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Phencyclidine (PCP) is a noncompetitive NMDA receptor antagonist, and it induces schizophreniform cognitive deficits in healthy
humans and similar cognitive deficits in rodents. Although the PCP-induced cognitive deficits appear to be accompanied and
possibly caused by dysfunction of GABAergic inhibitory interneurons in the prefrontal cortex (PFC), the potential benefit(s) of
GABAergic interneuron manipulations on PCP-induced cognitive deficits remains unexplored. In this study we show that when
embryonic medial ganglionic eminence (MGE) cells, many of which differentiate into cortical GABAergic interneurons in situ, were
grafted into the medial PFC (mPFC) of neonatal mice, they differentiated into a specific class of GABAergic interneurons and
became functionally integrated into the host neuronal circuitry in adults. Prior MGE cell transplantation into the mPFC signifi-
cantly prevented the induction of cognitive and sensory-motor gating deficits by PCP. The preventive effects were not reproduced
by either transplantation of cortical projection neuron precursors into the mPFC or transplantation of MGE cells into the occipital
cortex. The preventive effects of MGE cell transplantation into the mPFC were accompanied by activation of callosal projection
neurons in the mPFC. These findings suggest that increasing GABAergic interneuron precursors in the PFC may contribute to the
development of a cell-based approach as a novel means of modulating the PFC neuronal circuitry and preventing schizophreniform
cognitive deficits.

Introduction
Noncompetitive NMDA receptor antagonists, including phencycli-
dine (PCP), evoke schizophreniform cognitive deficits in healthy
humans (Javitt and Zukin, 1991) and similar cognitive deficits in
rodents (Mouri et al., 2007a). The cognitive deficits induced by
the NMDA receptor antagonists are associated with altered
rhythmic activities (Sebban et al., 2002; Kiss et al., 2011) and
alterations of projection neuron activity in the prefrontal cortex
(PFC) (Jackson et al., 2004; Kargieman et al., 2007). The altera-
tions of projection neuron activity appear to be preceded by
(Homayoun and Moghaddam, 2007) and to be reproduced by
(Sohal et al., 2009; Korotkova et al., 2010) decreased activity of
fast-spiking parvalbumin (PV)-positive inhibitory GABAergic

interneurons in the PFC. A majority of cortical GABAergic in-
terneurons are classified into either PV-positive interneurons
or somatostatin (SST)-positive interneurons (Kawaguchi and
Kubota, 1997). PV-positive interneurons are involved in cortical
rhythmogenesis (Klausberger et al., 2005; Fuchs et al., 2007; Car-
din et al., 2009; Sohal et al., 2009; Korotkova et al., 2010), and
SST-positive interneurons may also be involved in cortical rhyth-
mogenesis, because they are extensively electrically coupled into
networks that robustly synchronize their spiking activity (Gibson
et al., 1999, 2005) in the theta range (4 –7 Hz), which induces
synchronized IPSPs in neighboring projection neurons (Beier-
lein et al., 2000). Thus, PCP may alter the rhythmic activity of
projection neurons in the PFC, and that may be related to the
cognitive deficits through the dysfunction of PV-positive in-
terneurons and/or SST-positive interneurons in the PFC.
However, the potential benefit(s) of manipulations of these
interneurons in the PFC on PCP-induced cognitive deficits
remains unexplored.

During the development of the mouse cortex, most PV-
positive interneurons and SST-positive interneurons are gener-
ated in the medial ganglionic eminence (MGE) of the embryonic
ventral forebrain (Lavdas et al., 1999; Xu et al., 2004; Fogarty
et al., 2007). A majority of SST-positive interneurons secrete
Reelin (Miyoshi et al., 2010), which enhances NMDA receptor-
mediated signaling (Herz and Chen, 2006; Knuesel, 2010). When
transplanted into the cortex of older animals, the young MGE
cells disperse widely and differentiate into either PV-positive in-
terneurons or SST-positive interneurons (Wichterle et al., 1999;
Alvarez-Dolado et al., 2006; Baraban et al., 2009; Southwell et al.,
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2010). MGE cell transplantation increases GABA-mediated inhi-
bition on host projection neurons and modulates host neuronal
circuitry and its activity (Alvarez-Dolado et al., 2006; Baraban et
al., 2009; Southwell et al., 2010; Zipancic et al., 2010). Their trans-
plantation reduces seizures (Baraban et al., 2009; Zipancic et al.,
2010), ameliorates motor deficits (Martínez-Cerdeño et al.,
2010) and induces cortical plasticity (Southwell et al., 2010).

All of the above findings together raise the possibility that
MGE cell transplantation into the PFC may modulate host me-
dial PFC (mPFC) neuronal circuitry through GABA-mediated
inhibition and/or Reelin-mediated signaling, which may then
prevent the alteration of the rhythmic activity of projection neu-
rons and the cognitive deficits induced by PCP. In the present
study, we especially focused on an analysis of the expected final
effect of MGE cell transplantation into the mPFC, i.e., prevention
of the induction of cognitive deficits by PCP.

Materials and Methods
Animals
Embryonic donor tissue was obtained by crossing ICR wild-type female
mice with homozygous green fluorescent protein (GFP)-expressing
C57BL/6-Tg(CAG-EGFP)C14-Y01-FM131Osb male mice (Okabe et al.,
1997), in which essentially all cell types express GFP. Breeder and host
ICR wild-type mice were obtained from SLC Japan. Littermates were
used as controls in all comparison studies, including the c-Fos expression
and behavioral studies. All animals intended for use in the behavioral
studies were maintained on a 12 h light/dark cycle (lights on at 8:00 A.M.)

and given ad libitum access to food (CE2; Clea Japan Inc.). Noon on the
day a vaginal plug was detected was recorded as embryonic day 0.5
(E0.5), and E19.5 was counted as postnatal day 0 (P0). All animal exper-
iments were performed in accordance with the Guidelines for the Care
and Use of Laboratory Animals of Keio University School of Medicine,
the Guidelines for Animal Experiments of Meijo University Faculty of
Pharmaceutical Sciences, and the Guiding Principles for the Care and
Use of Laboratory Animals approved by the Japanese Pharmacological
Society.

