yield the reward of additional water. The behaviors
of the mice with Reelin-induced heterotopias and the control mice were
compared in a total of 52 sessions. In Sessions 1–28, all the mice competed to enter the four corners for drinking water after the period of
water deprivation (first highly competitive condition). In Sessions 29 –
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35, the mice were divided into groups and tested in different cages (less
competitive condition). Subsequently, after Session 35 (Sessions 35–50),
they were again housed together and tested in a same cage (second highly
competitive condition). The duration of the corner visit per minute and
the latency to reach the peak of the corner visit duration after the session
had started were used as indices to assess the level of dominance of the
mice under the competitive condition for the water reward. For the case
of the mice with heterotopia induced by CA-Fyn (CA-Fyn, n ⫽ 8; control, n ⫽ 8) and DN-Cdk5 (DN-Cdk5, n ⫽ 8; control, n ⫽ 8), the competition task was performed with 3-month-old mice for 13 d after
acclimation.

ISH
ISH has been described previously (Bepari et al., 2012). In brief, to detect
c-fos mRNA, hybridization was performed with digoxigenin (DIG)labeled c-fos cRNA probes (Pizoli et al., 2002). DIG-labeled c-fos cRNA
was allowed to react with an alkaline phosphatase-conjugated anti-DIG
antibody (1:5000 dilution, Roche), with NBT/BCIP (Roche) used as the
chromogen. The sections were counterstained with Nuclear Fast Red
(Sigma).

Laser microdissection and mRNA quantification
The prelimbic (PrL) and anterior cingulate cortex (ACC) regions were
dissected by laser microdissection (LMD7000, Leica Microsystems) from
the brain tissues obtained within an hour after the last behavioral test and
collected into the caps of 0.2 ml microtubes (BIO-BIK BT-02LC, InaOptika). Regions from the right and left hemisphere were collected into
separate microtubes, and analyzed separately, for each mouse. The total
volume of the collected laser-microdissected tissues ranged from 600,000
to 1 million m 2 ⫻ 20 m; the tissues were spun down by centrifugation
at 15,000 ⫻ g for 1 min and then suspended in the CellAmp Processing
Buffer (CellAmp Direct RNA Prep Kit, Takara) containing proteinase K
(0.3 U, Takara) in a volume of 2.0 l per 100,000 m 2 of the collected
tissues. Following 30 min of incubation at 50°C, the samples were sonicated for 1 min and incubated at 75°C for 5 min to inactivate proteinase
K. CellAmp Processing Buffer containing DNase I (CellAmp Direct RNA
Prep Kit; Takara) in a 9:1 ratio was added to the RNA-containing solution (0.5 l per 100,000 m 2 of the collected tissues) and incubated at
37°C for 5 min. Following addition of a mixture of Easy Dilution (Takara) and RNase-free water in a 1.25:1 ratio (4.5 l per 100,000 m 2 of
collected tissues), the DNase I was inactivated by incubation at 75°C for
5 min. The solution containing RNAs was reverse-transcribed using PrimeScript (Takara) with both oligo-dT20 and random N6 primers. Gene
expression analysis was performed by SYBR Green I-based real-time PCR
using a Light Cycler instrument (Roche Molecular Biochemicals) and the
Thunderbird qPCR mix (Toyobo). Primers were designed as shown below (18SrRNA, forward, GGACCAGAGCGAAAGCATTTG; reverse,
TTGCCAGTCGGCATCGTTTAT; Arc, forward, CAGAGCCAGGAGA
ATGACAC; reverse, GCAGCTTCAGGAGAAGAGAG).
In vivo electrophysiological recording and optogenetics: surgical preparation. Mice at 6 weeks of age were anesthetized with urethane (1.6 g/kg)
and fixed to a stereotaxic apparatus (SR-6M, Narishige Scientific Instrument). Their body temperature was maintained at 37 ⫾ 0.5°C using a
heating pad during the surgical and recording procedures. A craniotomy
(⬃1 mm in diameter) was performed to make two holes: one 2.0 mm
anterior to the bregma and 0.5 mm lateral to the midline on the right, and
the other 1.5 mm posterior to the bregma and 2.5 mm lateral to the
midline on the left. An optical fiber (Ø 0.5 mm, Eska, Mitsubishi Rayon)
was inserted into the latter hole and fixed at 1.5 mm. A silicon probe
(linear 16-electrode array, 100 m interval, 177 m 2 recording site area,
15 m thickness, NeuroNexus Technologies) coated with DiI (D-282,
Invitrogen; 80 mg/ml in a 50:50 methanol/acetone mixture) was inserted
into the first hole to a depth of 1.8 mm. Two small screws were inserted
into the occipital bone in contact with dura for grounding and reference.
Extracellular recording, illumination: Recording sessions were started ⬎1
h after the insertion of the probes. Local field potentials (LFPs) were
recorded at 24.42 kHz with a bandpass filter (0.1 Hz to 5 kHz) after being
amplified (10,000⫻) (TDT RZ-2, Tucker-Davis Technologies). The LFPs
were filtered between 300 and 3000 Hz to detect multiunit activities. To
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activate the step-function opsin, ChR2(C128S), a blue and yellow light
pair (475 nm, 3.8 mW at the tip of an fiber, 0.5 s duration and 575 nm, 4.5
mW, 1 s; Lumencor SPECTRA light engine, Lumencor) was delivered
with a 30 s interval.

