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Abstract

Disturbances of the excitation/inhibition (E/I) balance in the brain were recently suggested as potential factors underlying
disorders like autism and schizophrenia resulting in associated behavioral alterations including changes in social and
emotional behavior as well as abnormal aggression. Neuronal cell adhesion molecules (hnCAMs) and mutations in these
genes were found to be strongly implicated in the pathophysiology of these disorders. Neuroligin2 (nlgn2) is a postsynaptic
cell adhesion molecule, which is predominantly expressed at inhibitory synapses and required for synapse specification and
stabilization. Changes in the expression of nlgn2 were shown to result in alterations of social behavior as well as altered
inhibitory synaptic transmission, hence modifying the E/I balance. In our study, we focused on the role of nlgn2 in the dorsal
hippocampus in the regulation of emotional and social behaviors. To this purpose, we injected an AAV construct
overexpressing nlgn2 in the hippocampus of rats and investigated the effects on behavior and on markers for the E/I ratio.
We could show an increase in GAD65, a GABA-synthesizing protein in neuronal terminals, and furthermore, reduced
exploration of novel stimuli and less offensive behavior. Our data suggest nlgn2 in the hippocampus to be strongly
implicated in maintaining the E/I balance in the brain and thereby modulating social and emotional behavior.
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Introduction Emerging evidence implicates neuroligins in autism spectrum
disorders (ASD) and schizophrenia, neurodevelopmental condi-
tions characterized, among other symptoms, by abnormal or
impaired development in social interaction and communication
and a markedly restricted repertoire of activity and interest
[11,12]. A disturbance of the E/I balance in the brain was put into
the spotlight as important potential factor underlying these
disorders [9,13,14,15,16]. Lately, genome-wide copy number
variation studies identified mutations in different neuroligins
(nlgnl, nlgn3 and nlgn4) and their molecular partners in these
disorders [17,18,19]. Furthermore, mutations in the genes
encoding nlgn3 and nlgn4 were implicated in the pathophysiology
of autism [20,21,9,22,23] and nlgn?2 was shown to be associated
with schizophrenia [24] and certain symptoms of autism in mice
[25]. Nlgn2 has also been proposed as a potential candidate gene
for mental retardation or ASD [26].

Nlgn2 expression has been shown to be altered in the
hippocampus under a number of genetic [27] and life [28,29]
conditions associated with changes in social behaviors. For
example, transgenic mice overexpressing nlgn2 under the Thyl
promotor showed stereotyped jumping, anxiety-like behavior as

Cell adhesion molecules are crucially involved in synapse
development and stabilization [1,2,3]. Neuroligins are postsynap-
tic neuronal cell adhesion molecules, which link the presynapse to
the postsynaptic density by binding to their presynaptic partners
neurexins in an alternative splice-dependent manner [4]. They
were initially thought to be required for synapse formation, but
recent studies indicated a crucial involvement rather in synapse
maturation and specification [5]. Four genes encode for the
different members of the neuroligin (nlgn) family in mammals,
nlgn 1-4, which are differentially enriched in postsynaptic
specializations of synapses. Nlgnl and nlgn2 localize in excitatory
and inhibitory synapses, respectively, and nlgn3 seems to be
present in both [6,7,8]. Consistent with this, knockout of nlgnl was
shown to impair NMDA-receptor mediated signaling, whereas
nlgn2-KO was reported to result in deficits in inhibitory synaptic
transmission [9,2]. Due to their differential expression in different
types of synapses, neuroligins were implicated in the control of
excitatory versus inhibitory synapse specification and herewith the
regulation of the excitation/inhibition (E/I) balance in the
hippocampus [10].

PLOS ONE | www.plosone.org 1 February 2013 | Volume 8 | Issue 2 | 56871



well as impairments in social interactions [25]. Although in this
mouse model, nlgn2-OE was confirmed in cortex and limbic
structures, such as amygdala and hippocampus, most attention
was focused on the prefrontal cortex (PFC) that was confirmed to
display overall reduction in the E/I ratio. In line with those
findings, recent evidence has validated the importance of the E/I
balance in the PFC in modulating social behavior [30]. However,
the possibility that alterations in nlgn2 content in other brain
regions, such as the hippocampus, are involved in relevant
behavioral alterations has to been explored. Besides its implica-
tions in cognitive function, the hippocampus represents an
important candidate for regulating contextually appropriate
emotional behavior [31] and abnormalities in this brain structure
have been implicated in pathological aggression and autism
[32,33,34]. Specifically, the dorsal hippocampus has been shown
to mediate anxiogenic effects in the social interaction test [35].