Donor tissue dissection
Approximate ventricular and subventricular zones of the MGE or ros-
tromedial cortical wall, the presumptive region of the mPFC, of E13.5
GFP-expressing embryos were dissected in chilled Hanks’ balanced salt
solution devoid of calcium and magnesium (Sigma). Explants were me-
chanically dissociated into a single cell suspension in Leibovitz’s L-15
medium (Invitrogen) containing DNase I (100 �g/ml; Sigma) by re-
peated pipetting with a 200 �l tip (15–25 times). Dissociated cells were
pelleted by centrifugation (5 min, 800 g). Cell suspensions (�10 6 cells/�l
in L-15 medium containing 100 �g/ml DNase I) were kept on ice until
used.

Cell transplantation
The donor cell suspensions were front-loaded into beveled glass micropi-
pettes (�75 �m caliber at the tip) (GD-1; Narishige). P0 host mice were
anesthetized by chilling on ice, and they were then fixed in position under
a stereomicroscope. The x-y coordinates of the injection sites were esti-
mated from the surface anatomy: for transplantation into the mPFC (Fig.
1 A), the rostrocaudal level of the injection site was one fourth the dis-

Figure 1. A majority of the MGE cells transplanted into the neonatal mPFC differentiated into an SST/Reelin-expressing class of GABAergic interneurons in adults. A, Schema of MGE dissection
(region within the dashed white line in E13.5 GFP-expressing telencephalic coronal slices) and bilateral transplantation into the mPFC of P0 wild-type recipient mice (filled red circles) (dorsal view
of a head). Transplanted cells were analyzed 1 week or 6 weeks after transplantation. B, C, Representative distribution of GFP-expressing cells (green) on coronal sections (100 �m thick in B, 8 �m
thick in C) at the level of the prospective injection site at 1 week (B) and 6 weeks (C) after transplantation. D, Ratio of the number of GFP-expressing cells to the number of NeuN-positive cells within
the Cg1 (white bar) (n � 311 GFP-expressing cells, 6373 NeuN-positive cells), the PrL (light gray bar) (n � 844 GFP-expressing cells, 17,520 NeuN-positive cells), and the MO (dark gray bar) (n �
1242 GFP-expressing cells, 35,591 NeuN-positive cells) at 6 weeks after transplantation (n � 12 hemispheres). There were no statistically significant differences between the regions. E, Enlarged
view of the boxed area in C. Coexpression of SST (light blue) and Reelin (magenta) in GFP-expressing cells in the PrL. The “merged” panel is a merged figure of the other three. F, Calculation of the
percentage of GFP-expressing cells expressing an interneuron subtype marker(s) within the Cg1 (white bars) (n � 255 GFP-expressing cells), the PrL (light gray bars) (n � 497 GFP-expressing cells)
and the MO (dark gray bars) (n � 343 GFP-expressing cells) at 6 weeks after transplantation (n � 5– 6 hemispheres). Shaded bars indicate the percentage of GFP-expressing cells that are
SST/Reelin-coexpressing cells. M2, Secondary motor cortex; OV, olfactory ventricle. Scale bars: B, 500 �m; C, 1 mm; E, 20 �m.
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tance from the rostrocaudal level of the center of the eye to the rostro-
caudal level of the lambdoid suture. The mediolateral level of the
injection site was one eighth the distance from the mediolateral level of
the center of the eye to the midline. The injection site was defined as the
point of intersection between a line passing through the rostrocaudal
level of the injection site and a line passing through the mediolateral
level of the injection site in each hemisphere; for transplantation into the
occipital cortex (see Fig. 3B), the rostrocaudal level of the injection site
was half the distance from the rostrocaudal level of the lambdoid suture
to the rostrocaudal level of the caudal edge of the cerebral cortex. The
mediolateral level of the injection site was half the distance from the medio-
lateral level of the center of the eye to the midline. The injection site was
defined as the point of intersection between a line passing through the
rostrocaudal level of the injection site and a line passing through
the mediolateral level of the injection site in each hemisphere. The
z-coordinate of the injection sites was �0.9 mm below the skin surface
for transplantation into the mPFC and �0.7 mm below the skin surface
for transplantation into the occipital cortex. Approximately 10 5 cells
(�0.1 �l) were transcranially injected into the mPFC or occipital cortex
of each hemisphere bilaterally (total of 2 � 10 5 cells per animal). Cell
flow within the pipette during injection was confirmed visually during
every injection. A similar volume of vehicle was injected into controls for
the behavioral analysis. Vehicle injection is a standard control procedure
for grafting studies and provides more reliable controls than injection of
“dead” cells, which would cause toxic effects and exaggerate any positive
graft effects under certain conditions (Modo et al., 2003). Immediately
after the injections, the recipient mice were placed on a warm surface
until they became active, and they were then returned to their mothers
until they reached weaning age (4 weeks).