Data analyses
To analyze the density of the GABAergic interneurons in Figure 1V–X,
images of the somatosensory cortex were obtained and the numbers of
the cells in the heterotopias and normal upper cortical layers were
counted using the ImageJ 1.43u software (Wayne Rasband, National
Institutes of Health); the percentage of these cells relative to the total cell
counts in the corresponding areas (the heterotopias or normal upper
cortex) were calculated. We used Student’s t test to compare two independent groups. In Figure 1Y, the average cumulative doses of PTZ that
were needed to induce generalized tonic-clonic seizures were calculated
and tested by Student’s t test. In Figure 3A, data were analyzed by a paired
t test to determine the preference for either cage within each group, and
by Student’s t test to analyze the difference between two groups. In Figure
3B–F, the means ⫾ SEM of the latencies to reach the peaks of the corner
visit durations in the heterotopia group were compared with those in the
control group by multiple comparisons with Bonferroni’s correction.
The results of one-way ANOVA followed by Bonferroni’s test for multiple group comparisons are shown in Figure 4B. In Figure 4C, the expression levels of Arc-mRNAs in the PrL and ACC are presented as copy
numbers relative to the expression level of 18S rRNA, calculated using
standard curves. The copy number of Arc in each group was compared
with control group by Student’s t test. In Figure 5, data from the acquired
units were stored in a disk and analyzed using software custom-written in
MATLAB (The MathWorks). All data were expressed as mean ⫾ SD. A
two-factor mixed ANOVA followed by a simple main effect test with a
Benjamini and Hochberg multiple testing correction was used for the
statistical analysis of electrophysiological data. Values were considered
statistically significant at p ⬍ 0.05. In Figure 6, one-way ANOVA followed by Tukey’s honestly significant difference (HSD) test was used for
multiple group comparisons.

Results
Generation of a mouse model of heterotopias that persisted
for a long time, similar to human heterotopias
Ectopic expression of Reelin by in utero electroporation induced
neuronal aggregation in the developing mouse neocortex (Kubo
et al., 2010). To examine whether the mouse with Reelin-induced
neuronal aggregation is a valid model for investigation of human
heterotopias, we characterized the aggregates in the postnatal
stages. We performed in utero electroporation at embryonic day
(E) 14.5 to introduce the expression vectors for Reelin and EGFP,
and analyzed the brains in the postnatal stage (Fig. 1A). The
EGFP-labeled cells formed heterotopias mainly in the white matter, whereas some EGFP-positive cells that did not participate in
the heterotopias (hereafter referred to as “sister neurons in the
overlying cortex”) were located in the upper cortical layers (Fig.
1 B, B⬘,C). In most of the animals, the heterotopias persisted for at
least 6 months after the electroporation (data not shown). Transfection of the expression vectors for CA-Fyn or DN-Cdk5 also
caused aggregation of ectopic neurons within the subcortical regions, similar to the Reelin-induced heterotopias (Fig. 1 D, E). To
examine whether these three types of heterotopias shared similar
features, we performed immunohistochemical analyses for the
layer markers. The majority of the cells within the heterotopias
were NeuN-positive, a marker of mature neurons (Fig. 1G–I⬘),
Cux1-positive, a marker of layer II/III and IV neurons (Fig. 1K–
M⬘), and Satb2-positive, a callosal neuron marker (Fig. 1O–Q⬘).
By contrast, cells positive for Tbr1, a marker of layer VI and
subplate neurons, were scarcely observed (Fig. 1S–U⬘). Thus, the
three types of heterotopias induced by different molecules (Reelin, CA-Fyn, and DN-Cdk5) showed common cellular identities.
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Figure 1. Ectopic expression of Reelin resulted in the formation of subcortical heterotopias in the postnatal mouse cortex. A, Schematic representation of the in utero electroporation at E14.5. The
coronal brain schema is shown. Green circle represents the Reelin-induced heterotopia located in the somatosensory cortex. B, Bⴕ, Heterotopias in the white matter in the P14.5 mouse neocortex
following transfection of both Reelin and EGFP at E14.5. Nuclei counterstained with DAPI (cyan). The area between the two dashed lines indicates the white matter. Scale bars, 100 m. C, Eight serial
coronal sections of the P14.5 mouse brains are shown. The heterotopias are distributed along the rostrocaudal axis over a length of ⬃1480 m. Each section was 20 m thick. The grayscale images
of EGFP are inverted. D, A P30 brain with a heterotopia induced by CA-Fyn. E14.5 brains electroporated with pCAG-CA-Fyn and EGFP expression vectors and fixed at P30. Nuclei counterstained with
DAPI. Scale bar, 200 m. E, Heterotopic neurons located within the white matter in the P16 brain transfected with DN-Cdk5. E14.5 brains electroporated with the CGC-DN-Cdk5 and EGFP expression
vectors and fixed at P16. Nuclei counterstained with DAPI. Scale bar, 200 m. F–Uⴕ, E14.5 brains transfected with Reelin, CA-Fyn, DN-Cdk5, or pCAGGS1 (control) and EGFP expression vectors, and
fixed at P14 (Reelin, CA-Fyn, and control) or P16 (DN-Cdk5). F–Iⴕ, Brains immunostained with anti-NeuN antibody (magenta), a marker of mature neurons. Heterotopias (Figure legend continues.)
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Next, we checked the number of GABAergic interneurons in
the heterotopias (induced by Reelin) using an anti-GABA antibody. The proportion of GABA-positive cells in the cells within
the heterotopias was significantly lower than that in the upper
cortical layers (layer II-IV) in the control mice ( p ⫽ 0.00034,
Student’s t test) (Fig. 1V–X ). The significant decrease in the proportion of GABA-positive cells in the heterotopias indicates that
the ratio of excitatory/inhibitory neurons might be altered in
heterotopias compared with that in the normal overlying cortical
layers.
