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Disrupted-in-schizophrenia1 (DISC1) L100P
mutation alters synaptic transmission and
plasticity in the hippocampus and causes
recognition memory deficits
Lin Cui1,2†, Wei Sun1,3†, Ming Yu1, Nan Li1, Li Guo1, Huating Gu1 and Yu Zhou1*

Abstract

Disrupted-in-schizophrenia 1(DISC1) is a promising candidate susceptibility gene for a spectrum of psychiatric
illnesses that share cognitive impairments in common, including schizophrenia, bipolar disorder and major
depression. Here we report that DISC1 L100P homozygous mutant shows normal anxiety- and depression-like
behavior, but impaired object recognition which is prevented by administration of atypical antipsychotic drug
clozapine. Ca2+ image analysis reveals suppression of glutamate-evoked elevation of cytoplasmic [Ca2+] in L100P
hippocampal slices. L100P mutant slices exhibit decreased excitatory synaptic transmission (sEPSCs and mEPSCs) in
dentate gyrus (DG) and impaired long-term potentiation in the CA1 region of the hippocampus. L100P mutation
does not alter proteins expression of the excitatory synaptic markers, PSD95 and synapsin-1; neither does it changes
dendrites morphology of primary cultured hippocampal neurons. Our findings suggest that the existence of
abnormal synaptic transmission and plasticity in hippocampal network may disrupt declarative information
processing and contribute to recognition deficits in DISC1 L100P mutant mice.
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Introduction
Major neuropsychiatric illnesses such as schizophrenia,
bipolar disorder, major depression and autism spectrum
disorder are genetically complex but share not only
overlapping symptoms (for example, cognition deficits in
learning, memory and attention) and environmental risk
factors (for example, influenza, trauma and stress), but
also molecular etiology [1]. In particular, disrupted-in-
schizophrenia 1 (DISC1) gene has been identified as one
of the putative susceptibility genes to schizophrenia and
other major mental illnesses in multiple pedigrees [2].
DISC1 was originally discovered in a large Scottish pedi-
gree showing a heavy burden of major psychiatric

disorders associated with balanced chromosomal trans-
location (1:11)(q42.1:q14.3) [3].
There is broad agreement that studying rare, highly

penetrant risk mutations, for example DISC1, in animal
models can not only shed light on the neural integrity of
DISC1 and its relevance to neuropsychiatric disorders,
but also help to decipher gene-environment interactions
in those illnesses. Quite a few animal models with DISC1
mutations have reported altered brain morphology, ab-
normal plasticity, cognitive and affective deficits [4–9].
N-ethyl-N-nitrosourea (ENU)-induced inheritable mis-
sense point mutations in exon 2 of the mouse DISC1
gene have been of particular interest since Q31L mutant
mice showed depression-like behaviors while L100P mu-
tants showed schizophrenia-like phenotypes [4]. DISC1
L100P and Q31L mutant mice have been considered as
potential animal models of psychiatric disorders [10–12].
However, other independent research groups recently re-
ported that no typical schizophrenia-like or depression-
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like behaviors were observed in DISC1 L100P or Q31L
mutants respectively [13]. This discrepancy may be
explained by differences in the genetic background of
the mice, the laboratory environment, experimental
design and more. A very recent work shows that ENU-
generated DISC1 L100P mice have multiple ENU-induced
mutations which sum up to produce the phenotype [14].
Nevertheless, it suggests that further studies are needed to
elucidate the cause of behavioral variance associated with
DISC1 L100P or Q31L mutants and to determine whether
these mice strains are suitable animal models to study
schizophrenia and depression.
In this study, we further analyzed the cognitive and

affective behaviors of L100P homozygotes and their WT
littermates, and explored the underlying synaptic mecha-
nisms as well. We found that L100P mice show normal
affective behaviors but obvious deficits in object recogni-
tion which is prevented by clozapine, but not haloperidol.
Dentate gyrus (DG) granule cells carrying homozygous
mutation of L100P exhibit decreased synaptic excitation
and intact synaptic inhibition, meanwhile Schaffer
collateral-CA1 synapses of L100P mice display impaired
synaptic plasticity. Supportively, both CA1 region and DG
of L100P mice hippocampus shows suppression of intra-
cellular [Ca2+] elevation after glutamate challenge. How-
ever, L100P mutation does not affect expression of the
excitatory synaptic markers (PSD-95 and synapsin-1) or
dendrites morphology of hippocampal neurons. Our find-
ings thus suggest that the existence of altered synaptic
transmission and plasticity may disrupt declarative in-
formation processing in the hippocampal network and
contribute to recognition deficits observed in DISC1
L100P mutant mice. Rather normal dendritic structure
and excitatory synaptogenesis may correlate to normal
affective behaviors observed in L100P mutant mice.

Methods
Animals
Male homozygous (L100P/L100P) DISC1 L100P mutant
mice (Disc1 < Rgsc1390>) with C57BL/6 J background
were obtained from RIKEN BRC (Tsukuba, Japan, http://
www.brc.riken.jp/lab/animal/en/) and then backcrossed
to inbred C57BL/6 J female mice from Jackson Labora-
tory (Stock No 000664, Sacramento, California, USA) for
one generation. The resultant heterozygous progeny
(L100P/+) were intercrossed to generate L100P/L100P,
L100P/+ and +/+ littermates. Mice were group-housed
(3–4 mice per cage) in plastic cages after weaning and
maintained on a 12 h light/12 h dark cycle with free ac-
cess to food and water. All animal protocols were ap-
proved by the Chancellor’s Animal Research Committee
at the University, in accordance with National Institutes
of Health guidelines.

Behavior tests
All behavior analysis was done with 3–6 month-old male
L100P homozygotes and their same sex wild-type litter-
mates. All behavioral tests were performed between
9:00 am and 6:00 pm. Animal behaviors were video-
tracked and analyzed with Noldus EthoVision XT
software.

Elevated plus maze (EPM) test
An elevated plus maze test was conducted as described
previously [15]. The home-made elevated plus maze
consisted of two open arms (29 × 8 cm) and two same-
size close arms with 16.5 cm high walls. Four arms were
connected by a 5 ×5 cm central square. During test, each
mouse was released in the central square of the maze fa-
cing one of the close arms and allowed to explore the
maze for 5 min. Time spent in the open or close arm;
number of arm entries, and total travel distance were
calculated.

Open field (OF) test
Open field tests were conducted in a square arena
(27.3× 27.3× 20.3 cm). Each mouse was released from
the center of the arena, total distance traveled, time
spend in the center or peripheral area, vertical and ste-
reotyped activity over 10 min were analyzed [15].

Novel Object Recognition (NOR) test
Behavior were assessed according to previous publica-
tion [9]. Mice were handled 2 min per day for 3 days be-
fore training and then were habituated in the empty
experimental box (28 × 28 × 25 cm) 10 min per day for
another 3 days. During training, mice were placed in the
experimental box and exposed to two identical objects
for 10 min. One hour later, mice were put back into the
same box for the NOR test, during which one object was
changed to a new object that the animal have never met.
To avoid preference of mice to object A or B, the objects
used during training and test were counterbalanced so
that half mice in each group were trained with two iden-
tical objects A (old object) and the object B was the new
object for test, while the other half mice in each group
were trained with two objects B (old object) and the ob-
ject A was the new object for test. The total time mice
spent exploring the objects (i.e. sniffing the objects
within close proximity), and the percent time mice spent
with the old or the novel object was analyzed during a
5- min test.

Object-Place Recognition (NPR) test
Mice were handled and habituated in the experimental
box (28 × 28 × 25 cm) in the same way as in NOR test.
The experimental box for NPR test included a promin-
ent cue on one of the walls [9]. During training, mice
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were placed in the same box, exposed to two identical
objects and were allowed to explore for 10 min. Twenty-
four hours after training, mice were placed back into the
experimental box with the same two objects: one object
stayed in the same location as during training (old loca-
tion), while the other object was moved to a new loca-
tion (new location). The new location of the object was
counterbalanced so that half of the mice in each group
saw the object in the new location on the left side, and
the other half saw it on the right side. The total time
mice spent exploring the objects (i.e. sniffing the objects
within close proximity), and the percent time mice spent
with the object in old location or the object in new loca-
tion was analyzed during a 5-min test.