Immunohistochemistry
Animals were transcardially perfused with 4% paraformaldehyde (PFA)
or 4% PFA containing 0.08% glutaraldehyde in phosphate buffer (0.1 M,
pH 7.4). The brains were removed, postfixed at 4°C for 2 h to overnight
in the same fixatives, and washed with PBS (0.1 M, pH 7.4). For cryosec-
tioning, brains were cryoprotected in 30% sucrose in PBS at 4°C. Coronal
sections were cut with a vibrating-blade microtome (50 –100 �m) (VT-
1000; Leica Microsystems) or a frozen sliding microtome (8 –10 �m)
(CM3050 M; Leica Microsystems). The sections were incubated in PBS
with 0.3% Triton X-100 and 5% normal donkey serum (NDS) for 1–2 h
at room temperature (RT) and then for 1–2 d at RT or for 2 d at 4°C in the
primary antibody diluted in PBS with 0.3% Triton X-100 and 1% NDS.
The primary antibodies used were as follows: chicken anti-GFP (1:500;
Abcam), mouse anti-NeuN (1:50; Millipore), mouse anti-CNPase (1:
500; Abcam), rabbit anti-GFAP (1:1000; DAKO), rabbit anti-GABA (1:
1000; Sigma), mouse anti-PV (1:1000; Sigma); rabbit anti-PV (1:2000;
Abcam), rat anti-SST (1:100; Millipore), mouse anti-Reelin (G10; 1:500;
gift from Dr. André M. Goffinet, University of Louvain, Brussels, Bel-
gium), rabbit anti-vasoactive intestinal polypeptide (VIP) (1:300; Immu-
nostar), rabbit anti-c-Fos (1:500; Santa Cruz Biotechnology), mouse
anti-Satb2 (1:50; Abcam), or rat anti-Ctip2 (1:500; Abcam). The sections
were incubated for 1–3 h at RT in a secondary antibody diluted in 1%
NDS in PBS. The secondary antibodies used were as follows: donkey
DyLight488-conjugated anti-chicken IgY, donkey DyLight549- or TRITC-
conjugated anti-rabbit IgG, donkey Cy5-, DyLight549-, or TRITC-
conjugated anti-mouse IgG or donkey Cy5-conjugated anti-rat IgG (all
at 1:100; all from Jackson ImmunoResearch). For nuclear staining, sec-
tions were incubated in 1% 4,6-diamidino-2-phenylindole (DAPI)
(Sigma) in PBS for 10 –30 min at RT. Images were captured with a CCD
camera (VB-7010; Keyence) attached to an epifluorescence microscope
(BX60; Olympus) or with a confocal microscope (FV1000; Olympus).

Quantification of transplanted cells
MGE cell transplantation into the mPFC. To estimate the number of sur-
viving cells after MGE cell transplantation into the mPFC, we counted
the number of cortical GFP-positive cells in every eighth coronal slice
from brains at 6 weeks after transplantation. The total number of surviv-
ing MGE cells was calculated by multiplying the number counted by
eight. The GFP-expressing cells in the prelimbic cortex (PrL) (Franklin

and Paxinos, 2008) were examined for expression of NeuN, GABA, SST,
CNPase, and GFAP, and they were counted manually to calculate the
ratio of GFP/NeuN-double-positive cells to GFP-positive cells, the ratio
of GFP/GABA-double-positive cells to GFP-positive cells, the ratio of
GFP/CNPase-double-positive cells to GFP-positive cells, the ratio of
GFP/GFAP-double-positive cells to GFP-positive cells, the ratio of GFP/
GABA-double-positive cells to GABA-positive cells, and the ratio of
GFP/SST-double-positive cells to SST-positive cells. To examine the in-
terneuron subtypes and the functional integration of the transplanted
cells, the GFP-expressing cells in area 1 of the cingulate cortex (Cg1), the
PrL, and the medial orbital cortex (MO) (Franklin and Paxinos, 2008)
were examined for expression of several markers and were counted man-
ually. To determine the ratio of the number of GFP-expressing cells or
c-Fos-positive cells to the number of NeuN-positive cells in the Cg1, the
PrL, and the MO (Franklin and Paxinos, 2008), the numbers of c-Fos-
positive and NeuN-positive cells in these regions were counted with NIH
ImageJ software (version 1.40 g), and the number of GFP-expressing cells
was counted manually. To examine the cell-type of c-Fos-positive cells,
the c-Fos-positive cells in the PrL and the MO (Franklin and Paxinos,
2008) were examined for expression of Satb2 and GFP manually and
were counted with the NIH ImageJ software (version 1.40 g).

Rostromedial cortex cell transplantation into the mPFC. The bright
GFP-expressing cells with DAPI staining around the center of the cell in
the Cg1, the PrL, and the MO (Franklin and Paxinos, 2008) were exam-
ined for expression of Satb2 and Ctip2 at 6 weeks after transplantation
and were counted manually. Most GFP-expressing cells were clustered in
the Cg1 and the PrL, the presumptive injection site, and essentially no
GFP-expressing cells were found in the MO.

MGE cell transplantation into the occipital cortex. The GFP-expressing
cells in the primary visual cortex (Franklin and Paxinos, 2008) were
examined for expression of GABA, PV, and SST at 6 weeks after trans-
plantation and were counted manually. Most GFP-expressing cells were
found in the caudolateral cortex and the hippocampus, and essentially no
cells were found in the mPFC.

The SEM in the histological analyses is attributable to the variability
across different hemispheres.

Behavioral analysis
We decided on �6 weeks after transplantation (P40 –P47) as the optimal
time to perform the behavioral tests in this study, because synaptic inte-
gration of MGE cells transplanted into neonatal mouse visual cortex has
been demonstrated at approximately that time (�36 d after transplanta-
tion) (Southwell et al., 2010) and because 6 weeks of age in mice appeared
to largely correspond to mid-adolescence in humans (Spear, 2000), when
the symptoms of schizophrenia usually are first manifested.