Human patients with heterotopias frequently manifest epilepsy. Hence, we next tested whether mice with heterotopias (induced by Reelin) also showed increased seizure susceptibility
using PTZ, a convulsant agent (Manent et al., 2009). In the mice
with heterotopias, the average cumulative dose of PTZ required
to induce a generalized tonic-clonic seizure was significantly
lower (89.5 ⫾ 5.5 mg/kg, n ⫽ 19) compared with that in the
control mice (143.4 ⫾ 9.9 mg/kg, n ⫽ 19) (Fig. 1Y; p ⫽ 0.000031,
Student’s t test), consistent with the results of previous studies
showing that heterotopias tended to elicit seizures in both humans and animal models (Sisodiya, 2004; Manent et al., 2009).
We did not find any apparent spontaneous seizure in the mice
with heterotopias, whereas we cannot exclude the possibility that
the mice had small focal seizures.
The cortical regions containing the heterotopias were
connected to other brain regions
Because the neurons within the heterotopias expressed markers
for callosal neurons (Fig. 1O–Q⬘), we predicted that the heterotopias might be reciprocally connected to the layer II/III neurons
in the contralateral cortex. To examine this possibility, we performed bilateral in utero electroporation. To visualize the axonal
projections from the contralateral hemisphere to the cortex with
the heterotopias, we transfected Reelin or CA-Fyn and EGFP
first, followed immediately thereafter by transfection of tdTomato to the contralateral hemisphere (Fig. 2A). The results of the
examination revealed that the tdTomato-labeled cells were normally located in the layer II/III of the contralateral hemisphere
and extended their axons through the corpus callosum toward
the opposite hemisphere. In the control brains, the arborization
of the tdTomato-labeled axons in the opposite hemisphere was
4
(Figure legend continued.) induced by Reelin, CA-Fyn, and DN-Cdk5 are shown in (G, Gⴕ), (H,
Hⴕ), and (I, Iⴕ), respectively. Scale bars: Fⴕ, 200 m; Gⴕ, Hⴕ, Iⴕ, 100 m. J–Mⴕ, Sections were
immunostained with anti-Cux1 (magenta), a marker of layer II-IV neurons. Heterotopias induced by Reelin, CA-Fyn, and DN-Cdk5 are shown in (K, Kⴕ), (L, Lⴕ), and (M, Mⴕ), respectively.
Scale bars: Jⴕ, 200 m; Kⴕ, Lⴕ, Mⴕ, 100 m. N–Qⴕ, Sections were immunostained with antiTbr1 (magenta), a marker of deep layer neurons. Heterotopias induced by Reelin, CA-Fyn, and
DN-Cdk5 are shown in (O, Oⴕ), (P, Pⴕ), and (Q, Qⴕ), respectively. Scale bars: Nⴕ, 200 m; Oⴕ, Pⴕ,
Qⴕ, 100 m. R–Uⴕ, Brains with heterotopias were immunostained with an antibody against
Satb2 (magenta), a marker of callosal neurons. Heterotopia induced by Reelin, CA-Fyn, and
DN-Cdk5 are shown in (S, Sⴕ), (T, Tⴕ), and (U, Uⴕ), respectively. Scale bars: Rⴕ, 200 m; Sⴕ, Tⴕ,
Uⴕ, 100 m. V–X, Quantitative analysis of GABAergic interneurons in the brains with heterotopias and control brains was performed. V–Vⴖ, P28 control brains transfected with EGFP at
E14.5. W–Wⴖ, P28 brains with heterotopias that were transfected with Reelin and EGFP at
E14.5. The GABAergic interneurons (magenta or gray) immunostained with anti-GABA antibody. Vⴖ, Wⴖ, Higher-magnification images of the areas in the white squares in Vⴕ and Wⴕ,
respectively. Scale bars: V, W, 100 m. X, Data are mean ⫾ SEM of the proportion of GABApositive neurons relative to the total cell count in the heterotopias and normal upper layers of
the cortex are shown (n ⫽ 5 each). **p ⫽ 0.00034 (Student’s t test). Y, Statistical analyses of
the cumulative dose of PTZ that induced generalized seizures in the mice with heterotopias and
the control mice at P28. ***p ⫽ 0.000031 (Student’s t test). n ⫽ 19 each. Data are mean ⫾
SEM.
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clearly visualized (Fig. 2 B, E). Interestingly, when the heterotopias were formed, the contralateral neuron-derived tdTomatopositive fibers heavily invaded the heterotopias (Fig. 2C–D), and
few tdTomato-labeled fibers reached the cortex overlying the heterotopias (Fig. 2F, white arrows). These findings indicate that
focal heterotopias could affect the contralateral cortical functions
through disruption of the normal corticocortical circuits.
During our investigation, we observed the axonal projections
from the heterotopias to the amygdala. To visualize the amygdala as
well as the projections from the heterotopias and their overlying
sister neurons, we performed in utero electroporation sequentially
and bilaterally (Fig. 2G). First, the left mPFC was transfected with
EGFP by in utero electroporation at E14.5, as previously described
(Niwa et al., 2010), to visualize the amygdala that is targeted by the
left mPFC. Immediately thereafter, Reelin and tdTomato expression
vectors were introduced into the right somatosensory cortex and the
mice were killed at P14.5. The neurons in the medial wall of the PFC,
which includes the PrL and ACC, were labeled with EGFP (Fig. 2H),
and the basolateral amygdala (BLA) was clearly visualized by the
mPFC-derived EGFP-positive axon terminals (Fig. 2J–K⬘). In the
somatosensory cortex, tdTomato-positive heterotopias were located
in the white matter. A proportion of the sister neurons in the overlying cortex were also transfected (Fig. 2I). Importantly, we observed
that many tdTomato-positive fibers reached the ipsilateral BLA,
whereas the contralateral BLA also received a few tdTomato-positive
axons (Fig. 2J–K⬘), indicating that the axons derived from the heterotopias and their overlying sister neurons projected to the BLA.