Social interaction (SI) test
Social behaviors were assessed according to previously
described methods with minor modifications [14]. The
behavioral test consisted of two sessions: habituation
and sociability. In habituation, the testing mouse was
placed in the experimental box (30 × 60 cm ×25 cm)
and allowed to freely explore for 5 min. In social inter-
action session following habituation, testing mouse was
put back into the same experimental box and introduced
to an unfamiliar, ovariectomized, 3-6month-old C57BL/
6 J female mouse enclosed in the wire-bar cup in the
center of the experimental box. The testing mouse was
allowed to freely explore the box for 10 min. The social
interaction (i.e. sniffing the female mouse within close
proximity) time and frequency is recorded for 10 min.

Water maze training and spatial memory test
Water maze was conducted as previously described [16].
A10-cm-in-diameter escape platform located in one of
the 4 quadrant was fixed 0.5 cm underneath the water
surface. The pool was surrounded by curtains with dis-
tinct cues hung on them. Mice were handled for 7 days
before training and trained with six trials presented in
two blocks (inter-block interval 2 h, inter-trial interval
30 s) per day for 6 days. During each trial mice were re-
leased into the pool, facing the wall, from one of 6
pseudo-random start locations and given 60 s to find the
hidden platform. Spatial memory was assessed immedi-
ately after completion of the 3rd day, 5th day’s training
and 24 h after the 6th day’s training. During probe test,
the platform was removed and the mouse was allowed
to search for 60 s in the pool. The percentage of time
mice spent in each quadrant during the probe test was
analyzed.

Forced swimming (FST) test
Mice were gently released into a transparent plastic cy-
linder (25 cm height ×10 cm diameter) filled with water
(24.5 ± 0.5 °C) up to a depth of 15 cm for 5 min. The

water surface was 10 cm below the top of cylinder. The
total immobility time and the latency to first immobility
were analyzed [9].

Primary hippocampal neuron culture
Trypsin-dissociated hippocampal neurons derived from
18-day embryo (E18) were cultured in Neurobasal
medium with B27 supplement according to previous re-
port [17]. Briefly, E18 embryos were removed from mater-
nal mice anesthetized with diethyl ether. Hippocampus
from individual embryo was quickly dissected and
submerged into a 12-well plate filled with Ca2+- and
Mg2+-free HEPES-buffered Hank’s balanced salt solution
(pH 7.45), followed by a digestion with 0.25 % w/v trypsin;
Meanwhile some tissue from the same embryo was frozen
for later genotyping analysis. After trituration through a
Pasteur pipette, neurons were centrifuged (1000 g for
5 min) and re-suspended in Neurobasal medium contain-
ing 2 % B27 serum-free supplement, 1 % v/v penicillin/
streptomycin, 0.5 mM glutamine, and 10 mM glutamate
(Sigma). Dissociated cells were then plated at a density of
0.03 × 106 cells/cm2 onto either Fisher Brand round 12-
mm-diameter coverslips (for patch-clamp recording and
immunostaining) or confocal microscopy dishes (for cal-
cium image), and at a density of 0.05 × 106 cells/cm2 to 6-
well plates (for Western blot). Dishes, coverslips and
plates were pre-coated with poly-D-lysine (50 μg/ml,
Sigma). Cultures were kept at 37 °C in a 5 % CO2 humidi-
fied incubator. One third to half of the medium was re-
placed twice a week with Neurobasal culture medium
containing 2 % B27 supplement and 0.5 mM glutamine.
All culture reagents were ordered from Invitrogen unless
specified otherwise.

Immunofluorescence staining
Immunofluorescence staining was carried out as described
previously [17]. Briefly, cultured neurons (DIV15) on cov-
erslips were fixed by 4 % paraformaldehyde (PFA) plus
4 % sucrose in phosphate-buffered saline (PBS, PH 7.4) for
20 min and permeabilized by 0.2 % Triton X-100 for
10 min. After blocked with 10 % normal donkey serum
(Jackson Immuno Research) for at least 2 h, neurons were
incubated with primary antibodies, including mouse anti-
PSD95 (1:500, Millipore), goat anti-synapsin-1 (1:500,
Abcam) and goat anti-MAP-2 (1:500, Millipore) in 3 %
NDS for 1 h. After washing with PBS for three times,
neurons were incubated in 3 % NDS containing Alexa
Fluor 568 goat anti-mouse IgG (1:1000, Invitrogen) or
Alexa Fluor 405 goat anti-rabbit IgG (1:1000, Invitrogen)
for another 1 h. After washing with PBS for three times,
the coverslips were incubated with 4′, 6-diaminodino-2-
phenylindole (DAPI, Invitrogen, 1:2,000) for 15 min before
mounted with ProLong® Gold Antifade Reagent (Invitro-
gen). Fluorescent images were acquired with a laser-
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scanning confocal microscope (LSCM510 Meta, Zeiss)
and a 63 ×oil-immersion objective lense. Gain, threshold,
and black levels were not changed during the individual
experiment. Neuronal images were analyzed using Meta-
Morph and customized filter sets. All image analysis was
done blind to the experimental conditions.
Spines were defined as dendritic protrusions of 0.5–3 μm

length, with or without a head. Excitatory synapse density
was measured by counting the number of PSD95-positive
spines (green) co-localized with synapsin-1-postive boutons
(red) per 100 μm dendritic length (including secondary and
tertiary dendrites) per neuron [18]. Co-localization of two
fluorescent signals was determined using “colocalization”
module in MetaMorph as described [19].

Protein isolation and western blotting
Synaptosome (SS)- and PSD-enriched fractions were
prepared from adult mice (3 to 4 months old) with a
protocol described in our previous publication [16]. In
brief, the forebrains were rapidly dissected and homoge-
nized in ice-cold homogenization buffer containing
4 mM HEPES-NaOH (pH 7.4), 0.32 M sucrose and fresh
protease inhibitor mixture (Roche). After centrifugation,
2 ml supernatant (S1) was diluted with the same volume
of 10 % Percoll (GE Healthcare Bio-Sciences) and laid
on top of a 10 and 20 % discontinuous Percoll gradient.
The interface between 10 and 20 % Percoll was collected
after centrifugation (33,000 × g for 5 min at 4 °C) and
diluted with PSD buffer (PSDB) containing 40 mM
HEPES-NaOH (pH 8.1) and fresh protease inhibitor
mixture. After centrifugation at 4 °C for 20 min
(20,000 × g), the SS pellet was re-suspended thoroughly
in PSDB. Then, 0.5 % Triton X-100 was added to SS ly-
sates to enhance solubilization. After stirring for 15 min at
4 °C and centrifugation for 40 min (40,000 × g) at 4 °C,
the final pellet (PSD) was re-suspended in PSDB and
stored at −80 °C for use. Protein concentrations were de-
termined with a BCA assay kit (Thermo).
Equal amounts of SS and PSD protein were separated

by electrophoresis on a 4–12 % SDS-PAGE gel (Invitro-
gen) and then transferred to nitrocellulose membranes.
After blocking with 5 % (w/v) nonfat dry milk in TBS-T
(Tris-buffer saline containing 0.1 % Tween-20) for 1 h at
room temperature, membranes were hybridized with a
primary antibody of interest overnight at 4 °C. After
washing with TBS-T, membranes were incubated with a
secondary antibody in TBS-T containing 5 % nonfat milk
for 1 h at room temperature. Signals were visualized by
ECL (Thermo). Exposure time was adjusted so that
the signals measured were in a linear range. The fol-
lowing primary antibodies were used: PSD-95 (1:2000,
Millipore), synapsin-1 (1:1000, Abcam), synaptophysin
(SynPhy, 1:2000, Millipore), αCaMKII (1:2000; Millipore),
β-actin (1:1000; Sigma), GluA1 (1:1000, Abcam), GluN2B

(1:1000, Abcam), β-tubulin (1:1000, Abcam) respectively.
β-tubulin and β-actin were used as controls for protein
loading. The protein/β-tubulin (or β-actin) ratio of the
wild-type group was used as a standard and L100P group
was normalized to it before statistical analysis.