Novel enriched environment. The novel enriched environment con-
sisted of a Plexiglas open field box (30 � 30 � 35 cm) whose floor was
covered with sawdust, and two novel objects (half of a red plastic ball and
a 100 ml culture flask with a light green cap) were placed on the floor. The
experimental mice were placed into the box individually and allowed to
explore for 10 min. Control mice continued to be housed in their home
cage.

PCP administration. PCP hydrochloride was synthesized according to
the method reported in the literature (Maddox et al., 1965) and checked
for purity. PCP dissolved in saline was injected (1 mg/kg, s.c.) 6 weeks
after transplantation, 30 min before the prepulse inhibition (PPI) test
and the training session in the novel object recognition test (NORT).
Controls were injected with an equal volume of vehicle (saline).

NORT. The NORT was conducted as described previously (Mouri et
al., 2007b) with minor modifications. The experimental apparatus con-
sisted of a Plexiglas open field box (30 � 30 � 35 cm) whose the floor was
covered with sawdust. The test procedure consisted of three sessions:
habituation, training, and retention. At 6 weeks after transplantation,
each mouse was individually habituated to the box by allowing 10 min of
exploration in the absence of any objects each day for 3 consecutive days
(Day 1–3) (habituation session). On Day 4, two novel objects were sym-
metrically placed on the sawdust on the floor of the box, 8 cm from the
walls. Each animal was allowed to explore the box for 10 min, and the time
spent exploring each object was recorded (training session). The objects
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were of different shapes and colors, but of similar sizes. Throughout the
experiments, the objects were used in a counterbalanced manner in
terms of their physical complexity and emotional neutrality. An animal
was considered to be exploring an object when its head was facing the
object or when an animal was sniffing an object at a distance of �2 cm
and/or was touching it with its nose. At the conclusion of the training
session, the mouse was immediately returned to its home cage. On Day 5,
1 d after the training session, the animals were placed back into the same
box with one of the familiar objects used in the training session and one
novel object. They were allowed to explore freely for 5 min and the time
spent exploring each object was recorded (retention session). Explor-
atory preference, the ratio of time spent exploring each of the two objects
(training session) or the novel object (retention session) to the total
amount of time spent exploring both objects, was used to assess cognitive
function.

PPI test. PPI of the acoustic startle response was measured with an
SR-LAB System (San Diego Instruments). The stimulus consisted of a 20
ms prepulse, a 100 ms delay, and then a 40 ms startle pulse. The intensity
of the prepulse was 16 decibel (dB) above the 70 dB background noise.
The amount of prepulse inhibition was calculated as a percentage of the
120 dB acoustic startle response: 100 � [(startle reactivity on prepulse �
startle pulse)/startle reactivity on startle pulse] � 100.

Statistical analysis
The Mann–Whitney U test or paired t test was used for comparisons
between two sets of data. Differences among three or more groups were
analyzed for statistical significance by one-way ANOVA followed by
Bonferroni’s multiple-comparison test. A p value � 0.05 was considered
statistically significant. All tests were two-tailed. All data were expressed
as mean � SEM.

Results
Most cortical GABAergic interneurons can be classified into
the following four distinct classes based on the molecular
markers: PV-positive cells, SST-positive cells, Reelin-positive/
SST-negative cells, and VIP-positive cells (Gelman and Marin,
2010). A majority of cortical GABAergic interneurons are either
PV-positive cells or SST-positive cells and originate from the
MGE (Xu et al., 2004; Fogarty et al., 2007). We first investigated
which classes of neurons would differentiate from MGE cells
transplanted into the neonatal PFC. MGE cells were dissected
from E13.5 mouse embryos expressing GFP and grafted into the
mPFC of neonatal wild-type recipient mice (Fig. 1A). One week
after transplantation, many GFP-expressing cells were found dis-
persed from the injection site (Fig. 1B). Six weeks after transplan-
tation, many GFP-expressing cells were found in the mPFC (Fig.
1C,D), and our quantitative estimation revealed that the cells
survived accounted for �25% of the cells injected (2.5 � 0.2 �
10 4 cells in each hemisphere, n � 4 hemispheres). Many of the
GFP-expressing cells were positive for the neuronal marker
NeuN (90.0 � 3.0%, n � 230 GFP-expressing cells, 6 hemi-
spheres) and GABA (65.7 � 4.0%, n � 147 GFP-expressing cells,
6 hemispheres). In contrast, no or only a few cells expressed the
oligodendrocyte marker CNPase (0.0 � 0.0%, n � 119 GFP-
expressing cells, 6 hemispheres) or the astrocyte marker GFAP
(0.6 � 0.6%, n � 221 GFP-expressing cells, 6 hemispheres), sug-
gesting that a majority of the transplanted cells had differentiated
into GABAergic interneurons. Examination of the interneuron
subtype markers revealed that many GFP-expressing cells were
positive for SST and Reelin (Fig. 1E,F) but negative for PV and
VIP (Fig. 1F) and that most GFP/Reelin-double-positive cells
were also positive for SST (Fig. 1E,F). The density of the GFP-
expressing cells (Fig. 1D) and their interneuron subtypes (Fig.
1F) were largely constant across the subregions within the mPFC.
We also found that GFP-expressing cells accounted for 7% (7.0 �
1.5%, n � 1651 GABA-positive cells, 6 hemispheres) of the total

number of recipient GABA-positive cells within the mPFC and
11% (10.9 � 2.4%, n � 611 SST-positive cells, 6 hemispheres) of
the total number of recipient SST-positive cells within the mPFC.
Thus, a majority of the transplanted MGE cells had differentiated
into an SST/Reelin-expressing class of GABAergic interneurons
and constituted a substantial number of the interneurons within
the mPFC of the recipient mice.