In the present study, we focused on the role of nlgn2 in the adult
dorsal hippocampus and asked whether a viral overexpression of
nlgn2 in the adult dorsal hippocampus of rats leads to alterations
in emotional and social behaviors. With this approach, we aimed
at directly addressing the role if this molecule when manipulated at
adulthood, avoiding possible developmental effects that can be
expressed in nlgn2-OFE animals in which overexpression is already
present during development.

Material and Methods

Animals

All experimental animals were the male offspring of Wistar rats
obtained from (Charles River Laboratories, France). After birth,
all animals stayed with the dam until weaning on postnatal day 21.
Male rats from different litters were housed in groups of three
under standard conditions in plastic standard cages
(42x28x20 cm) with a 12 h light-dark cycle (lights on at
7:30 AM) and controlled temperature and humidity (22+2°C;
50%£20%). Food and water were available ad lbitum. All
procedures described were conducted according to the Swiss
National Institutional Guidelines of Animal Experimentation and
were approved through a license issued by the Cantonal
Veterinary Authorities (Vaud, Switzerland). All efforts were made
to minimize animal suffering during the experiments.

Experimental Design

After assessing anxiety levels at the age of 11 weeks, animals
were equally distributed to two groups with comparable anxiety-
like behavior and then subjected to surgery with injection of an
empty vector (n =10) or a nlgn2-overexpressing construct (nlgn2-
OE, n=10). Following a recovery period of ca. 5 weeks, animals
underwent behavioral testing. All behavioral tests were performed
between 08:00 AM and 14:00PM, except of the resident-intruder
test which took place in the dark phase, starting from 07:30 PM.
We measured the body weight of all animals in a weekly fashion
throughout the experiment, beginning on the day of surgery for
the respective virus injection. A schematic overview of the
experiment is depicted in supplemental figure S1. In all behavioral
tests, video-recording (MediaCruise, Canopus Co., Ltd.) and an
automated-tracking system (Ethovision 3.1, Noldus I'T) was used.

Viral Overexpression of nlgn2

At the age of 12 weeks, animals were subjected to surgeries for
the viral overexpression of nlgn2 in the dorsal hippocampus,
wherein an adeno-associated AAV1/2 vector (http://www.
genedetect.com) containing a CAG-HA-tagged-nlgn2-WPRE-
BGH-polyA- expression cassette was used. Control animals were
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injected with an empty construct (AAV1/2-CAG-Null/Empty-
WPRE-BGH-polyA). All viral constructs used were designed and
produced by GeneDetect, New Zealand. The vector incorporated
the following regulatory elements: rAAV?2 inverted terminal repeat
(I'TR) sequences, a scaffold attachment region (SAR) element, the
hybrid chicken B-actin/CMYV enhancer (CAG) promoter region, a
cis-acting woodchuck post-transcriptional regulatory element
(WPRE) and a bovine growth hormone polyadenylation signal
sequence (bgh-polyA). The mouse pCAG-HA-tagged-Nlgn2
plasmid was kindly provided by Prof. Dr. Peter Scheiffele,
University of Basel, Switzerland. For the empty vector, the same
backbone without the cDNA was used.

Initially, animals were anaesthetized with an intraperitoneal
mjection of ketamine (100 mg/kg body weight) and xylazine
(10 mg/kg body weight) and installed in a stereotactic frame to
avoid any head movements during the surgical procedure. A total
of 2 ul of either nlgn2-OE or empty vector (titres: Nlgn2-OFE:
1.4x10"* genomic particles/ml; empty: 1.3x10'? genomic parti-
cles/ml) was bilaterally injected (two injection sites per side, 1 ul
each) in the dorsal hippocampus using automated syringe pumps
with a flow rate of 0.2 ul/min. The injectors were left in site for
additional 5 minutes after the actual injection. To target the dorsal
area of the hippocampus following coordinates were used: 3.5 mm
posterior to bregma, 1.5 mm and 3.5 mm from midline, 3.5 mm
ventral from skull. After removing the injectors, animals were
mnjected with an antisedant (0.1 mg/kg body weight, Antisedan,
Pfizer). All rats were treated with paracetamol (500 mg/700 ml
H,0O, Dafalgan, Bristol-Myers Squibb, Agen, France) via the
drinking water for 7 days after the surgery. The animals were
allowed to recover for 5 weeks from surgery before the behavioral
testing was started.