Hippocampus slices preparation and electrophysiological
recordings
Hippocampal slice was prepared according to previous
description [16]. Briefly, slice was sectioned in oxygen-
ated ice-cold cutting solution (pH 7.40) containing (in
mM) 2.5 KCl, 26 NaHCO3, 1 NaH2PO4, 7 MgSO4, 1
CaCl2, 30 Glucose, 119 choline chloride, 3 sodium pyru-
vate, 1 kynurenic acid and 1.3 sodium L-ascorbate. Cor-
onal slices (400 μm thick) containing hippocampus were
cut on a vibratome (VT-1000, Leica, Germany) and
transferred to recovery solution containing (in mM) 85
NaCl, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 4 MgCl2, 24
NaHCO3, 25 glucose and 50 sucrose to recover for
30 min at 30 °C and then at least 1 h at room temperature
prior to recording.
Whole cell patch-clamp recordings in voltage-clamp

mode were obtained from pyramidal neurons in hippo-
campal CA1 and granule cells in DG. The glass micropi-
pettes (4–6 MΩ) was filled with internal solution
(pH 7.30) containing (in mM) 130 CsMeSO4, 10 CsCl, 4
NaCl, 1 MgCl2, 5 MgATP, 5 EGTA, 10 HEPES, 0.5
Na3GTP, 10 phosphocreatine and 4 QX-314. During re-
cordings, slices were continuously perfused with artificial
cerebral spinal fluid (ACSF) containing (in mM) 120
NaCl, 3.5 KCl, 2.5 CaCl2, 1.3 MgSO4, 1.25 NaH2PO4, 26
NaHCO3 and 10 glucose, at a flow rate of ~2 ml/min at
31–33 °C. Spontaneous inhibitory postsynaptic currents
(sIPSCs) were recorded at a holding potential of +20 mV
with 3 mM kynuric acid in perfused ASCF; while spon-
taneous excitatory postsynaptic currents (sEPSCs) were
recorded at a holding potential of −70 mV in ASCF with
50 μM AP-5 and picrotoxin in ACSF. Miniature inhibi-
tory and excitatory postsynaptic currents (mIPSCs and
mEPSCs) were recorded with the application of 1 μM
TTX in external solutions. sEPSCs, mEPSCs, sIPSCs and
mIPSCs were analyzed using Mini Analysis Program.
Event counts were carried out by an experimenter blind
to genotype.
Field excitatory postsynaptic potentials (fEPSPs) were

evoked in acute hippocampal slices every 30 s with FHC
bipolar platinum electrodes placed in the medial perfor-
ant path (MPP) for DG or in Schaffer collateral path
(SC) for CA1. For input-output (I/O) experiments meas-
uring evoked basal transmission, synaptic input was the
peak amplitude of the fiber volley, and the output was
the initial slope of the fEPSP from average of three indi-
vidual traces. Paired-pulse ratio (PPR) were determined
by evoking two fEPSPs (average of three individual
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traces) that are 10–400 ms apart and dividing the initial
slope of the second fEPSP by that of the first (fEPSP2/
fEPSP1). The paired pulses were delivered every 20 s.
For synaptic plasticity experiments, LTP at SC-CA1
synapses was induced by a single tetanus of 100 pulses
at 100 Hz. LTP at MPP-DG synapses was induced by
four trains of 100 Hz tetanus with 20 s intervals. All test
stimuli and tetanus pulses were 100 μs in duration and
1/2–2/3 of maximal stimulation strength (100 μA). All
the recording data were filtered at 1 or 2 kHz and digi-
tized at 10 kHz. Analog to digital conversion was per-
formed using Digidata 1440A (Molecular Devices). Data
were acquired using Clampex 10 (Molecular Devices),
and analyzed using Clampfit 10 (Axon Instruments).
The experimenters were blind to the genotypes of the
mice. All the chemicals used in electrophysiological re-
cordings were purchased from Sigma.

Calcium image
The juvenile mice (P8 ~ P15) were decapitated and
brains were rapidly removed and placed in ice cold
ACSF composed of (in mM): 124 NaCl, 26 NaHCO3, 2
KCl, 1.25 NaH2PO4, 2 CaCl2, 2 MgSO4, and 10 D-
glucose. Coronal slices (300 μm thick) containing the
hippocampus were prepared and allowed to recover in
oxygenated ACSF at room temperature for at least 1 h
before loaded with 10 μM Ca2+ indicator fluo-4 AM
(acetoxymethyl ester of fluo-4, Thermo Fisher Scientific)
for 40 min at room temperature. Slices were then trans-
ferred to a perfusion chamber and were continuously
perfused with ACSF at a rate of ~2.5 ml/min. All solu-
tions were continuously bubbled with 95 % O2/5 % CO2.
The fluorescence imaging was performed with Olympus
BX61W1 confocal microscope (Olympus). Fluorescence
excited at 488 nm was imaged through a 40× objective
lens. For quantitative analysis, multiple cells in the whole
field of view were marked as the regions of interest
(ROIs). The fluorescence images of same ROIs were
collected every second for 400 s and analyzed using
Fluoview1000 software (version 3.1a, Olympus). After
detection of baseline fluorescence intensity (F0) for
100 s, slices were exposed to 50 μM glutamate to induce
a rapid increase in cytoplasmic [Ca2+]. Fluorescence in-
tensity after glutamate application (F1) was monitored
continuously for 300 s. Glutamate-evoked elevations of
intracellular [Ca2+] were estimated as ΔF/F0 after back-
ground subtraction [20]. Experiments were conducted
on 2–4 slices from each hippocampus and 3–5 mice
with same genotype.

Data analysis
Results were expressed as mean ± SEM. Data were ana-
lyzed using one-sample t-test, unpaired t-test, one-way
ANOVA, two-way ANOVA or two-way repeated

measures as appropriate. P < 0.05 indicates significant
difference between groups. Statistical analysis was per-
formed with GraphPad Prism 5.0 (GraphPad Software).

Results
L100P mutant mice showed normal anxiety- and
depression-like behaviors
First, we measured locomotor activity and exploratory
behavior of L100P homozygous mutants (L100P) and
their littermate controls (WT) in an open field (OF). We
found no effect of genotype on total travel distance, ver-
tical activity, and stereotypic counts (data not shown).
L100P mice showed identical center or peripheral
exploration time compared to WT controls, which indi-
cates normal anxiety (Fig. 1a; two-way ANOVA, geno-
type F(1, 38) = 10−12, P > 0.05). Consistently, in the
elevated plus maze (EPM) test, a well-established test to
measure anxiety, we did not found significant effect of
genotype on the time spent in open or close arms either
(Fig. 1b; two-way ANOVA F(1, 38) = 0.026, P > 0.05). To
assess depression-like behavior, we measured the immo-
bility during the force swimming (FS) test and found
that the total immobility time of L100P mice was com-
parable to that of WT controls (Fig. 1c; unpaired t-test,
P > 0.05). Since social dysfunction is a significant prob-
lem in schizophrenia [21], we also conducted the social
interaction (SI) test and found no significant difference
between the L100P mutants and WT controls in their
social interaction time (Fig. 1d; unpaired t-test, P > 0.05).
Therefore, in our study, we did not found increased
anxiety- or depression-like behaviors in L100P homo-
zygous mutants, a finding that is consistent with re-
cent report [13].