The neurochemical differentiation into cortical GABAergic
interneurons by the MGE cells that had been transplanted
prompted us to investigate whether these cells would be func-
tionally integrated into the PFC neuronal circuitry of the host.
Since c-Fos, an immediate early gene product, is known to be
expressed in animals in response to various physiological stimuli,
including exposure to a novel enriched environment (Staiger et
al., 2000; Carlén et al., 2002; Tashiro et al., 2006; Kee et al., 2007;
Ohira et al., 2010), we next investigated c-Fos expression in trans-
planted cells within the mPFC in response to exposure to a novel
enriched environment 6 weeks after transplantation (Fig. 2A).
When mice were housed in their original cage, only a few GFP-
expressing cells in the mPFC showed c-Fos immunoreactivity
(Fig. 2B,E). However, 1 h after exposure to a novel enriched
environment for 10 min (Fig. 2A), the percentage of GFP-
positive cells that expressed c-Fos was significantly higher than in
the controls (Fig. 2C–E). In view of the fact that most of the
transplanted cells differentiated into GABAergic interneurons
(Fig. 1), these results suggest that at least some of the transplanted
GABAergic interneurons had become functionally integrated
into the PFC neuronal circuitry of the host.

We then investigated whether transplantation prevented the
PCP-induced cognitive deficits by measuring the cognitive func-
tion of mice with the NORT (Ennaceur and Delacour, 1988; Tang
et al., 1999; Niwa et al., 2010). The mice were exposed to two
objects during the training session, and 1 d later they were tested
for their ability to discriminate between a familiar object and a
novel object during a retention session in which one of the two
objects used in the training session had been replaced by a novel
object (see Materials and Methods). PCP or vehicle was admin-
istered 30 min before the training session (Fig. 3A). The results
showed that PCP-treated mice that had not undergone cell
transplantation exhibited impaired performance in explor-
atory preference during the retention sessions (Fig. 3C), but
that the PCP-induced impairment was significantly prevented in
the mice that had undergone prior MGE cell transplantation (Fig.
3C). This preventive effect of MGE cell transplantation was not
reproduced by transplantation of cells from E13.5 rostromedial
cortex, which is the presumptive mPFC region and should mainly
contain the excitatory projection neuron precursors/progenitors
(Fig. 3C). Indeed, at 6 weeks after transplantation the rostrome-
dial cortex cells that had been transplanted into the neonatal
mPFC expressed the callosal projection neuron markers Satb2
(72.6 � 6.7%, n � 491 GFP-expressing cells, 5 hemispheres) and
the subcortical projection neuron marker Ctip2 (33.0 � 4.2%,
n � 521 GFP-expressing cells, 5 hemispheres), suggesting that
most of them had differentiated into cortical projection neurons.
Thus, the preventive effect of MGE cell transplantation against
the impaired performance in exploratory preference (Fig. 3C)
was not due to a nonspecific effect of transplantation of any neu-
ronal precursors. There were no significant differences in explor-
atory time between the groups that showed significant differences
in performance in the exploratory preference (Fig. 3C,D), sug-
gesting that the differences in the performance in exploratory
preference (Fig. 3C) were not due to the differences between the
groups in curiosity and/or motivation to explore objects. MGE
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cell transplantation alone did not enhance performance in ex-
ploratory preference or exploratory time (Fig. 3C,D). Thus, MGE
cell transplantation into the mPFC had preventive effects against
induction of the cognitive deficits by PCP.

To investigate whether this preventive effect could be ob-
tained by MGE cell transplantation into other cortical regions, we
then transplanted MGE cells into the neonatal occipital cortex,
the presumptive region of the primary visual cortex (Fig. 3B).
Similar to the results of transplantation into the mPFC (Fig. 1), a
majority of the transplanted cells expressed GABA (64.1 � 3.1%,
n � 328 GFP-expressing cells, 6 hemispheres) at 6 weeks after
transplantation, suggesting that most of them had differentiated

into cortical GABAergic interneurons. Interestingly, however,
the interneuron subtypes of the cells transplanted into the occip-
ital cortex were significantly different from the subtypes after
transplantation into the mPFC (Fig. 1): more transplanted cells
expressed PV (50.6 � 3.6%, n � 291 GFP-expressing cells, 6
hemispheres; p � 0.0043) compared with the cells in the MO after
transplantation into the mPFC [11.2 � 4.9% (Fig. 1F), Mann–
Whitney U test] and fewer transplanted cells expressed SST
(37.1 � 3.2%, n � 328 GFP-expressing cells, 6 hemispheres; p �
0.0022) compared with the cells in the MO after transplantation
into the mPFC [64.1 � 4.3% (Fig. 1F), Mann–Whitney U test].
Even though the grafted cells had differentiated into GABAergic
interneurons, MGE cell transplantation into the occipital cortex
had no significant effect on the induction of the cognitive deficits
by PCP (Fig. 3E,F). Thus, the preventive effect of MGE cell trans-
plantation into the mPFC on PCP-induced cognitive deficits
(Fig. 3C,D) was not a nonspecific effect of MGE cell transplanta-
tion into any cortical regions.