Behavioral Analysis

Elevated plus maze (EPM). To assess the animals’ anxiety-
related behavior before surgery, the elevated plus maze was used.
The apparatus consisted of a plus-shaped elevated platform (42 cm
above the ground) with two opposing open arms (50x10 cm), two
opposing closed arms (50x10x38 cm) and a central platform
(10x10 cm), made of black PVC. Light conditions were set to 15—
16 lux in the open arms and 5—6 Lux in the closed arms. The rats
were individually placed onto the maze facing one of the closed
arms and were allowed to explore the apparatus for 5 minutes.
The maze was cleaned with 2% Ethanol after every run.
According to the percentage of time spent in the open arms,
animals were grouped for AAV surgeries.

Open Field - Novel Object (OF-NO)

The open field-novel object test was performed to evaluate any
effects of nlgn2- overexpression after surgery on the animals’
emotional and exploratory behavior. The open field test (OF) was
conducted in a circular open arena (1 m in diameter, 40 cm high)
by placing the animal near the wall and leave it to freely explore
the apparatus for 10 minutes. The OF was virtually divided in
three parts: center zone in the middle of the arena with a diameter
of 25 cm, an intermediate zone with a diameter of 75 cm and the
remaining wall zone along the walls of the arena. The parameters
analyzed were the total distance travelled during the test, the
percentage of time spent in each zone and the number of rearings.

Immediately after the OF testing, an object (white plastic bottle)
was introduced to the center of the arena and each animal was
given another 5 minutes to explore the whole arena including the
novel object. Parameters of interest in this test were the percentage
of time spent in each zone, the total distance and the number of
rearings.
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The arena was cleaned with 2% Ethanol after every animal.

Sociability — Social Memory Test (SP-SM)

The arena for this test consisted of a rectangular, three-
chambered box with a center compartment (20x35 %35 cm) and
two side compartments (30x35x35 cm) made of grey PVC. The
dividing walls between the compartments were equipped with
retractable doorways to allow or prevent access to the side
chambers. In each side chamber was a cylinder (14 cm in
diameter, 35 cm high) made of transparent plastic and supplied
with holes (1.5 cm in diameter) to prevent any type of direct
physical contact, but to allow olfactory contact and social
approach. The light was kept at 2-3 lux with homogenous
illumination in the chambers.

The test was performed 1 week after the OF-NO test. The
combined version of sociability and social memory test consisted of
two trials after a short habituation period. Each rat was placed in
the center compartment with both doors closed to acclimate for 2
minutes. For the first test trial, the doors were opened and the
animal was allowed to explore the whole apparatus for 5 minutes
with the side chambers containing either an object (yellow box) or
a juvenile Wistar rat (J1, age of 282 days) in the cylinder. After
an inter-trial interval of 30 minutes, the animal was reintroduced
to the arena for the second test trial of 5 minutes, in which the
object of trial 1 was exchanged against another juvenile rat (J2).
The location of objects and juveniles were counterbalanced for
different animals. All juvenile rats were habituated to the cylinders
for a minimum of 20 minutes on 2 consecutive days prior to
testing. Cleaning with 2% Ethanol occurred after every trial.

All videos were scored manually with a focus on the percentage
of time spent sniffing at each cylinder in each trial.

The sociability test was performed again 3 days after the RI test
to assess any impact of an aggressive encounter on the animals’
sociability. Each rat was placed in the center compartment without
access to the side chambers for 2 minutes until the doors were
opened to allow free exploration of the whole arena for 5 minutes.
This test consisted only of one trial in which the animal was given
the choice between an object and an unfamiliar juvenile rat, which
were enclosed in the cylinders in the side compartments. The
locations of object and the juvenile were counterbalanced for
different animals. All juvenile rats had been habituated to the
cylinders for a minimum of 20 minutes on 2 consecutive days prior
to the sociability -social memory testing. The arena was cleaned
with 2% Ethanol after every test.

All videos were scored manually and the parameters analyzed
were the percentage of time spent sniffing at the cylinders
containing the object and the juvenile.