These results suggest that neurons in the cortical region containing
the heterotopias send axons to the amygdala.
Collectively, these histological analyses revealed that the cortical regions containing the heterotopias and their sister neurons
were connected with other brains regions (e.g., the contralateral
cortex and amygdala).
Mice with heterotopias showed behavioral alterations
Because autistic behaviors have been reported in human patients
with focal heterotopias, we examined whether focal heterotopias
also affected mouse behavior. To examine the sociability of the
mice with heterotopias induced by Reelin or CA-Fyn, we performed the three-chamber sociability tests. First of all, the results
revealed no preference of the mice for a vacant cage during habituation in either the heterotopia group or the control group
(Reelin, p ⫽ 0.26; control, p ⫽ 0.82, paired t test; Fig. 3Aa, left
graph; CA-Fyn, p ⫽ 0.77; control, p ⫽ 0.27, paired t test; Fig. 3Ad,
left graph). In Session 2, performed for assessment of the sociability, all groups preferred the mouse over the object ( p ⬍ 0.001,
paired t test), and the time spent sniffing at the mouse was similar
between the groups (Reelin vs control, p ⫽ 0.061; CA-Fyn vs
control, p ⫽ 0.97, Student’s t test; Fig. 3Ab,Ae, middle graph). In
Session 3, performed to test social recognition, both groups
showed preference for the stranger mouse ( p ⬍ 0.05, paired t
test), and there were no significant differences between the
two groups (Reelin vs control, p ⫽ 0.90; CA-Fyn vs control,
p ⫽ 0.75; Fig. 3Ac,Af, right graph). Together, we demonstrated
that the sociability and social recognition of mice with heterotopias were comparable with those of the control mice in the
three-chamber test.
To further evaluate the social behavior, we used the IntelliCage apparatus (TSE Systems), which is a fully automated behavioral testing system that sensitively detects the behavioral
alterations of mice in a group-housed environment (Endo et al.,
2012; Benner et al., 2014). During the first day of acclimation, the
number of corner visits during the first 4 h was used as the index
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Figure 2. Connections were formed between the cortical region containing the heterotopias and other brain regions. A, Schematic representation showing the procedure of in utero
electroporation to the somatosensory cortex of both sides. The brain scheme illustrates the callosal projections (a red arrow) from the left hemisphere extending into the heterotopia (Ht)
in the right cortex (green) through the corpus callosum. B, Control brains electroporated with tdTomato only in the left somatosensory cortex. C–Dⵯ, EGFP-positive cells (green)
distributed within the heterotopia (C–Cⵯ, Reelin; D–Dⵯ, CA-Fyn) and in the overlying cortex. tdTomato-positive fibers (red) from the left cortex extending into the heterotopia located
in the right cortex. Nuclei counterstained with DAPI (blue). Cⴖ, Cⵯ, Higher-magnification images of F. Dⴖ, Dⵯ, Higher-magnification images of D. E, High-magnification image of the
portion in the right part in B. White arrow indicates the projections from contralateral hemisphere. F, Contralateral axons were found projecting into the regions with Reelin-induced
heterotopia (yellow arrow). White arrows indicate the projections from the contralateral hemisphere. Scale bars: B–Cⴕ, D, Dⴕ, Dⵯ, E, F, 200 m; Cⵯ, 100 m. G, Illustrations represent
the procedures of the sequential and bilateral in utero electroporation. A schematic representation showing the projections from the heterotopia (red) and the mPFC (green) to the BLA.
H–Kⴕ, P14.5 brains show the left mPFC and right heterotopia labeled with GFP and tdTomato, respectively. The green cells are mPFC neurons (H). tdTomato-positive (red) heterotopia
and the overlying cortex were observed in the left somatosensory cortex (I). J–Kⴕ, Both EGFP- and tdTomato-labeled axons terminated in the BLA bilaterally. Nuclei counterstained with
DAPI (blue). Scale bars: H, I, 200 m; J, K, 100 m.
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Figure3. Micewithheterotopiasexhibitabnormalbehaviors.A,Three-chambersociabilitytestsofthemicewithheterotopiasinducedbyReelin(Aa–Ac)andthemicewithheterotopiasinducedbyCA-Fyn(Ad–Af).Left
graphs (Aa, Ad) represent the total sniffing times of the control mice and mice with heterotopias in the left and right vacant cages during habituation. Middle graphs (Ab, Ae) represent the total times spent in sniffing the
miceortheobjects.Rightgraphs(Ac,Af)representthetotaltimesspentsniffingthefamiliarmiceandthestrangermice.Dataaremean⫾SEM.*p⬍0.05(pairedttest).**p⬍0.001(pairedttest).n.s.,Notsignificant.B,Left
graphrepresentstheaveragenumberofcornervisitsofeachgroupduringthefirst4h(acclimationday1).Rightgraphrepresentstheaveragenumberofcornervisitsofeachgroupperday(acclimationday2–5).C,Leftpart
represents the experimental flow chart of the behavioral test using the IntelliCage. Two mice with heterotopias were excluded because of severe hydrocephalus; finally, 7 mice with heterotopias and 7 control mice were
analyzed.Graphsrepresentthecornervisitdurationduringthe2hthroughoutthesessionsforeachgroupinthecompetitiontask.Ca,Cc,Thedurationsofthecornervisitsunderthefirstandsecondhighlycompetitivecondition,
respectively. Cb, The durations under the less competitive condition. D–F, The latency to reach the peaks of the corner visit durations under each condition (first highly competitive, less competitive, and second highly
competitive) are shown as mean ⫾ SEM. D, Reelin-induced heterotopia group versus the control group (Reelin, n ⫽ 7; control, n ⫽ 7). *p ⫽ 0.037 (multiple comparison test with Bonferroni correction). E, Data for the
CA-Fyn-inducedheterotopiagroupversusthecontrolgroup(CA-Fyn,n⫽8;control,n⫽8).*p⫽0.013(multiplecomparisontestwithBonferronicorrection).**p⫽0.00010(multiplecomparisontestwithBonferroni
correction).F,DatafortheDN-Cdk5-inducedheterotopiagroupversusthecontrolgroup(DN-Cdk5,n⫽8;control,n⫽8).*p⫽0.0070(multiplecomparisontestwithBonferronicorrection).High(first),firsthighlycompetitive
condition;Less,lesscompetitivecondition;High(second),secondhighlycompetitivecondition.G,GraphshowingthealternationbehaviorinthemicewithheterotopiasinducedbyCA-Fynandthecontrolmice(heterotopias,
65.9⫾1.5%,n⫽15;control,71.9⫾1.9%,n⫽14).*p⫽0.023(Student’sttest).Dataaremean⫾SEM.