L100P mutant mice showed object recognition memory
deficits
Cognitive deficits are commonly associated with major
neuropsychiatric illnesses and have been reported in
DISC1 mutations [4–7, 9, 22]. To evaluate whether our
L100P mutant still shows abnormality in learning and
memory without anxiety or depression phenotypes,
L100P homozygotes and WT controls were tested in
novel object recognition (NOR) and object-place recog-
nition task (NPR), two tasks sharing many of the same
motivational and visual-perceptual demands excepting
that the latter is considered to be heavily dependent on
hippocampus [23]. We found that L100P mice showed
profound deficits in both NOR and NPR tests: while
WT mice spent significantly more percentage of time
exploring the novel object in NOR test (Fig. 2a; two-way
ANOVA, F(1 ,74) = 33.67; Bonferroni post-tests, novel ob-
ject versus old object, t = 7.15, P < 0.001) or the object at
the new location in NPR test (Fig. 2b; two-way ANOVA,
F(1,74) = 30.97; Bonferroni post-tests, new location versus
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old location, t = 9.50, P < 0.001), the L100P mutants
spent similar time exploring two objects in both NOR
test (Fig. 2a; two-way ANOVA, F(1, 74) = 33.67; Bonfer-
roni post-tests, novel object versus old object, t =
1.13, P > 0.05) and NPR test (Fig. 2b; two-way
ANOVA, F(1, 74) = 30.97; Bonferroni post-tests, new
location versus old location, t = 1.49, P > 0.05). Im-
portantly, L100P mutants and WT mice spent simi-
lar time to explore two objects in NOR (Fig. 2a) and
NPR tests (Fig. 2b), indicating that the recognition
memory deficits observed in L100P mutants were
not caused by lack of exploration activity or anxiety.
To assess whether L100P mutants had spatial memory

deficits, mice were trained and tested in Morris water
maze. Probe test showed that L100P mutants acquired
stable spatial memory same as the WT mice: There was
no effect of genotype on the percentage of quadrant
searching time (two-way ANOVA, F(1, 144) = 0.135,
P > 0.05); both groups of mice showed strong spatial
bias for the quadrant where the platform was located dur-
ing training (Fig. 1f; two-way ANOVA, F(3, 144) = 108.3,
P < 0.001; Bonferroni post-tests, target quadrant versus
others, P < 0.001). In addition, L100P and WT mice
required similar time to locate the hidden platform
during training (Fig. 1e; two-way ANOVA, F(1, 222) = 0.15,
P > 0.05), indicating that spatial learning of L100P mice
were normal. Therefore, we reported here that L100P

homozygous mutant shows impaired object recognition
memory while relatively normal spatial memory.

Clozapine treatment reversed the recognition deficits in
L100P mutant mice
To test whether antipsychotics treatment could reverse
the recognition deficits observed in L100P mutants, anti-
psychotics were administered by i.p. injection 40 min be-
fore both training and test. Our analysis showed that the
atypical antipsychotic clozapine (0.6 mg/kg dissolved in
10 % DMSO, Tocris), an antagonist of both dopamine
and serotonin receptors, prevented the memory deficits
of L100P mutants in novel object recognition (NOR,
Fig. 2c) and object-place recognition (NPR, Fig. 2d). In
comparison to the mutant group treated with vehicle
(L100P-veh) that spent the same percentage of time ex-
ploring the new object (or the object at the new loca-
tion) compared to the old object (or the object at old
location), the L100P group treated with clozapine
(L100P-cloz), the WT vehicle groups (WT-veh) and the
WT clozapine groups (WT-cloz) all spent significantly
more time exploring the novel object (Fig. 2c; two-way
ANOVA, F(1, 70) = 58.18, P < 0.001; Bonferroni post-tests,
P < 0.001, novel object versus old object) during NOR
test or the object at the new location during NPR test
(Fig. 2d; two-way ANOVA, F(1, 62) = 52.86, P < 0.001;
Bonferroni post-tests, P < 0.01 or P < 0.001, object at the

Fig. 1 DISC1 L100P homozygous mutant shows normal behaviors in locomotor activity, anxiety and depression, spatial learning and memory.
a In the open field (OF) test, L100P mice (n = 10) and WT mice (n = 11) spent similar time exploring center or peripheral area. b In the
elevated plus maze (EPM) test, L100P mice (n = 10) and WT mice (n = 11) spent similar time exploring the open or close arms. c In the forced
swim (FS) test, the immobility time of L100P mice (n = 10) and WT mice (n = 11) were similar. d In social interaction (SI) test, L100P mice
(n = 10) and WT mice (n = 10) spent similar time interacting with an unfamiliar, ovariectomized C57BL/6 J female mouse. e Time to locate the
hidden platform as a function of training days in Morris water maze. f Water maze probe test at day 5 showing that both L100P mice (n = 19)
and WT littermates (n = 20) spent significant more time searching in the training quadrant where the platform was located during training
than in the other three quadrants. Two-way ANOVA and Bonferroni post-tests, ***P < 0.001. All data are shown as means ± SEM.
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new location versus object at the old location). Remark-
ably, during training, all four groups of mice spent com-
parable time exploring the two objects, indicating that
clozapine treatment at the relative low dose of 0.6 mg/
kg did not affect exploratory behavior (Fig. 2c and d;
one-way ANOVA, F(3,35) = 1.39 for NOR and F(3,31) =
0.21 for NPR, P > 0.05). Interestingly, similar treatment
with the typical antipsychotic haloperidol, a dopamine
D2 receptor antagonist, could not reverse the recogni-
tion deficits observed in L100P mutants (data not
shown).

L100P mutant mice showed abnormal synaptic
transmission and plasticity in hippocampal network
Since DISC1 is present in several cellular compartments
including synapses, where it may interact with synaptic
proteins to mediate synaptic function [24, 25], we de-
cided to test whether DISC1 L100P mutant mice showed
dysregulation of synaptic transmission and plasticity in
hippocampus, which may underlie its recognition defi-
cits. First, we loaded hippocampal slices from juvenile
mice (P8 ~ P15) with the fluorescent Ca2+ indicator
Fluo-4 AM and monitored the changes of intracellular
[Ca2+] after glutamate perfusion. We found that, al-
though 50 μM glutamate challenge induced significant
elevation of cytoplasmic [Ca2+] in both CA1 pyramidal

cells and dentate gyrus granule cells of L100P hippocam-
pal slices (Fig. 3; one-sample t-test, P < 0.05 or P < 0.01
compared to zero), the [Ca2+] elevation were much
smaller than that observed in WT slice (Fig. 3c and d;
unpaired t-test, P < 0.05 for CA1 cells and P < 0.01 for
DG cells). Those results indicated that DISC1 L100P
mutation impaired neuronal activity in hippocampus.
In order to determine the synaptic nature of impaired
[Ca2+] increase in L100P mutants, we performed both
evoked fEPSPs recording and basal postsynaptic
currents (PSCs) recording on DG granule cells and CA1
pyramidal neurons from adult hippocampal slices. Den-
tate granule cells from L100P mice showed significant
decrease in both sEPSCs frequency and sEPSCs ampli-
tude compared to the WT controls (Fig. 4a; unpaired
t-test; t = 3.09, P < 0.01 for sEPSCs frequency; t = 4.06,
P < 0.001 for sEPSCs amplitude). Consistently, mEPSCs
frequency and mEPSCs amplitude were also reduced in
granule cells of L100P mice (Fig. 4b; unpaired t-test,
P < 0.05 compared to the WT controls). Neither sIPSCs
nor mIPSCs were changed in L100P mutant granule
cells. However, only reduced sIPSCs amplitude was
observed on CA1 pyramidal neurons carrying L100P
mutation (Fig. 4c; unpaired t-test, t = 2.44, P < 0.05 in
comparison to WT neurons); the sIPSCs frequency
(Fig. 4c), sEPSCs and mEPSCs frequency and