Resident-intruder Test (RI)

Two days after SM-SP testing, all animals were separated and
housed with a female. The resident-intruder test was performed on
the 10th day of cohabitation. On the testing day, the female was
removed from the cage 30 minutes before the start of the test
(07:30 PM) in the dark cycle. An unfamiliar Wistar rat (intruder)
was introduced to the experimental animal’s home-cage for 30
minutes. All intruders were balanced for anxiety, as measured in
the EPM, for every experimental group and matched for body
weight to the respective resident. All videos were scored manually
after the completion of the test and parameters of interest for the
analysis of aggressive behavior included: the number of attacks, the
latency to attack, lateral threat, keeping down, and offensive
upright. The analysis for general social behavior included sniffing,
mounting, grooming the intruder and self-grooming.
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For the analysis of corticosterone levels following stress, blood
samples were taken 0 and 30 minutes after the RI test. Therefore,
a small incision in the tail of the animals was done and blood was
collected in lithium heparin-coated tubes (Microvette CB 300 LH,
Sarstedt AG, Niimbrecht, Germany). The samples were kept on
ice and later centrifuged at 10000 rpm for 4 minutes at 4°C.
Plasma was transferred to new 0.5 ml microcentrifuge tubes and
stored at —20°C: until further processing.

Bedding Preference Test (BP)

As olfaction is a crucial feature for social behavior, animals were
tested in the bedding preference test. Two cylinders (14 cm in
diameter, 35 cm high, perforated with holes of 1.5 cm in diameter)
were placed on opposite sides of the previously described OF
arena. One cylinder was filled with a mixture of bedding from
cages with untreated, adult male Wistar rats, whereas the other
was filled with clean bedding. The animals were introduced to the
arena near the wall and allowed to freely explore the whole setting
for 10 minutes. The arena was cleaned with 2% Ethanol after
every test. The videos were scored manually afterwards with the
subsequent analysis of the percentage of time spent sniffing each
cylinder.

Sampling Procedures

Five days after the last test, 6 animals of each group were
sacrificed by decapitation. Brains were removed from the skull,
snap-frozen in isopentane at —40°C and stored at —80°C until
further processing.

For western blots and qPCR, these brains were thawed on ice
and the dorsal and ventral parts of the hippocampus were
dissected. The dissected parts of the left hemisphere were further
processed for qPCR, whereas the right dorsal/ventral hippocam-
pus was utilized for western blot analysis.

The remaining four animals of each group were anesthetized
with a lethal dose of pentobarbital (Esconarkon, Streuli Pharma
AG, 150 mg/kg body weight, solution provided by EPFL
veterinarian) and transcardially perfused with phosphate buffered
saline (PBS) followed by 4% paraformaldehyde (PFA) for fixation.
The brains were removed, post-fixed in 4% PFA for two days and
cryoprotected in 30% sucrose/PBS for 4 days. Brain sections
(30 um) were taken in the coronal plane from the dorsal and the
ventral part of the hippocampus and stored in cryoprotectant
medium. A series of one in eight free-floating sections were used
for immunohistochemistry for nlgn2.

Western Blot Analyses

The samples for western blot were prepared as previously
described [36]. Briefly, samples were homogenized in an
homogenizer (Jencons Ltd.) containing ice-cold homogenization
buffer (10 mM Hepes, 1 mM EDTA, 0.5 mM DTT, 2 mM
EGTA, 0.1 mM PMSF, pH 7.5) and a Proteinase inhibitor
cocktail (Roche Diagnostics GmbH, Mannheim, Germany). The
homogenates were filtrated using a nylon membrane (Sefar AG,
Switzerland) followed by 2 times filtration with 5 pm millipore
membrane (Durapore membrane filters, Merck Millipore, Swit-
zerland). The samples were then centrifuged and the resulting
pellet was resuspended in homogenization buffer containing 1%
SDS and stored at —20°C for synaptoneurosomal analysis.

All samples were quantified using the Bio-Rad DC protein assay
(Bio-Rad Laboratories).

Protein samples were prepared in order to obtain equal
concentrations by HyO dilution and mixed with 33% SDS blue
loading buffer (new England Biolabs Inc, USA) containing DT'T.
Proteins were resolved on a 10% polyacrylamide gel and
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transferred onto a nitrocellulose membrane (Whatman Protran,
Dassel, Germany). After blocking with 5% non-fat dry milk in PBS
containing 0.2% Triton-X (PBS-T), membranes were incubated
with the primary antibody/5% milk/PBS-T (nlgn2:1:3000,
Synaptic Systems, Gottingen, Germany; actin: 1:5000, Sigma-
Aldrich) overnight at 4°C. Subsequently, membranes were
incubated with the secondary horseradish peroxidase-linked
antibodies (for nlgn2: goat-anti rabbit, Invitrogen; for actin: goat
anti-mouse, Calbiochem, USA) diluted in 5% milk/PBS-T for
1 hour. Immunocomplexes were visualized using a chemilumines-
cence peroxidase substrate (SuperSignal West Dura Extended
Duration Substrate, ThermoScientific, USA). The immunoreac-
tivity was detected using the ChemiDoc XRS system (Bio-Rad
Laboratories). For the densitometrical analysis of the bands,
Quantity One 4.6.3 software (Bio-Rad Laboratories AG, Switzer-
land) was used. The values are represented as adjusted volumes,
normalized to actin.