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of novel environment-induced exploratory behavior. From days
2–5 (acclimation period), the number of corner visits was considered to reflect the basal activity.
In our first statistical analysis, we did not find any significant
differences in the behavioral phenotype between the Reelininduced heterotopia group and the control group (data not
shown) (heterotopia, n ⫽ 9; control, n ⫽ 7). However, in our
later histological analyses of the brains, we found that two mice in
the Reelin-induced heterotopia group showed severe hydrocephalus, which is a well-described artifact caused occasionally by the
in utero electroporation technique itself (Tabata and Nakajima,
2008). Because the hydrocephalus could cause nonspecific brain
dysfunction, we performed a reanalysis of the data after excluding
these two mice with hydrocephalus from the Reelin-induced heterotopia group (heterotopia, n ⫽ 7; control, n ⫽ 7) (Fig. 3B–D).
As with the results, we found no statistically significant differences in the exploratory behavior or basal activity between the
groups (Fig. 3B), suggesting the absence of any differences in the
motivation and motor functions between the two groups. Under
the highly competitive condition, during which the mice had to
compete to occupy the corners with rewards, the latency to reach
the peak of corner visit duration in the heterotopia group was
significantly higher compared with that in the control group ( p ⫽
0.037, multiple comparison test with Bonferroni correction)
(Fig. 3Ca,D). This indicated that the mice with heterotopias
showed low dominance behavior under the highly competitive
condition. Under the subsequent less competitive condition,
during which the heterotopia group and control group were separated from each other and tested in two IntelliCage apparatuses,
the difference in the latency to reach the peak of corner visit
duration was diminished (Fig. 3Cb,D). This result showed that
the delayed latency to reach the peak of corner visit duration
under the highly competitive condition in the heterotopia group
was not due to a low motivation for the water reward. Finally,
under the subsequent highly competitive condition again, during
which all the mice were kept together and tested in a single IntelliCage apparatus again, the latency to reach the peak of corner
visit duration in the heterotopia group was again delayed compared with that in the control group, although the difference did
not reach statistical significance (Fig. 3Cc,D). Moreover, the mice
with heterotopias induced by CA-Fyn and DN-Cdk5, which did
not show hydrocephalus, also showed low dominance behaviors
under the highly competitive condition (Fig. 3E, p ⫽ 0.00010, p ⫽
0.013; Fig. 3F, p ⫽ 0.0070, multiple comparison test with Bonferroni correction), suggesting that the low competitive behavior
was not simply produced by Reelin, but by the presence of focal
heterotopias in the somatosensory cortex. Thus, together with
the consistent results across the three types of heterotopias, these
observations indicate that the mice with focal heterotopias displayed a low competitive dominance behavior.
Because the low competitive dominance behavior was most obvious in the mice with heterotopias induced by CA-Fyn compared
with the other two models (Fig. 3E), we used the CA-Fyn-induced
heterotopia for the subsequent experiments. Next, to further examine whether the mice with heterotopias exhibited cognitive dysfunction (e.g., working memory deficit), the spontaneous alternation
behavior was assessed by the Y-maze test. The percentage alternation
of the mice with heterotopias (CA-Fyn) was significantly lower than
that of the control mice (heterotopia, 65.9 ⫾ 1.5%, n ⫽ 15; control,
71.9 ⫾ 1.9%, n ⫽ 14, p ⫽ 0.023, Student’s t test) (Fig. 3G).
Dominance hierarchy-related behavior and a spatial working
memory have been shown to be closely associated with the mPFC
activity in rodents (Seamans et al., 1998; Wang et al., 2011; Endo
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Figure 4. Immediate-early gene expression was decreased in the brain (PrL) with heterotopias. A, Representative mPFC images of the brains with heterotopias induced by CA-Fyn (Heterotopia) and control brains (Control). ROIs indicate PrL area. B, Quantitative analysis of the
number of c-fos-positive cells in the PrL (CA-Fyn, n ⫽ 13; control, n ⫽ 14). Data are mean ⫾
SEM. *p ⬍ 0.05, **p ⬍ 0.001 (one-way ANOVA followed by Bonferroni test). C, Quantification
of Arc mRNA in the ACC and PrL regions in the mice with heterotopias and the control mice by
qPCR. Blue and red dots indicate the data from regions contralateral (contra.) and ipsilateral
(ipsi.) to the heterotopias, respectively (Heterotopia, n ⫽ 6; Control, n ⫽ 7). *p ⫽ 0.049
(Student’s t test).

et al., 2012). Therefore, we hypothesized that the neuronal activity in the mPFC might be decreased in the mice with heterotopias.