Fig. 2 DISC1 L100P homozygous mutant shows impaired object recognition memory which is reversed by Clozapine. a Novel objects recognition
(NOR) test. Left, L100P mutants and WT mice spent similar time exploring the two objects during test. Right, the percentage of exploration time during
NOR test at 1 h after training. WT mice (n = 20) spent significantly more time exploring the novel object versus the old object; while L100P mice
(n = 19) did not. Two-way ANOVA and Bonferroni post-tests, ***P < 0.001. b Object-place recognition (NPR) test. Left, L100P mutants and WT mice spent
similar time exploring the two objects during test. Right, the percentage of exploration time during NPR test at 24 h after training. WT mice (n = 21)
spent significantly more time exploring the object at the new location versus the object at the old location; while L100P mice (n = 19) did not.
Two-way ANOVA and Bonferroni post-tests, ***P < 0.001. c Clozapine treatment rescued new object recognition deficits in L100P mice. Left, total
objects exploration time in NOR test. Right, the percentage of exploration time during NOR test at 1 h after training. L100P mice treated with clozapine
(L100P-cloz, n = 10) spent significantly more time exploring the novel object versus the old object, while L100P mice received vehicle administration
(L100P-veh, n = 9) did not. Two-way ANOVA and Bonferroni post-tests, ***P < 0.001. WT-veh n = 10, WT-cloz n = 10. d Clozapine treatment rescued
object-place recognition deficits in L100P mice. Left, total objects exploration time in NPR test. Right, the percentage of exploration time during NPR
test at 24 h after training. L100P mice treated with clozapine (L100P-cloz, n = 10) spent significantly more time exploring the object at the new
location versus the object at the old location, while L100P mice received vehicle administration (L100P-veh, n = 7) did not. Two-way
ANOVA and Bonferroni post-tests, **P < 0.01 and ***P < 0.001. WT-veh n = 8, WT-cloz n = 10. All data are shown as means ± SEM.
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amplitude (data not shown) were not altered in CA1
pyramidal neurons of L100P hippocampus. Therefore,
our data indicated the existence of abnormal, imbal-
anced glutamatergic and GABAergic transmission in
hippocampal networks of L100P mutant mice.
Notably, fEPSPs recording in the SC-CA1 synapses

of L100P mice hippocampal slices revealed normal
basal synaptic transmission since its synaptic input/output
(I/O) relationship was comparable to that of WT (Fig. 4d,
average slope, 5.32 ± 0.359 for L100P mutants and 5.01 ±
0.325 for WT; unpaired t-test, P > 0.05). However, paired-
pulse ratio was suppressed in CA1 of L100P mice hippo-
campus especially when interpulse interval was 100 ms,
meaning impaired paired-pulse facilitation (Fig. 4e; two-
way repeated measure ANOVA, genotype F(1, 110) = 5.71,
P < 0.05; Bonferroni post-tests, P < 0.01 at interval of
100 ms). Since paired-pulse facilitation (PPF) is a form of
short-term plasticity caused by increased presynaptic Ca2+

concentration leading to a greater release of synaptic

vesicles, the suppression of PPF indicates the existence of
presynaptic abnormality in L100P mice hippocampus.
Supportively, we also found suppression of post-tetanic
potentiation (PTP), another form of short-term synaptic
enhancement mediated by presynaptic activation of pro-
tein kinases, in SC-CA1 synapses of L100P mutant hippo-
campus (Fig. 4f and g, unpaired t-test; t = 2.49, P < 0.05
compared to WT, measured at 0–5 min after tetanic
stimulation to induce LTP). Finally, LTP induced by high-
frequency (100 Hz) stimulation in SC-CA1 synapses was
also impaired in L100P hippocampal slices (Fig. 4f and g,
unpaired t-test; t = 2.21, P < 0.05, measured at 50–60 min
after tetanic stimulus). Because of PPF and PTP abnormal-
ity, both pre- and post-synaptic mechanisms may underlie
the LTP deficits observed in L100P hippocampal slices. In
contrast, MPP-DG synapses in L100P hippocampus dis-
played normal basal transmission, normal PPF and LTP
induced by four trains of high-frequency stimulation (data
not shown).

Fig. 3 Ca2+-image study reveals suppression of glutamate-evoked elevation of cytoplasmic [Ca2+] in L100P mutant hippocampus. a Representative
confocal images of CA1 pyramidal cells loaded with Fluo-4 AM (green) before (a, c) and during (b, d) perfusion with 50 μM glutamate. Bar
50 μm. b Time course of glutamate-induced intracellular [Ca2+] increase in CA1 pyramidal neurons. Fluorescence intensity changes ΔF was
background corrected and normalized to the resting fluorescence (F0). The addition of glutamate was indicated by the horizontal bar (red).
The grey vertical bars indicate the selective time points that images shown in A were taken. Traces represent averaged responses of selected
cells in the same field of view. c Summary of glutamate-induced [Ca2+] elevations in CA1 pyramidal neurons of juvenile mice (P8 ~ P15). WT,
n = 31 cells from 4 mice and L100P, n = 25 cells from 3 mice, * P < 0.05, unpaired t-test. d Summary of glutamate-induced [Ca2+] elevations in
DG granule cells of juvenile mice (P8 ~ P15). WT, n = 22 cells from 4 mice and L100P, n = 15 cells from 3 mice, **P < 0.01, unpaired t-test. Data
were averaged during 200–300 s after the onset of perfusion with glutamate, and normalized by the mean fluorescence intensity obtained
during the baseline period (0–100 s) before glutamate perfusion for each cell. All data are shown as means ± SEM.
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These results collectively suggest that DISC1 L100P
mutation leads to distinct changes of synaptic transmis-
sion and plasticity in two different hippocampal regions,
both of which may contribute to the cognitive deficits
observed in those mutant mice.

L100P hippocampal neurons exhibited normal expression
of excitatory synaptic markers and normal dendrites
morphology
To establish the molecular mechanisms that underlie
the synaptic dysfunction in L100P mutants, we first

measured the expression of PSD-95 and synapsin-1, two
excitatory synaptic marker proteins, in primary cultured
hippocampal neurons by immunohistochemistry tech-
niques. Our analysis revealed that the basal expression
of PSD-95 and synapsin-1 were not changed in L100P
neurons (Fig. 5a-c). Consistently, our western blot ana-
lysis using mice forebrain synaptosome (SS) and PSD-
enriched fractions indicated that the protein levels of
PSD-95 and synapsin-1 in L100P mice were comparable
to those measured in WT controls (Fig. 5g and h). Be-
sides PSD-95 and synapsin-1, the expression level of

Fig. 4 Synaptic transmission and plasticity are impaired in L100P mutant hippocampus. a sEPSCs in dentate granule cells. Top, sample sEPSCs
traces recorded in L100P (right) and WT (left) granule cells. Bottom, summary of sEPSCs frequency (left) and amplitude (right) showing reduced
sEPSCs frequency and amplitude in L100P granule cells compared to the WT controls. **P < 0.01 or *** P < 0.001, unpaired t-test, n = 9 (5 mice) for
WT group and n = 11 (5 mice) for L100P group. Scale bars, 20 pA and 200 ms. b mEPSCs recorded in dentate granule cells. Top, sample mEPSCs
traces recorded in L100P (right) and WT (left) granule cells. Bottom, summary of mEPSCs frequency (left) and amplitude (right) showing reduced
mEPSCs frequency and amplitude in L100P granule cells compared to the WT controls. *P < 0.05, unpaired t-test, n = 10 (5 mice) for WT group
and n = 11 (5 mice) for L100P group. Scale bars, 20 pA and 200 ms. c sIPSCs in CA1 pyramidal cells. Left, sample sIPSCs traces recorded in L100P
(bottom) and WT (top) pyramidal cells. Summary of sIPSCs frequency (middle) and amplitude (right) showing reduced sIPSCs amplitude but
normal frequency in L100P cells compared to the WT controls. *P < 0.01, unpaired t-test, n = 9 (5 mice) for WT group and n = 11 (5 mice) for
L100P group. Scale bars, 100 pA and 200 ms. d I/O relationship between the fiber volley amplitude and fEPSP slope in hippocampal SC-CA1
synapses. Each point represents the mean of all slices tested for certain stimulus intensity. Error bars illustrate standard error for both axes. WT
and L100P slices exhibit similar average I/O slope. P > 0.05, unpaired t-test, n = 24 (6 mice) for WT group and n = 18 (5 mice) for L100P group.
e Paired-pulse ratio across different interpulse intervals in hippocampal SC-CA1 synapses. L100P group shows reduced paired-pulse facilitation.
Two-way repeated measure ANOVA and Bonferroni post-tests, **P < 0.01 at interval of 100 ms, n = 12 slices from 5 mice for each group. f LTP
induced by 100Hz (1 s) stimulus in hippocampal SC-CA1 synapses. fEPSP slopes normalized to the average baseline response (10 min) before LTP
induction (time 0), are plotted in 1-min blocks. Sample traces show responses during baseline and the last 10 min of the recording (average of
10 recording traces). Scale bars, 0.1 mV and 4 ms. g Averaged percentage change of fEPSP slope after LTP induction showing reduced PTP
(first 5 min of recording) and LTP (last 10 min of recording) in L100P mutant hippocampal SC-CA1 synapses. *P < 0.05, unpaired t-test, n = 21 slices
from 6 WT mice, n = 14 slices from 5 L100P mutant mice. All data are shown as means ± SEM.
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other synaptic proteins including GluA1, GluN2B and
αCaMKII were also comparable in two groups of mice
(Fig. 5g and h). However, the expression of synaptophy-
sin, the major synaptic vesicle protein p38, was reduced
in SS-enriched fraction of L100P mice forebrain tissue
(Fig. 5g, unpaired t-test; t = 2.92, P < 0.05), which may
associate with pre-synaptic dysfunction observed in
L100P mice hippocampus.
To test whether mutant hippocampal neurons exhib-