The finding that MGE cell transplantation into the mPFC
significantly prevented impairment of a cortex-dependent task
(Fig. 3C,D) raised the possibility that it might also prevent the
impairment of other cortex-dependent functions that are known
to be impaired by PCP administration. We therefore measured
PPI, which reflects the sensory-motor gating function, a major
indicator of information processing involving the cortex that is
frequently impaired in schizophrenia (Arguello and Gogos,
2006). The results showed that PCP-treated mice that had not
undergone cell transplantation displayed decreased PPI (Fig.
3G,I), but that the PCP-induced decrease was significantly pre-
vented in mice that had undergone MGE cell transplantation into
the mPFC (Fig. 3G). This preventive effect of MGE cell transplan-
tation was not reproduced by either transplantation of rostrome-
dial cortex cells into the mPFC (Fig. 3G) or of MGE cells into the
occipital cortex (Fig. 3I). No statistically significant differences
were observed in acoustic startle amplitude among any of the
conditions (Fig. 3H, J), and MGE cell transplantation into the
mPFC alone did not enhance PPI or the acoustic startle response
(Fig. 3G,H). Thus, MGE cell transplantation into the mPFC had
a preventive effect on the PCP-induced sensory-motor gating
deficit.

The significant preventive effects of MGE cell transplantation
into the mPFC on PCP-induced behavioral deficits raised the
possibility that transplantation of the cells had altered mPFC
activity in response to PCP. We focused on the preventive effect
on PCP-induced cognitive deficits detected by NORT and on
mPFC activity during NORT. Since NMDA receptor antagonists
impair the encoding of recognition memory in mice, but not
their memory consolidation and retrieval processes, and the en-
coding process should occur during the training session in the
NORT (Nilsson et al., 2007), we then focused on mPFC activity
during the training session in the NORT. To evaluate mPFC ac-
tivity during the training session, brains were fixed 1 h after the
training session (Fig. 4A), and the mPFC was analyzed for c-Fos
expression. The results showed that the numbers of c-Fos-
positive cells within both the PrL and the MO were significantly
higher in the PCP-treated mice that had undergone MGE cell
transplantation than in the PCP-treated mice that had not under-
gone MGE cell transplantation (Fig. 4B–F). Most of the c-Fos-
positive cells in both of these regions were positive for Satb2, a
marker of callosal projection neurons (Alcamo et al., 2008; Brit-
anova et al., 2008) (Fig. 4G,H). These results suggested that prior
MGE cell transplantation into the mPFC modulates the activity

Figure 2. Some transplanted MGE cells were functionally integrated into the host neuronal
circuitry within the mPFC. A, Schema of the experimental design for investigating the functional
integration of the transplanted cells into the neuronal circuitry of the host. Both the control mice
and experimental mice underwent MGE cell transplantation. The experimental mice were ex-
posed to a novel enriched environment for 10 min at 6 weeks after transplantation (yellow
arrow), then returned to their home cages, and their brains were analyzed 1 h later. Control
mice continued to be housed in their home cages. B, C, Expression of c-Fos (magenta) in GFP-
expressing cells (green) within the PrL in the control mice (B) and mice exposed to a novel
enriched environment (C). Some GFP-expressing cells in the mice exposed to a novel enriched
environment expressed c-Fos (arrowheads). D, Enlarged single-optical-sectional view of the
boxed region in C. E, The percentages of GFP-expressing cells that expressed c-Fos within the
Cg1 (n � 345 GFP-expressing cells), the PrL (n � 522 GFP-expressing cells), and the MO (n �
500 GFP-expressing cells) of the control mice (white bars) (n � 6 hemispheres) and within the
Cg1 (n � 733 GFP-expressing cells), the PrL (n � 962 GFP-expressing cells), and the MO (n �
1088 GFP-expressing cells) of mice exposed to a novel enriched environment (yellow bars) (n �
8 hemispheres). **p�0.0007; *p�0.042 (Mann–Whitney U test). EE, Enriched environment;
L1–3, layers 1–3; M, medial; V, ventral. Scale bars: B, C, 200 �m; D, 10 �m.
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of callosal projection neurons in the
mPFC in response to PCP during the
training session in the NORT.

Discussion
Different interneuron subtypes in
different cortical regions
Approximately 10% and 60% of the MGE
cells transplanted into the mPFC differen-
tiated into PV-positive interneurons and
SST-positive interneurons, respectively
(Fig. 1), as opposed to �50% and 35%,
respectively, when transplanted into the
occipital cortex. Previous studies have
shown that the fate of distinct classes of
GABAergic interneurons is already largely
determined in their progenitor cells in the
subpallium (Gelman and Marin, 2010).
Thus, the differences in interneuron sub-
types between the mPFC and the occipital
cortex may have been caused by the differ-
ences in the survival and/or differentiation
of interneuron subtypes after transplanta-
tion, which reflects the differences between
the environments in different cortical
regions of the host. Identification of en-
vironmental factors that affect the final in-
terneuron subtypes may enable us to
control the number of a specific interneu-
ron subtype and modulate a specific neuro-
nal circuitry of the host after MGE cell
transplantation in the future.

MGE cell transplantation did not cause
behavioral effects in naive mice
Transplantation of MGE cells into the
mPFC modified the response to PCP
treatment, but did not cause significant
behavioral effects in naive mice (Fig. 3).
Thus, MGE cell transplantation into the
mPFC has a certain degree of specificity in
its effect on the response to PCP treat-
ment. Although as stated above, there
were differences in the tendency of the

Figure 3. MGE cell transplantation into the mPFC prevented the induction of cognitive and sensory-motor gating deficits by
PCP. A, Schema of the experimental design for behavioral analysis of the recipient mice. MGE cells, rostromedial cortex cells, or