To examine this, we performed ISH analysis for c-fos expression,
an immediate-early gene, in the mPFC. The number of c-fospositive cells in the contralateral PrL regions was significantly
decreased in the mice with heterotopias induced by CA-Fyn compared with the control mice (Fig. 4 A, B; one-way ANOVA, F ⫽
6.25, p ⫽ 0.0011, heterotopia, n ⫽ 13; control, n ⫽ 14, p ⫽ 0.0016,
control contra. vs heterotopia contra.; p ⫽ 0.0052, control ipsi. vs
heterotopia contra.; p ⫽ 0.036, heterotopia ipsi. vs heterotopia
contra., Bonferroni test).
To investigate whether the decrease of the neuronal activity in
the mPFC was also observed in other heterotopia models, we next
measured the mRNA expression levels of Arc, a gene induced by
synaptic activity, in the brains with Reelin-induced heterotopias.
The PrL and ACC regions in the mPFC were obtained by laser
microdissection, and the amount of Arc mRNA in each region
was compared between the heterotopia group and controls by
quantitative PCR (qPCR). The copy number of Arc mRNA in the
contralateral PrL was significantly decreased in the mice with
heterotopias compared with that in the controls. Arc mRNA expression in the ipsilateral PrL and ACC was also decreased in the
mice with heterotopias, although the difference did not reach
statistical significance (Fig. 4C; p ⫽ 0.049, Student’s t test). These
results are consistent with the above-mentioned results from the
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Figure 5. Heterotopias in the somatosensory cortex altered the LFP activities of the mPFC. A, Left, Experimental setup for in vivo electrophysiological recording from the PrL (magenta) and
optogenetic stimulation of CA-Fyn-induced heterotopia (green). An optical fiber and a 16-ch silicon probe were inserted into the brain just above the PrL and the heterotopia, respectively. Right,
Representative LFP traces from the PrL of a mouse with heterotopia. Blue and yellow areas represent the effect of light illumination by the respective colors, on the heterotopias in the somatosensory
cortex. Calibration: 1 mV, 0.2 s. B, Expanded view of representative LFP traces from the PrL of mice with or without heterotopias. Pre-stim., prestimulation; stim., stimulation; post-stim.,
poststimulation. Calibration: 0.1 mV, 0.3 s. C, Power spectrum densities of the LFPs from the PrL of mice with and without heterotopias recorded before (left panel) and after (right panel) optical
stimulation of the somatosensory cortex. Gray areas represent the ␦-band (0.5–3.5 Hz). The LFP power at the ␦-band before stimulation (left panel) was lower in the mice with heterotopias than
in the control mice. *p ⬍ 0.05 (two-factor mixed ANOVA).

brains with CA-Fyn-induced heterotopias, suggesting that the
mPFC activity is decreased in mice with heterotopias.
Presence of heterotopias in the somatosensory cortex reduced
the ␦-band power of the local field potentials in the mPFC
To examine more directly whether the presence of focal heterotopias in the somatosensory cortex indeed altered the neural
activities of the mPFC, we measured the LFPs from the deep layer
of the PrL region under spontaneous or optogenetically stimulated conditions (Fig. 5A). For manipulating the activities of the
ectopic neurons and their sister neurons in the overlying cortex,
we used the step-function opsin ChR2(C128S), whose channels
could be opened or closed by blue and yellow light illumination,
respectively. The pCAG-ChR2(C128S)-EYFP was coelectroporated with pCAG-EGFP and pCAG-CA-Fyn (heterotopia) or a
mock vector (pCAGGS1, control) into E14.5 brains; subsequently, the P6W mice were examined by in vivo electrophysiological analysis.
First, we observed the spontaneous electrical activities in the
mice with and without heterotopias (Fig. 5B). In the frequency
analysis, the LFP powers in the ␦-band (0.5–3.5 Hz) and the
-band (6.0 –9.0 Hz) tended to be lower in the mice with heterotopia than in the control mice (Fig. 5C, left). Especially, the LFP
power in the ␦-band (0.5–3.5 Hz) was significantly lower in the
mice with heterotopias than in the control mice (Fig. 5C, Prestim., LFP power: 166.5 ⫾ 4.9 vs 145.4 ⫾ 5.2, n ⫽ 5 each, F(1,8) ⫽
6.88, p ⬍ 0.05, a simple main effect of prestimulation vs poststimulation of heterotopia mouse, following two-factor mixed
ANOVA with a between-subjects factor [control vs heterotopias]

and a within-subjects factor [pre-stim. vs post-stim], which revealed no significant main effects and marginal significance in
interaction [F(1,8) ⫽ 4.50, p ⬍ 0.10]), indicating that the presence
of heterotopias in the somatosensory cortex altered the neural
activities of the PrL. However, when we stimulated the activities
of the ectopic neurons and their overlying sister neurons expressing ChR2 (C128S), the profiles of the LFP power in the mice with
heterotopias became similar to those in the control mice (Fig. 5C,
right), whereas we did not find statistically significant changes in
the LFP power of the mPFC after stimulation compared with that
before stimulation in any group of mice (F(1,8) ⫽ 1.95 for control,
F(1,8) ⫽ 2.57 for heterotopia, not significant, respectively, twofactor mixed ANOVA, n ⫽ 5 each). One possible explanation for
this is that the number of stimulated neurons was not sufficiently
large to significantly change the activity of the mPFC because the
optical light was assumed to stimulate only small populations of
neurons within the heterotopias. Nevertheless, the above results
indicate that the existence of heterotopias in the somatosensory
cortex indeed altered the neural activities of the mPFC.