ited dendrite structure or morphology abnormalities
associated with synaptic dysfunction in L100P mice, we
counted the number of PSD-95-immunopositive den-
dritic spines that co-localized with synapsin-1-postive
boutons in primary cultured hippocampal neurons, and
found no difference between L100P and WT neurons in
the density of excitatory synapse (Fig. 5d). In addition,
MAP2 staining showed that the total dendrite length
and dendritic branches of cultured L100P neurons were
similar to that of WT neurons (Fig. 5e and f, two-way

ANOVA and Bonferroni post-tests, P > 0.05 for all
segment levels comparison), indicating that L100P muta-
tion did not dramatically change dendrite structure or
morphology.

Discussion
We reported here that ENU-induced DISC1 L100P
mutant shows certain recognition memory deficits, in-
cluding both novel object recognition and object-place
recognition, which is reversed by clozapine, but not
haloperidol. Clozapine is an atypical antipsychotic that
has antagonistic effect on multiple receptors, including
5-HT2, DA1, M1, DA4 and DA2 [26]; while haloperidol is
a typical antipsychotic which strongly blocks DA2 re-
ceptor. Previous studies indicated that clozapine and
haloperidol regulates dopamine receptors function
through different pathway and mechanisms [27].
Consistent with previous reports [4, 13], we did not
find behavioral abnormality of L100P mutants in

Fig. 5 L100P hippocampal neurons exhibit normal expression of excitatory synaptic markers and dendrites morphology. a Immunostaining for
PSD-95 (red) and synapsin-1(SYN, blue) in primary neuronal cultures from WT (a-c) and L100P (d-f) hippocampus. Scale bar figures, 50 μm; scale
bar blow-out, 10 μm. b-d Summary of immunostaining density for PSD-95 (b), synapsin-1 (c) and excitatory synapse formation (d) in primary
cultured L100P and WT hippocampal neurons. Spine density was calculated on secondary and tertiary dendrites. Unpaired t-test, n = 21 neurons
for WT group and n = 24 neurons for L100P group. All data are shown as means ± SEM. e-f Summary histogram showing that L100P and WT
neurons have similar total dendrites length (e) and dendrites number (f) in primary, secondary and tertiary dendritic segments. Two-way ANOVA
and Bonferroni post-tests. WT group, n = 18 neurons; L100P group, n = 21 neurons. Data were collected from three to four independent experiments.
All data are shown as means ± SEM. g-h Immunoblots showing synaptic proteins expression in the forebrain of WT mice and L100P
mutants. Immunoblots of synaptosome (SS) fraction (g) and PSD-fraction (h) with antibodies against synapsin-1, synaptophysin, PSD-95,
GluA1, αCaMKII, GluN2B and β-tubulin. Upper, representative sample immunoblot. β-tubulin is used to control for protein loading. Lower,
summary of synaptic proteins expression in SS and PSD fractions. For quantification, the amount of each protein is first standardized as a
ratio of protein/tubulin and then normalized by average protein/tubulin ratio of WT group before statistical analysis. Quantifications are
based on the average of 6–12 independent experiments. *P < 0.05, unpaired t-test. All data are shown as means ± SEM.
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anxiety, depression, spatial learning and memory,
and social ability. Also of note, we did not find
hyperactivity phenotype of L100P mutants in novel
open field or elevated plus maze test. Therefore, our
data suggested that recognition memory deficits ob-
served in L100P mutants were not caused by alter-
ations in locomotor activity, visual-perceptual ability,
anxiety or depression.
DISC1 is present in a broad of brain regions during

development and adulthood, many of those brain re-
gions are known to be abnormal in schizophrenia, such
as the prefrontal cortex, hippocampus, and thalamus.
Accumulating evidence indicates that DISC1 acts as an
intracellular scaffold protein that in concert with numer-
ous interacting proteins regulates neurogenesis, neuronal
migration, neurite outgrowth in development brain and
synaptic function in adulthood [24, 28–31]. Recent find-
ings suggest that dysregulation of synaptic function and
plasticity in neocortex and hippocampus are related to
cellular and behavioral alterations observed in neuro-
psychiatric disorders such as schizophrenia and depres-
sion [1, 32, 33]. It is well accepted that recognition
memory depends on a network of brain regions working
in concert which include the perirhinal cortex, the med-
ial prefrontal cortex, the hippocampus and the medial
dorsal thalamus [34]. In particular, recognition memory
concerning the spatial location of a previously encoun-
tered item involves the hippocampus [35]. Very recent
study reported that object-in-place associative recogni-
tion memory depends on glutamate receptor neuro-
transmission within hippocampal-cortical circuits [36].
Therefore, we hypothesized that the object recognition
deficits observed in DISC1 L100P mice is associated with
dysregulation of synaptic transmission and/or plasticity
in hippocampus. Indeed, we found impairments in
glutamate-evoked cytoplasmic [Ca2+] elevation in L100P
mutant hippocampal slices suggesting reduced neuronal
activity. Whole-cell patch-clamp recordings on granule
cells further revealed a decrease in excitatory synaptic
transmission while unchanged inhibitory synaptic trans-
mission in L100P dentate gyrus, where granule cells
receive major excitatory input from layer II of the ento-
rhinal cortex and form the first connection of the hippo-
campal tri-synaptic loop circuit. In addition, fEPSPs
recording disclosed both short-term and long-term plas-
ticity deficits in the SC-CA1 hippocampal synapses of
L100P mutant mice. Interestingly, L100P mutant hippo-
campal slices displayed the substantial reductions of
EPSCs frequency and amplitude in DG granule cells, in
contrast with rather normal EPSCs in CA1 pyramidal
neurons. Meanwhile, the suppression of both short-term
and long-term potentiation in SC-CA1 synapse contrasts
with relatively normal plasticity in MPP-DG synapses of
L100P mutant hippocampus. Although further details

remain to be studied, our present results collectively
suggest that DISC1 L100P mutation leads to distinct
changes of synaptic transmission and plasticity in two
different hippocampal regions, both of which may inter-
fere declarative information processing and lead to the
cognitive deficits observed in those mutant mice. To be
noted, dentate gyrus is also notable as being one of brain
structures known to have high rates of neurogenesis in
adult [37]. In support of the important role of DISC1 in
neurogenesis, we also found reduced neurogenesis
(BrdU+ cells) in the hippocampus of L100P mutants
(132 ± 9, n = 9) compared to that of WT controls (179 ± 12,
n = 8, unpaired t-test, P < 0.01, data not shown), which
is consistent with previous report [38]. Previous studies
showed that dentate gyrus-specific knockdown or dele-
tion of adult neurogenesis impairs object recognition
memory [39, 40], therefore we suspect that reduced
neurogenesis may also contribute to recognition mem-
ory deficits in L100P mice; however, the extent of con-
tribution of reduced neurogenesis towards recognition
memory deficits in L100P mutants is not certain yet
considering the involvement of adult neurogenesis in
cognition, stress and emotion [41]. Noticeably, we did
not find any behavioral phenotype of L100P mutants in
locomotor activity, anxiety, depression, spatial learning
and memory.
It was reported that the ENU-generated L100P mice