Immunohistochemistry

After incubation in 0.3% HyO9/PBS to block endogenous
peroxidases, the floating sections were blocked in 10% donkey
serum/PBS-T and incubated overnight with the primary antibody
against nlgn2 (1:6000, Synaptic Systems) at 4°C. Sections were
rinsed in PBS-T and then incubated with the secondary antibody
(biotinylated anti-rabbit IgG, 1:2000, Vector Laboratories, USA)
for 2 hours. Afterwards sections were treated using an ABC kit
(Vectastain ABC Kit, Vector Laboratories, USA), followed by
further washes in PBS until colour development using 3,3'-
diaminobenzidine (DAB substrate kit for peroxidase, Vector
laboratories).

Images were taken with the Olympus VS120-SL slide scanner
using a 10X objective for whole brain images and 20X objective
for hippocampus images.

RNA Extraction and Isolation, cDNA Synthesis and

Quantitative Polymerase Chain Reaction (qPCR)

Dorsal and ventral hippocampi were dissected and total RNA
(tRNA) was extracted using the Trizol (Invitrogen) method.
Briefly, tissues were disrupted and homogenized by using a
disposable pellet mixer and cordless pestle (VWR) with 400 pl of
Trizol on ice. After an incubation of 30 minutes, chloroform was
added and samples were shaken vigorously. The resulting mixture
was centrifuged and the supernatant was transferred into a new
tube, in which isopropanol was added. Samples were then mixed,
centrifuged and the resulting RNA precipitates were washed with
75% ice-cold ethanol. RNA pellets were air-dried and resuspeded
in RNAse-free water.

500 ng of tRNA was converted into cDNA wusing the
SuperScript VILO c¢DNA Synthesis kit (Life Technologies)
according to the supplier’s recommendation.

For quantitative PCR, PCR reactions were performed in
triplicates of cDNA using SYBR green PCR Master Mix (Applied
Biosystems) in an ABI Prism 7900 Sequence Detection System
(Applied Biosystems). Two genes were used as internal controls: Y-
actin (actgl) and eukaryotic elongation factor-1 (eefl). Primers for
the different genes of interest were designed using the Assay
Design Center software from the Roche Applied Science website.
Primer sequences are shown in Table 1.

Gene expression was analyzed with qBase 1.3.5 software using
the comparative cycle threshold method, yielding [delta][del-
ta] G, = [delta] Cy sampte — [delta] G reference-
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Table 1. primer sequences for qPCR.

gene forward primer reverse primer
Nign2 5'-ccaaagtgggctgtgacc-3’ 5'- ccaaaggcaatgtggtagc-3’
Nrxn1 5'-ccgagctcaggtgggttag-3’ 5'-gctagactcccggatcacct-3’

Gephyrin  5'- aggagaacattctaagagccagtc-3’  5'- actgtaatgaaggctttgtccat-3’

GAD65 5'- tcttggctgtagctgacatctg-3' 5'- cgagacatcagtaaccctcca-3’
GAD67 5'- tacaacctttggctgcatgt-3’ 5'- tgagtttgtggcgatgctt-3’
vGlut 5'- gtcatgactatcatcgtacccatc-3’ 5'- gtagcttccatcccgaaacc-3’
actg1 5'- tagttcatgtggctcggtca-3’ 5'- gctggggactgactgacttt -3’
eef1 5'-tgtggtggaatcgacaaaag -3’ 5'-cccaggcatacttgaaggag -3’

doi:10.1371/journal.pone.0056871.t001

Quantification of Plasma Corticosterone Levels

Plasma samples (dilution 1/40) were assayed by a commercially
available enzyme-linked immunoabsorbent assay (ELISA, Cort-
costerone EIA Kit, Enzo Life sciences, Switzerland). The intra-
assay coefficient of variation was 8% and 6.6% for low and high
concentrations, respectively. The inter-assay coefficient of varia-
tion was 13.1% and 7.8% for low and high concentrations,
respectively.

Statistics

All results are shown as mean+SEM and were analyzed using
the software SPSS 17.0. Comparisons of the two groups were done
using independent t-tests, whereas repeated measures analysis of
variance (ANOVA) was used for comparisons of stimulus
preferences (sociability, social memory, bedding preference;
stimulus as within-subjects factor, virus as between-subjects factor).
Time-dependent behavioral parameters were analyzed using 2-
way repeated measures analysis of variance (ANOVA). Thereby,
virus was taken as between-subjects factor and time as a within-
subjects factor. In all analyses, the level of statistical significance
was set at P<<0.05.