Activation of the ectopic neurons and their overlying sister
neurons in the somatosensory cortex improved the spatial
working memory deficit in the mice with heterotopias
Finally, we examined whether the mouse behavior could be influenced by the changes of the neuronal activity in the heterotopias. We manipulated the neural activity of the ectopic neurons
and their overlying sister neurons during the behavioral tests
using the DREADD system. We used hM3Dq, a Gq-coupled receptor that responds specifically to CNO and induces depolariza-
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Figure 6. Manipulating the neural activities of the ectopic neurons using the DREADD system improved the spatial working memory deficit in the mice with heterotopias. A, A schematic
representation of the in utero electroporation at E14.5. An hM3Dq-expressing vector (pCAG-mCherry-hM3Dq) was coelectroporated with pCAG-EGFP and pCAG-CA-Fyn or pCAGGS1. B, An image of
the P6W brain with heterotopias. An hM3Dq-mCherry expression vector was cotransfected with the CA-Fyn and EGFP expression vectors into E14.5 brains and fixed at P6 weeks. The brain was
immunostained with anti-RFP antibody (red). Scale bar, 200 m. C, Scheme represents the time course of the injection of CNO or saline and the behavioral test. D, Graph represents the spontaneous
alternation behavior in the Y-maze test of the hM3Dq-control/saline (n ⫽ 14), hM3Dq-control/CNO (n ⫽ 13), hM3Dq-CA-Fyn/saline (n ⫽ 6), and hM3Dq-CA-Fyn/CNO (n ⫽ 9) mice. Data are
mean ⫾ SEM. *p ⬍ 0.05 (Tukey’s HSD test).

tion of the pyramidal neurons (Alexander et al., 2009). An
hM3Dq-expressing vector (pCAG-mCherry-hM3Dq) was coelectroporated with pCAG-EGFP and pCAG-CA-Fyn (hM3DqCA-Fyn) or pCAGGS1 (a mock vector, hM3Dq-control) into
E14.5 brains (Fig. 6A). The expression of hM3Dq was confirmed
by the expression of mCherry protein at postnatal 6 weeks (Fig.
6B). We performed the Y-maze tests in the mice expressing
hM3Dq to assess the spatial working memory in the presence or
absence of CNO. The mice were intraperitoneally administered
with 6 mg/kg CNO or 0.9% saline 1 h before the task (Fig. 6C).
The mice with heterotopias administered with saline (hM3DqCA-Fyn/saline) exhibited significant deficit in the spatial working
memory (Fig. 6D; hM3Dq-control/saline, 71.9 ⫾ 2.1%, n ⫽ 14;
hM3Dq-CA-Fyn/saline, 61.9 ⫾ 2.9%, n ⫽ 6, p ⫽ 0.031, Tukey’s
HSD test). Interestingly, however, the alternation behavior of
hM3Dq-CA-Fyn mice in the presence of CNO (Fig. 6D; hM3DqCA-Fyn/CNO, 72.3 ⫾ 2.1%, n ⫽ 9) was comparable with that of
control mice (Fig. 6D; hM3Dq-control/saline, 71.9 ⫾ 2.1%, n ⫽
14; hM3Dq-control/CNO, 72.9 ⫾ 2.0%, n ⫽ 13, p ⬎ 0.05, respectively, Tukey’s HSD test). These data suggest that activation of the
ectopic neurons and their overlying sister neurons in the somatosensory cortex could improve the spatial working memory
deficit.

Discussion
For the generation of heterotopias using in utero electroporation,
we first introduced Reelin as reported previously (Kubo et al.,
2010). Reelin is known to be associated with schizophrenia and
bipolar disorder (Shifman et al., 2008; Goes et al., 2010; Liu et al.,
2010), suggesting that Reelin is involved in higher brain functions. Moreover, we and another group recently found that supplementation of Reelin prevented the behavioral deficits related
to schizophrenia and bipolar disorder (Teixeira et al., 2011; Ishii
et al., 2015). Thus, there was a possibility that the Reelin protein
itself might have influenced the mouse behaviors if the focal heterotopia models were created only by Reelin overexpression.
Therefore, we also used in utero electroporation of CA-Fyn and
DN-Cdk5 to examine whether the mice with heterotopias induced by these molecules showed behavioral abnormalities. The
IntelliCage experiments revealed that all the mice with heterotopias induced by Reelin, CA-Fyn, or DN-Cdk5 exhibited low competitive dominance behavior, lending support to the notion that
the presence of heterotopias, and not Reelin, was responsible
for the behavioral deficits. We cannot, however, completely exclude the possibility that Reelin-induced synaptic modifications
and promotion of dendritogenesis during the developmental and
postnatal stages might have further modified the neuronal activ-
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ities in our Reelin-induced heterotopia model (Weeber et al.,
2002; Niu et al., 2004; Pujadas et al., 2010).
Within the heterotopias, we observed that the majority of
neurons expressed the markers of superficial layer neurons, but
not those of the deep layer neurons (Fig. 1F–U⬘). This is reasonable because the electroporation was performed at E14.5, when
the superficial layer neurons just begin to be born (Takahashi et
al., 1999). The deep layer neurons are generated before this stage,
and it is likely that they have already completed their migration
when the heterotopias are being formed.