have a single nucleotide mutation that affects the bind-
ing region of DISC1 with PDE4b and GSK3β [4, 12].
However, in our study, we did not find dramatic changes
in GSK3β phosphorylation in L100P hippocampus
lysates, nor did we find PDE4b inhibitor rolipram’s re-
versal of recognition deficits in L100P mice (data not
shown). Although DISC1 regulation of neurite out-
growth in developing brain, and morphological differ-
ences such as reduced brain volume has been reported
in L100P mutants [4], we did not find alterations in den-
drites morphology (length and branch) or excitatory
synapse density in primary cultured hippocampal cells
derived from L100P mutant mice. Except for reduced
synaptophysin expression detected in synaptosome (SS)-
enriched fraction, we did not find significant changes of
PSD-95, synapsin-1 and other synaptic proteins (CaM-
KII, GluA1, GluN2B and etc.) expressed in both cultured
hippocampal cells and forebrain tissues derived from
L100P mutants. Lack of changes in dendrites structure
or DISC1 binding partner (i.e.GSK3β) activity may cor-
relate to normal spontaneous activity observed in our
L100P mice. It also suggests that the object recognition
deficits exhibited by L100P mice in our study may result
from glutamate and receptor dysfunction, for example
AMPA and NMDA receptors activity in hippocampal
network. Further studies are needed to elucidate the
underlying molecular mechanisms.
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Conclusions
In conclusion, we report here that DISC1 L100P homozy-
gous mutant shows impaired object recognition. The exis-
tence of abnormal synaptic transmission and plasticity in
hippocampal network may disrupt declarative information
processing and contribute to recognition deficits in DISC1
L100P mutant mice.

Abbreviations
ACSF: Artificial cerebral spinal fluid; DAPI: 4′, 6-diaminodino-2-phenylindole;
DG: Dentate gyrus; DISC1: Disrupted-in-schizophrenia 1; E18: 18-day embryo;
ENU: N-ethyl-N-nitrosourea; EPM: Elevated plus maze; fEPSPs: Field excitatory
postsynaptic potentials; FST: Forced swimming test; LTP: Long-term
potentiation; mEPSCs: Miniature excitatory postsynaptic currents;
mIPSCs: Miniature inhibitory post-synaptic currents; MPP: Medial perforant
path; NOR: Novel object recognition; NPR: Object-place recognition;
OF: Open field; PBS: Phosphate-buffered saline; PFA: 4 % paraformaldehyde;
PPF: Paired-pulse facilitation; PSD: Post-synaptic density; PTP: Post-tetanic
potentiation; ROIs: The regions of interest; SC: Schaffer collateral path;
sEPSCs: Spontaneous excitatory postsynaptic currents; SI: Social interaction
test; sIPSCs: Spontaneous inhibitory post-synaptic currents; SS: synaptosome

Acknowledgements
We thank Jie Yang and Xuan Qiu for their technical assistance and Dr. Junxia
Xie for her helpful comments. This study was funded by National Natural
Science Foundation of China (NSFC) and Natural Science Foundation of
Shandong Province.

Funding
This study was funded by National Natural Science Foundation of China
(NSFC) 31222027 to Y.Z. and Natural Science Foundation of Shandong
Province (CN) JQ201209 to Y.Z.

Authors’ contributions
LC designed and performed all the behavioral experiments. NL and LG
performed all the electrophysiological experiments. WS and HG performed
all the data analyses. MY contributed to the imaging study. YZ supervised
the experiments and wrote the manuscript. All authors read and approved
the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
All animal protocols were approved by the Chancellor’s Animal Research
Committee at the Qingdao University, in accordance with National Institutes
of Health guidelines.

Author details
1Department of Physiology, Medical College of Qingdao University, 403 Boya
Bldg., 308 Ningxia Rd., Qingdao, Shandong 266071, China. 2Department of
Pathology, Qingdao Municipal Hospital, Affiliated to Medical College of
Qingdao University, Qingdao, Shandong 266071, China. 3Departments of
Medicine, Shandong Liming Polytechnic Vocational College, Jinan, Shandong
250116, China.

Received: 11 April 2016 Accepted: 5 October 2016

References
1. Tropea D, Molinos I, Petit E, Bellini S, Nagakura I, O’Tuathaigh C, et al.

Disrupted in schizophrenia 1 (DISC1) L100P mutants have impaired activity-
dependent plasticity in vivo and in vitro. Transl Psychiatry. 2016;6:e712.

2. Roberts RC. Schizophrenia in translation: disrupted in schizophrenia (DISC1):
integrating clinical and basic findings. Schizophr Bull. 2007;33(1):11–5.

3. St Clair D, Blackwood D, Muir W, Carothers A, Walker M, Spowart G, et al.
Association within a family of a balanced autosomal translocation with
major mental illness. Lancet. 1990;336(8706):13–6.

4. Clapcote SJ, Lipina TV, Millar JK, Mackie S, Christie S, Ogawa F, et al.
Behavioral phenotypes of Disc1 missense mutations in mice. Neuron.
2007;54(3):387–402.

5. Hikida T, Jaaro-Peled H, Seshadri S, Oishi K, Hookway C, Kong S, et al.
Dominant-negative DISC1 transgenic mice display schizophrenia-associated
phenotypes detected by measures translatable to humans. Proc Natl Acad
Sci U S A. 2007;104(36):14501–6.

6. Kvajo M, McKellar H, Arguello PA, Drew LJ, Moore H, MacDermott AB, et al.
A mutation in mouse Disc1 that models a schizophrenia risk allele leads to
specific alterations in neuronal architecture and cognition. Proc Natl Acad
Sci U S A. 2008;105(19):7076–81.

7. Li W, Zhou Y, Jentsch JD, Brown RA, Tian X, Ehninger D, et al. Specific
developmental disruption of disrupted-in-schizophrenia-1 function results in
schizophrenia-related phenotypes in mice. Proc Natl Acad Sci U S A. 2007;
104(46):18280–5.

8. Pogorelov VM, Nomura J, Kim J, Kannan G, Ayhan Y, Yang C, et al. Mutant
DISC1 affects methamphetamine-induced sensitization and conditioned place
preference: a comorbidity model. Neuropharmacology. 2012;62(3):1242–51.

9. Zhou M, Li W, Huang S, Song J, Kim JY, Tian X, et al. mTOR Inhibition
ameliorates cognitive and affective deficits caused by Disc1 knockdown in
adult-born dentate granule neurons. Neuron. 2013;77(4):647–54.

10. Lipina TV, Niwa M, Jaaro-Peled H, Fletcher PJ, Seeman P, Sawa A, et al.
Enhanced dopamine function in DISC1-L100P mutant mice: implications for
schizophrenia. Genes Brain Behav. 2010;9(7):777–89.

11. Lee FH, Fadel MP, Preston-Maher K, Cordes SP, Clapcote SJ, Price DJ, et al.
Disc1 point mutations in mice affect development of the cerebral
cortex. J Neurosci. 2011;31(9):3197–206.

12. Walsh J, Desbonnet L, Clarke N, Waddington JL, O’Tuathaigh CM. Disruption
of exploratory and habituation behavior in mice with mutation of DISC1:
an ethologically based analysis. J Neurosci Res. 2012;90(7):1445–53.