Results

NIgn2-overexpression in the Dorsal Hippocampus

The adeno-associated virus overexpressing nlgn2 or containing
an empty construct was injected in the stratum radiatum of the
dorsal hippocampus as depicted in Fig. 1A & 1B. Quantification of
mRNA levels by qPCR and protein levels by western blot
validated the overexpression in the dorsal hippocampus of nlgn2-
OE rats without significant spreading to the ventral hippocampus
(Fig. 1C-E). DAB immunostaining confirmed the location of the
overexpression of nlgn2 in the dorsal hippocampus of nlgn2-OE
animals compared to animals injected with an empty virus
(Fig. 1B). One animal injected with the nlgn2-overexpressing virus
was excluded from all results due to lack of successful nlgn2-
overexpression in the hippocampus as shown by qPCR analysis.

Hippocampal Nlgn2-overexpression does not Affect
Body Weight Gain

We did not observe differences in body weight between the
groups throughout the experiments. In all groups, there was a gain
in body weight over time, but the injection of nlgn2-OFE virus did
not affect this development as compared to empty virus animals
(Suppl. Fig. S2).
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different from empty animals.
doi:10.1371/journal.pone.0056871.g001

Hippocampal NIgn2-overexpression Reduces Novel
Object Exploration

To investigate any influence of the viral overexpression of
nlgn2 on locomotion and exploratory behavior, rats were
subjected to the OF-NO test. We did not observe differences
between animals injected with the empty virus and the
overexpressing construct in terms of locomotor activity in the
OF and NO trial (Fig. 2A&D). The time spent in the center
compartment of the open field is generally considered as an
aspect of anxiety-like behavior. Here, we didn’t see any
differences between the animals in the OF test (Fig. 2B). All
of them spent significantly more time in the wall zone
compared to the center zone. Concerning the number of
rearings, we did not see differences between the groups (Fig. 2C).

When a novel object was introduced to the center of the
apparatus, nlgn2-OF rats spent significantly less time exploring the
center containing the novel object compared to animals injected
with the empty virus (Fig. 2E). Additionally, they spend more time
in the wall zone compared to the center zone with the newly
introduced object (Fig. 2E). We observed a significantly decreased
number of rearings in nlgn2-OE animals when compared to
animals injected with an empty construct at this stage of the test
(Fig. 2F).
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Hippocampal NIgn2-overexpression has no Impact on
Sociability and Memory

Animals were subjected to the combined test for sociability and
social memory. All subjects spent more time exploring the juvenile
compared to the object in the sociability test (Fig. 3A). Regarding
the social memory trial, all animals spent more time sniffing at the
wire cage containing the stranger juvenile compared to the already
familiar one (Fig. 3B).

After cohabitation with females and the aggressive encounter in
the resident-intruder test, we tested all animals again for
sociability. Animals of both groups spent more time investigating
the juvenile compared to the object, but no differences between
the groups could be seen (Fig. 3C).

Hippocampal Nlgn2-overexpression Inhibits Aggression
In the resident-intruder test, the latency to attack the intruder
was significantly longer in nlgn2-OFE animals compared to control
animals (Fig. 4A). Moreover, animals injected with the nlgn2-
overexpressing virus attacked the intruder less often compared to
animals injected with the empty construct (Fig. 4B). Besides the
actual attacks, we also scored 3 aggression-related types of
behavior: keeping down, lateral threat and offensive upright. For
keeping down behavior, the strongest parameter for offensive
behavior, we could observe that nlgn2-OE animals spent less time
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Figure 2. Open field-Novel object. A-C, Open field. A, Distance travelled in the open-field apparatus. No differences were observed concerning
exploration between the groups (empty 5141.94+202.83, nlgn2-OE 4694.12+363.56, t-test ns). B, Time spent in zones of the open-field. All animals
spent more time in the wall zone than in the center zone (paired t-test, empty p<<0.001, nlgn2-OE p<<0.001), but no difference between the groups
could be found (F,17) =0.461, p=0.506). C, Number of rearings. No differences between the groups (empty 34.0+3.56, nlgn2-OE 32.3+5.41, t-test
ns). D-F Novel object. D, Distance travelled during the novel object trial. The groups did not differ in terms of travelled distance (empty
1864.98+72.31, nlgn2-OE 1676.04£147.7, t-test ns). E, Time spent in the zones during the NO trial. Empty virus control animals spent more time in
the center exploring the object than in the wall zone (paired t-test, p<<0.01), whereas nlgn2-OE animals spent significantly less time in the center
compared to empty virus animals (empty 49.41+2.86, nlgn2-OE 30.03+4.35, p<<0.001) and significantly more time in the wall zone compared to
empty virus animals (empty 28.44+3.47, nlgn2-OE 49.06+5.18, p<<0.01). Nlgn2-OE rats showed a strong trend to spend more time in the wall zone
compared to the center zone, but this effect did not reach significance (paired t-test, p=0.055). F, Number of rearings. Animals injected with the
empty virus showed significantly more rearing during the NO trial compared to nlgn2-OE animals (empty 18.1+1.49, nlgn2-OE 8.9+2.16, p<<0.01).