4

vehicle were transplanted into the mPFC (B, C, F, G) or occipital
cortex (D, E, H, I) of P0 neonates. PCP or vehicle was injected
subcutaneously 6 weeks after transplantation, 30 min before
each behavioral analysis. B, Schema of bilateral transplanta-
tion into the mPFC or the occipital cortex of P0 wild-type recip-
ient mice (dots). Dorsal view of a head. Exploratory preference
(C, E) and exploratory time (D, F) in the NORT during the train-
ing and retention sessions. PPI with an 86 dB prepulse (G, I)
and acoustic startle amplitude (H, J) in the PPI test. Gray bars
indicate the results obtained under PCP-treated conditions.
MGE-/CTX-/PCP- (�/�/�) group, n � 14; �/�/� group,
n � 14; �/�/� group, n � 11; �/�/� group, n � 13;
�/�/�group, n�17; and�/�/�group, n�12 in C, D,
G, H. MGE-/PCP- (�/�) group, n � 10; �/� group, n �
15; �/� group, n � 14; and �/� group, n � 19 in E, F, I,
J. $$$p � 0.001; $$p � 0.01 (paired t test); ***p � 0.001;
**p � 0.01; *p � 0.05 (Bonferroni’s test). Tra, Training; Ret,
retention; CTX, cortex; n.s., not significant.
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transplanted cells to survive and/or differ-
entiate into certain interneuron subtypes
according to the cortical areas into which
they had been transplanted, the trans-
planted MGE cells were highly motile, dis-
persed widely, and intermingled with the
endogenous neurons in both neonatal
and adult brain (Wichterle et al., 1999;
Alvarez-Dolado et al., 2006; Martínez-
Cerdeño et al., 2010; Southwell et al.,
2010; present study). We hypothesize that
the cortical neuronal network is largely
permissive for functional integration of
transplanted MGE cells, and that the basal
excitation/inhibition ratio in the PFC can
be readjusted to prevent behavioral ab-
normalities in the host. This readjustment
may be accompanied by structural altera-
tions of the neuronal circuit (Southwell et
al., 2010) in the PFC, and that may modify
the behavioral response to PCP treatment.
We cannot rule out the possibility, how-
ever, that MGE cell transplantation into
the mPFC may also have behavioral ef-
fects on naive mice (Martínez-Cerdeño et
al., 2010) that were not detected in the
present study.

Mechanisms by which MGE cell
transplantation increased the c-Fos
level in the PrL and the MO
MGE cell transplantation into the neona-
tal mPFC significantly increased the activ-
ity of callosal projection neurons within
the PrL and the MO in response to PCP
(Fig. 4). The mechanism responsible for
the absence of a significant increase in ac-
tivity in the Cg1 alone (Fig. 4F) remains
unclear. The properties of the trans-
planted MGE cells in the different subre-
gions of the mPFC were indistinguishable

Figure 4. Prior MGE cell transplantation into the mPFC increased the activity of callosal projection neurons in the mPFC in
response to the PCP. A, Schema of the experimental design to investigate neuronal activity during the training session in the NORT.
The design was the same as that used for the behavioral analysis (Fig. 3A), but brains were analyzed 1 h after the training session
in the NORT. B, C, c-Fos expression (magenta) within the mPFC in mice injected with vehicle at P0 and with PCP at 6 weeks
(MGE�/PCP� group) (B) and in mice that underwent MGE cell transplantation at P0 and were injected with PCP at 6 weeks

4

(MGE�/PCP� group) (C). D, E, c-Fos expression (black) in
enlarged views of the boxed regions in B and C, respectively. F,
Ratio of the number of c-Fos-positive cells to the number of
NeuN-positive cells within the Cg1 (n � 0 c-Fos-positive cell,
5951 NeuN-positive cells), the PrL (n � 2 c-Fos-positive cells,
15,904 NeuN-positive cells), and the MO (n � 13 c-Fos-
positive cells, 34,047 NeuN-positive cells) in the MGE�/
PCP� group (n � 12 hemispheres) and within the Cg1 (n �
13 c-Fos-positive cells, 6373 NeuN-positive cells), the PrL (n �
88 c-Fos-positive cells, 17,520 NeuN-positive cells), and the
MO (n � 226 c-Fos-positive cells, 35,591 NeuN-positive cells)
in the MGE�/PCP� group (n � 12 hemispheres). **p �
0.0023; *p � 0.0387 (Mann–Whitney U test). G, Expression of
Satb2 (light blue) in c-Fos-positive cells (magenta) in the MO
in the MGE�/PCP� mouse. H, Calculation of the percentage
of c-Fos-positive cells expressing Satb2 and GFP within the PrL
(n � 153 c-Fos-positive cells) and the MO (n � 277 c-Fos-
positive cells) in the MGE�/PCP� group (n � 6 hemi-
spheres). Tra, training; M2, secondary motor cortex; OV,
olfactory ventricle; M, medial; D, dorsal. Scale bars: B, C, 500
�m; D, E, 100 �m; G, 20 �m.
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in terms of cell density (Fig. 1D), interneuron subtypes (Fig. 1F),
and functional integration (Fig. 2E), suggesting that differences
between the transplanted cells according to the subregions of the
mPFC may not explain the mechanism.