13. Shoji H, Toyama K, Takamiya Y, Wakana S, Gondo Y, Miyakawa T.
Comprehensive behavioral analysis of ENU-induced Disc1-Q31L and -L100P
mutant mice. BMC Res Notes. 2012;5:108.

14. Arime Y, Fukumura R, Miura I, Mekada K, Yoshiki A, Wakana S, et al. Effects
of background mutations and single nucleotide polymorphisms (SNPs) on
the Disc1 L100P behavioral phenotype associated with schizophrenia in
mice. Behav Brain Funct. 2014;10:45.

15. Zhao Z, Liu H, Xiao K, Yu M, Cui L, Zhu Q, et al. Ghrelin administration
enhances neurogenesis but impairs spatial learning and memory in adult
mice. Neuroscience. 2014;257:175–85.

16. Zhou Y, Takahashi E, Li W, Halt A, Wiltgen B, Ehninger D, et al. Interactions
between the NR2B receptor and CaMKII modulate synaptic plasticity and
spatial learning. J Neurosci. 2007;27(50):13843–53.

17. Shen Y, Lindemeyer AK, Gonzalez C, Shao XM, Spigelman I, Olsen RW, et al.
Dihydromyricetin as a novel anti-alcohol intoxication medication. J Neurosci.
2011;32(1):390–401.

18. Jaworski J, Kapitein LC, Gouveia SM, Dortland BR, Wulf PS, Grigoriev I, et al.
Dynamic microtubules regulate dendritic spine morphology and synaptic
plasticity. Neuron. 2009;61(1):85–100.

19. Nagaoka T, Ohashi R, Inutsuka A, Sakai S, Fujisawa N, Yokoyama M, et al. The
Wnt/planar cell polarity pathway component Vangl2 induces synapse
formation through direct control of N-cadherin. Cell Rep. 2014;6(5):916–27.

20. Skeberdis VA, Chevaleyre V, Lau CG, Goldberg JH, Pettit DL, Suadicani SO,
et al. Protein kinase A regulates calcium permeability of NMDA receptors.
Nat Neurosci. 2006;9(4):501–10.

21. Carrio I. Current research in nuclear medicine and molecular imaging:
highlights of the 23rd Annual EANM Congress. Eur J Nucl Med Mol
Imaging. 2011;38(2):378–99.

22. Ayhan Y, Abazyan B, Nomura J, Kim R, Ladenheim B, Krasnova IN, et al.
Differential effects of prenatal and postnatal expressions of mutant human
DISC1 on neurobehavioral phenotypes in transgenic mice: evidence for
neurodevelopmental origin of major psychiatric disorders. Mol Psychiatry.
2011;16(3):293–306.

23. Oliveira AM, Hawk JD, Abel T, Havekes R. Post-training reversible inactivation
of the hippocampus enhances novel object recognition memory. Learn
Mem. 2010;17(3):155–60.

24. Brandon NJ, Sawa A. Linking neurodevelopmental and synaptic theories of
mental illness through DISC1. Nat Rev Neurosci. 2011;12(12):707–22.

Cui et al. Molecular Brain  (2016) 9:89 Page 12 of 13



25. Camargo LM, Collura V, Rain JC, Mizuguchi K, Hermjakob H, Kerrien S, et al.
Disrupted in Schizophrenia 1 Interactome: evidence for the close
connectivity of risk genes and a potential synaptic basis for schizophrenia.
Mol Psychiatry. 2007;12(1):74–86.

26. Faron-Gorecka A, Gorecki A, Kusmider M, Wasylewski Z, Dziedzicka-Wasylewska M.
The role of D1-D2 receptor hetero-dimerization in the mechanism of action of
clozapine. Eur Neuropsychopharmacol. 2008;18(9):682–91.

27. Pereira A, Zhang B, Malcolm P, Sundram S. Clozapine regulation of p90RSK
and c-Fos signaling via the ErbB1-ERK pathway is distinct from olanzapine
and haloperidol in mouse cortex and striatum. Prog Neuropsychopharmacol
Biol Psychiatry. 2013;40:353–63.

28. Chubb JE, Bradshaw NJ, Soares DC, Porteous DJ, Millar JK. The DISC locus in
psychiatric illness. Mol Psychiatry. 2008;13(1):36–64.

29. Mao Y, Ge X, Frank CL, Madison JM, Koehler AN, Doud MK, et al. Disrupted
in schizophrenia 1 regulates neuronal progenitor proliferation via
modulation of GSK3beta/beta-catenin signaling. Cell. 2009;136(6):1017–31.

30. Kim JY, Duan X, Liu CY, Jang MH, Guo JU, Pow-anpongkul N, et al. DISC1
regulates new neuron development in the adult brain via modulation of
AKT-mTOR signaling through KIAA1212. Neuron. 2009;63(6):761–73.

31. Ishizuka K, Kamiya A, Oh EC, Kanki H, Seshadri S, Robinson JF, et al.
DISC1-dependent switch from progenitor proliferation to migration in the
developing cortex. Nature. 2011;473(7345):92–6.

32. Penzes P, Buonanno A, Passafaro M, Sala C, Sweet RA. Developmental
vulnerability of synapses and circuits associated with neuropsychiatric
disorders. J Neurochem. 2013;126(2):165–82.

33. Yizhar O, Fenno LE, Prigge M, Schneider F, Davidson TJ, O’Shea DJ, et al.
Neocortical excitation/inhibition balance in information processing and
social dysfunction. Nature. 2011;477(7363):171–8.

34. Warburton EC, Brown MW. Neural circuitry for rat recognition memory.
Behav Brain Res. 2015;285:131–9.

35. Barker GR, Warburton EC. When is the hippocampus involved in recognition
memory? J Neurosci. 2011;31(29):10721–31.

36. Barker GR, Warburton EC. Object-in-place associative recognition memory
depends on glutamate receptor neurotransmission within two defined
hippocampal-cortical circuits: a critical role for AMPA and NMDA receptors
in the hippocampus, perirhinal, and prefrontal cortices. Cereb Cortex.
2015;25(2):472–81.

37. Cameron HA, McKay RD. Adult neurogenesis produces a large pool of new
granule cells in the dentate gyrus. J Comp Neurol. 2001;435(4):406–17.

38. Chandran JS, Kazanis I, Clapcote SJ, Ogawa F, Millar JK, Porteous DJ, et al.
Disc1 variation leads to specific alterations in adult neurogenesis. PLoS One.
2014;9(10):e108088.

39. Suarez-Pereira I, Carrion AM. Updating stored memory requires adult
hippocampal neurogenesis. Sci Rep. 2015;5:13993.

40. Jessberger S, Clark RE, Broadbent NJ, Clemenson Jr GD, Consiglio A,
Lie DC, et al. Dentate gyrus-specific knockdown of adult neurogenesis
impairs spatial and object recognition memory in adult rats. Learn
Mem. 2009;16(2):147–54.

41. Cameron HA, Glover LR. Adult neurogenesis: beyond learning and memory.
Annu Rev Psychol. 2015;66:53–81.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Cui et al. Molecular Brain  (2016) 9:89 Page 13 of 13


	Abstract
	Introduction
	Methods
	Animals
	Behavior tests
	Elevated plus maze (EPM) test
	Open field (OF) test
	Novel Object Recognition (NOR) test
	Object-Place Recognition (NPR) test
	Social interaction (SI) test
	Water maze training and spatial memory test
	Forced swimming (FST) test

	Primary hippocampal neuron culture
	Immunofluorescence staining
	Protein isolation and western blotting
	Hippocampus slices preparation and electrophysiological recordings
	Calcium image
	Data analysis

	Results
	L100P mutant mice showed normal anxiety- and depression-like behaviors
	L100P mutant mice showed object recognition memory deficits
	Clozapine treatment reversed the recognition deficits in L100P mutant mice
	L100P mutant mice showed abnormal synaptic transmission and plasticity in hippocampal network
	L100P hippocampal neurons exhibited normal expression of excitatory synaptic markers and normal dendrites morphology

	Discussion
	Conclusions
	show [a]
	Acknowledgements
	Funding
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Author details
	References