In terms of the low proportion of GABAergic neurons in the
heterotopias (Fig. 1V–X ), it is not clear whether it was caused by
insufficient integration of GABAergic neurons into the heterotopia or by cell death, etc., after they were integrated. If the former
were true, it would be interesting to investigate how these
GABAergic neurons migrated toward the heterotopias. Cortical
GABAergic neurons are known to be born mainly in the ganglionic eminences and to migrate tangentially into the cortex (Nakajima, 2007). When they enter the cortex, they move through
the subventricular zone/intermediate zone or through the marginal zone into the developing cortex (Tanaka and Nakajima,
2012). The latter population temporarily shows random walk
movement within the marginal zone and then finally invades the
cortical plate to settle in a neuronal birth date-dependent manner
(Miller, 1985; Yozu et al., 2004; Tanaka et al., 2009). If the
GABAergic neurons in the heterotopias in our model were supplied by both the subventricular zone/intermediate zone and the
marginal zone, the migrating cells derived from the latter might
have been “trapped” in the cortical plate before reaching the
white matter, resulting in the low proportion of the GABAergic
neurons in the heterotopias.
The mice with heterotopias exhibited low competitive dominance behavior and spatial working memory deficit (Fig. 3B–G),
which have been shown to be associated with the activity of the
mPFC in rodents. Indeed, we observed decreased expression of
immediate-early genes in the PrL of the mice with heterotopias
(Fig. 4), which reflects alteration of the synaptic activities, and a
decreased power of the ␦-band (0.5–3.5 Hz) of the LFPs in the PrL
of these mice (Fig. 5C, left), suggestive of mPFC dysfunction.
These findings indicate that the presence of heterotopias in the
somatosensory cortex affected the neural activities in the mPFC.
Furthermore, the deficit in spatial working memory was no longer detected when the transfected neurons, including those in the
heterotopias, were activated in the DREADD system experiments
(Fig. 6D). Why were the behavioral phenotypes rescued in the
DREADD system experiments? Despite the abnormal neural activities of the mPFC in the mice with heterotopias, our histological analysis revealed no direct axonal connections between the
mPFC neurons and the heterotopias (data not shown). Thus, one
possible explanation is that the heterotopias and their sister neurons form a functional neuronal circuit that is connected to the
mPFC. As a result, the activity of the mPFC may be remotely
controlled by the neurons within the heterotopias and their sister
neurons through this circuit. Indeed, we found that the ectopic
neurons and their sister neurons had neuronal connections with
the BLA and the contralateral cortex (Fig. 2A–K⬘). In addition,
there is a possibility that the heterotopias and their sister neurons
are connected to regions other than the BLA and the contralateral
cortex, although we did not investigate all the connection profiles
of the heterotopias and their sister neurons. Therefore, in our
stimulation experiments, the activity of the mPFC might have
been indirectly restored by modulation of the activities of other
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regions connected to the heterotopias, their sister neurons, and
the mPFC, resulting in the mitigation of behavioral alterations.
Furthermore, in the optogenetics experiment, the differences
in the electrical activities of the mPFC between the mice with
heterotopias and the control mice largely disappeared after the
light stimulation of the somatosensory cortex (Fig. 5C, right).
However, no significant differences in the LFP power were recorded between the prestimulation and poststimulation periods
in any of the heterotopia or control groups (two-factor mixed
ANOVA; Fig. 5C). On the other hand, the LFP power in the
heterotopia group was significantly lower than that in the control
group in the prestimulation period ( p ⬍ 0.05, two-factor mixed
ANOVA; Fig. 5C, left). Namely, within each group, optogenetic
activation of the transfected neurons had no significant effect on
the neuronal activities in the mPFC. These results appear to be
less clear compared with the data obtained from the DREADD
system experiments. Because the heterotopias were distributed
over a long distance along the rostrocaudal axis (Fig. 1C), the
proportion of neurons stimulated by optical light was assumed to
be relatively small among the heterotopias; therefore, the activation might not have been sufficiently strong to produce any significant change in the activity of the mPFC. By contrast, in the
DREADD system, almost all neurons that expressed the transfected receptors could be stimulated because CNO, an activator
of the recombinant receptors, was administered systemically and
was considered to therefore have the ability to reach all the transfected receptors.
In human cases of periventricular nodular heterotopia caused
by mutation in the X-linked gene Filamin A (FLNA), there is a
possibility that the neurons located outside the heterotopias (not
only the overlying sister neurons but also other neurons) also
show impairments in their dendrites and spines (Nagano et al.,
2004). Thus, the impaired neurons located outside the heterotopias may also be involved in the development of various clinical
symptoms in human cases. However, we could not address this
possibility using our mouse models because of the technical limitations of examining the neurons outside the cortical region containing the heterotopias, which are assumed to be impaired in
human cases of periventricular nodular heterotopia, in our
mouse models. Additionally, we could neither quantify the extent
of axonal projections from the heterotopias into the BLA or the
contralateral cortex, nor evaluate the projections from the overlying sister neurons, comparing with those from the superficial
layer neurons in the normal cortex. Some studies have shown that
the overlying cortex also showed structural and functional abnormalities in mouse brains with heterotopias (Ackman et al., 2009).
Thus, the cortex overlying the heterotopias might also exert an
influence on the neural activities of the mPFC in coordination
with the heterotopias in the present study. In other words, the
cortical region containing the focal heterotopias as a whole
(“normally positioned overlying sister neurons” plus “ectopically
positioned neurons”) might affect distant brain regions, leading
to behavioral abnormalities. Because the expression constructs,
including ChR2 and hM3Dq, were transfected into both ectopic
neurons and the overlying sister neurons, both of these populations would have been stimulated by light or CNO in these experiments. It is thus not clear whether the mPFC dysfunction was
mitigated only (or mainly) by the activation of neurons in the
heterotopias or whether activation of their overlying sister neurons might also have contributed to this mitigation. Indeed, we
cannot exclude the possibility that the behavioral deficits might
have been caused/worsened by the decrease in the number of superficial layer neurons in the mice with heterotopias. In any case, the
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present study indicates that the formation of focal heterotopias in the
somatosensory cortex directly or indirectly affected the activities of
the mPFC, causing behavioral abnormalities.
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