Empty n=10, Nlgn2-OE n=9. ns=Not significant. *significantly different from empty animals, #significantly different from center zone.

doi:10.1371/journal.pone.0056871.g002

keeping down the intruder compared to controls with the empty
virus (Fig. 4C). In lateral threat and offensive upright, there were
no differences between the groups (Fig. 4D & 4E).

We did not find differences in corticosterone levels in the plasma
samples taken 0 and 30 minutes after the RI test (data not shown).

Hippocampal Nign2-overexpression does not Affect
Olfaction

All animals were tested for olfaction in order to exclude any
alterations of olfaction being responsible for behavioral abnor-
malities. All rats preferred the male bedding compared to the clean
bedding without any differences between the two experimental
groups (data not shown).

Hippocampal Nlgn2-overexpression Results in Altered
Gene Expression

After behavioral testing, animals (6 of each group) were
sacrificed under basal conditions and brain halves were taken to
investigate mRNA expression levels in the dorsal and ventral

PLOS ONE | www.plosone.org 6

hippocampus by qPCR (Fig. 5A & 5B, respectively). We did not
observe any differences between the groups concerning the
expression levels of Neurexinl (nrxnl), the presynaptic binding
partner for nlgn2, and gephyrin, a postsynaptic interaction partner
of nlgn2 in inhibitory synapses. We checked for two forms of the
glutamate decarboxylase, GAD65 and GADG67, as markers for
GABAergic synapses. We found an increase of GADG65 in the
dorsal hippocampus in nlgn2-OE animals compared to animals
injected with the empty virus, but GAD67 was not differentially
expressed. Regarding vGlut as marker for glutamatergic nerve
terminals, we did not find differential expression levels of the two
groups. In the ventral hippocampus, no gene expression differ-
ences were detected.

Discussion

In the present study, we evaluated the impact of overexpressing
nlgn2 specifically in the dorsal hippocampus of adult rats using an
adeno-associated virus. We found altered behavior in terms of
reduced novelty-induced exploration and decreased offensive
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Figure 3. Social behavior. A-B Sociability-social memory. A, Sociability. Interaction times with stranger juvenile and object. All animals spent more
time investigating the juvenile compared to the object (F(; g =65.40, p<0.001), but there was no difference between the groups. B, Social
memory. Interaction times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored more the stranger
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significantly more time with the juvenile compared to the object (F(;,15y=58.023, p<<0.001), but between the groups we did not observe any
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doi:10.1371/journal.pone.0056871.9g003
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Figure 4. Aggression-related behavior. A, Latency to attack. In line with the number of attacks, nlgn2-OE animals had significantly longer
latencies to attack the unfamiliar intruder than empty animals (empty 689.0+206.73, nlgn2-OE 1332.06+208.10, p<<0.05). B, Number of attacks
during RI. Animals injected with nlgn2-OE virus showed significantly less attacks towards the intruder compared to control animals (empty
10.9£3.62, nlgn2-OE 1.44+0.67, p<0.05). C, Keeping down behavior. Rats with the nlgn2-OE construct showed significantly less keeping down
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Figure 5. mRNA expression. A, mRNA expression in the dorsal hippocampus. Nrxn1: Tgy= —0.155, p>0.05; Gephyrin: T(9)=0.279, p>0.05; GAD65:
T(9)= —2.404, p<<0.05*%; GAD67: T(gy=0.059, p>0.05; vGlut: T(5.439)=0.739, p>0.05. B, mRNA expression in the ventral hippocampus. Nrxn1:
T(a.071)=0.732, p>0.05; Gephyrin: Tig)= —0.850, p>0.05; GAD65: T(g,=0.380, p>0.05; GAD67: T(g)=1.392, p>0.05; vGlut: T(9)= —0.457, p>0.05. Empty

n=6, nlgn2-OE n=5. *significantly different from empty animals.
doi:10.1371/journal.pone.0056871.g005

behaviour, whereas sociability and social memory remained
unchanged. Additionally, we found GADG65 expression levels to
be increased specifically in the dorsal hippocampus of nlgn2-OE
animals. Expression of GAD67, or other nlgn2-interacting
partners and the excitatory marker vGlut explored, did not differ
between groups.