Another interesting question in regard to mechanisms is how
the increase in callosal projection neuron activity in the mPFC
was induced by MGE cell transplantation. Since previous studies
have shown that systemic administration of NMDA receptor an-
tagonists disinhibits projection neurons in the PFC by decreas-
ing the activity of GABAergic interneurons (Homayoun and
Moghaddam, 2007) and that MGE cell transplantation increases
GABA-mediated inhibition on host projection neurons and
modulates host neuronal circuitry and its activity (Alvarez-
Dolado et al., 2006; Baraban et al., 2009; Southwell et al., 2010;
Zipancic et al., 2010), one might expect MGE cell transplantation
to increase the level of inhibition on host projection neurons and
decrease the amount of disinhibition produced by PCP, thereby
diminishing c-Fos level relative to level observed in the absence of
MGE cell transplantation. In reality, however, MGE cell trans-
plantation increased the c-Fos level in host mPFC callosal projec-
tion neurons relative to its level in the absence of MGE cell
transplantation (Fig. 4). One possible explanation for this unex-
pected result is that, rather than contributing to general sup-
pression of the activities of callosal projection neurons, the
transplanted MGE cells had contributed to generation of their
rhythmic activity. This may then facilitate signal transduction of
callosal projection neurons and efficiently activate their target
cells, including homotopic callosal projection neurons in the
contralateral hemisphere (Audinat et al., 1988; Cassell et al., 1989;
Kuroda et al., 1995; Reep et al., 1996; Carr and Sesack, 1998),
which, in turn, may ultimately lead to activation of the reciprocal
network between homotopic callosal projection neurons across
hemispheres and expression of c-Fos in Satb2-positive cells
within the mPFC (Fig. 4). In support of this hypothesis, most
MGE cells transplanted into the neonatal mPFC differentiate into
a SST-expressing class of interneurons (Fig. 1) that may be in-
volved in cortical rhythmogenesis (Gibson et al., 1999, 2005;
Beierlein et al., 2000). Interestingly, most transplanted SST-
expressing interneurons expressed Reelin (Fig. 1), which en-
hances signal transduction through NMDA receptors (Herz and
Chen, 2006; Knuesel, 2010). The Reelin secreted by the trans-
planted cells may enhance the NMDA receptor function of sur-
rounding cells, including the function of the endogenous
GABAergic interneurons of the host. Thus, transplanted SST-
positive cells and/or other GABAergic interneurons whose
NMDA receptor-mediated signaling has been upregulated by
Reelin might increase the rhythmic activity of callosal projection
neurons. Since c-Fos expression appears to reflect the activity
level but not the activity pattern of neurons, direct measurement
of the activity pattern of callosal projection neurons, by electro-
physiological recordings, for example, may be required to assess
their rhythmic activity. A previous study has shown that the ac-
tivity of SST-positive cells appears to be blocked by NMDA re-
ceptor antagonists more easily than the activity of PV-positive
interneurons (Lu et al., 2007). The above-described possible ef-
fect of Reelin on surrounding cells may explain how transplanted
SST-positive interneurons could change mPFC activity even in
the presence of PCP. It will be important to determine whether
the Reelin secreted by transplanted MGE cells is involved in the
effect of the MGE cell transplantation by transplanting MGE cells
derived from the Reelin-deficient reeler mutants (D’Arcangelo et
al., 1995).

Mechanisms by which MGE cell transplantation prevents
PCP-induced behavioral deficits
It remains unclear how MGE cell transplantation prevented PCP-
induced behavioral deficits. Although we found that the preven-
tive effect of MGE cell transplantation on the PCP-induced
behavioral deficits was accompanied by an increase in the c-Fos
level in the mPFC (Fig. 4), it remains unclear whether the in-
creases of c-Fos levels in the mPFC are causally related to the
effects of MGE cell transplantation on the behavioral deficits in-
duced by PCP. The next intriguing question, therefore, is whether
the activation of the callosal projection neurons within the PrL
and the MO is required and/or sufficient to produce significant
behavioral effects of MGE cell transplantation. It might be possi-
ble to answer this question by specifically inactivating and/or
activating Satb2-postive cells within the PrL and the MO, for
example, by means of an optogenetic technique (Zhang et al.,
2007).

One might argue that the mechanisms by which MGE cell
transplantation prevents PCP-induced behavioral effects are un-
likely to be related to modulating the alterations in PFC excitato-
ry/inhibitory balance that are usually produced by PCP. In
support of this argument, in contrast to a previous study (Kargi-
eman et al., 2007), c-Fos expression was rarely detected after PCP
administration alone in the present study (Fig. 4). Furthermore,
as mentioned above, MGE cell transplantation increased, not de-
creased, the c-Fos level in the mPFC (Fig. 4). How, then, might
MGE cell transplantation prevent PCP-induced behavioral ef-
fects? One possible explanation is that rather than simply aug-
menting the strength of the endogenous, mature inhibitory
connections, the transplanted MGE cells might reorganize the
PFC circuitry by introducing a new set of weak, but numerous,
inhibitory synapses on host projection neurons (Southwell et al.,
2010). Such a structural and functional reorganization of the PFC
as a result of the transplantation may increase tolerance to PCP
and thereby lead to the prevention of PCP-induced behavioral
deficits.

Alternative means of increasing the number of interneuron
precursors in the mPFC
Although we transplanted embryonic MGE cells to increase the
number of interneuron precursors in the neonatal mPFC, an
increase could be achieved by other means as well. For example,
prospective MGE cells generated by pluripotent stem cells in vitro
(Maroof et al., 2010; Danjo et al., 2011) could be used as graft
cells. Manipulation of endogenous cells might also be possible,
including by proliferative activation of interneuron progenitors
present even in the adult cortex (Ohira et al., 2010) and directing
postmitotic migrating interneurons to the PFC by, for example,
injecting their in vivo attractant CXCL12 (Li et al., 2008; Tanaka
et al., 2009) into the mPFC.

Clinical implications
The cognitive symptoms of schizophrenia are largely resistant to
current pharmacological treatments and preventive approaches
to their development have not been adequately explored (Keefe et
al., 2007). Our findings in this study may contribute to the devel-
opment of a cell-based approach as a novel means of preventing
and possibly of treating the schizophreniform cognitive deficits.
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