In the OF test, rats overexpressing nlgn2 revealed normal
locomotor activity and anxiety-related behavior, but in the novel
object trial they spent significantly less time exploring the novel
stimuli compared to control animals and additionally showed
thigmotaxis as demonstrated by the higher percentage of time
spent in the wall zone. Consistently, mice with conditional nlgn2-
overexpression showed thigmotaxis in the open field test, while the
distance travelled throughout the arena was unchanged [25].
Additionally, the overexpression of nlgn2 led to a reduced number
of rearings in the novel object trial, but not in the open field, which
is in line with the reduced time exploring the novel object. In
contrast, animals with the conditional overexpression of nlgn2
showed more rearings in the OF task [25], but since the nlgn2-OE
is not restricted to the hippocampus and occurs throughout
development, this effect might be due to compensatory mecha-
nisms or changes in nlgn2 levels in other brain regions. Rearing
behavior is considered as a parameter for exploration, mostly in
response to novel stimuli [37], meaning that the nlgn2-OL
decreased exploratory behavior both in terms of time spent
exploring a novel object and rearing behavior. The hippocampus
has been shown to be associated with exploratory behavior
[37,38], rendering the specific manipulation of nlgn2 levels in the
hippocampus most likely responsible for these behavioral changes.
The observations mentioned are in line with behavioral alterations
shown in animal models of autism and may be analogous to
restricted interests in humans with autism [39,40].

PLOS ONE | www.plosone.org

We did not find an effect of the overexpression of hippocampal
nlgn2 on social interaction or social memory. A few studies showed
an association of altered nlgn2 expression with social behavior [28]
and manipulation of nlgn2 expression led to reduced social
interactions [25]. However, deletion of nlgn2 did not have any
effect on social behavior [41]. In our experiment, we used a very
specific approach in terms of timing and location of the
overexpression, which might not be comparable to longer lasting
or more widespread manipulations of nlgn2.

Several lines of evidence show an involvement of the
hippocampus in aggression-related behavior [42,43], which is
another aspect of social behavior implicated in autism and
schizophrenia [44,45]. We found reduced aggressive-like behavior
in rats with viral nlgn2-overexpression. Especially, the number of
attacks was reduced, while the latency to attack was increased.
Animals with nlgn2-OE showed decreased time of keeping down
the intruder, which represents one of the strongest parameters for
offensive behavior. This is, to our knowledge, the first demon-
stration of the involvement of nlgn2 in the hippocampus in
aggression-related behavior. Further studies with manipulated
levels of nlgn2 like a viral knock-down could confirm our results
and the hypothesis of a modulating role of nlgn? in the
hippocampus.

Many studies so far focused on the prefrontal cortex and its
influence on social and emotional behavior [46,47]. The
implication of the hippocampus in social behavior and aggression
is relatively new, but in support of previous data from our
laboratory [28,48] and the literature [42,43,49,50,51]. Yet, it is
unclear how a shift in the balance of the E/I ratio impacts on
altered aggressive behavior, but there is evidence linking enhanced
GABAergic transmission with reduced aggressive-like behavior
[52]. Reduced aggression-related behavior after shifting the E/I
ratio towards inhibition in the hippocampus by nlgn2-OE is in line
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with these observations and might render the hippocampus as
potential candidate to exert inhibitory effects on aggression.

On the molecular level, overexpression of nlgn2 in the
hippocampus was found to lead specifically to altered expression
of inhibitory synapse-associated molecules. In detail, we found
increased levels of GADG65, but not GAD67. These two isoforms of
GAD, which catalyze the decarboxylation of glutamate to GABA,
derive from two independently regulated genes [53]. GAD65
preferentially synthesizes GABA in the synaptic terminal for
vesicle release, whereas GADG67 preferentially synthesizes cyto-
plasmic GABA [54]. We did not observe changes in excitatory
synaptic markers as vGlut expression was not altered by nlgn2-
overexpression. Regarding the enrichment of nlgn? specifically at
mhibitory synapses and its association with the modulation of
inhibitory synapse function [8,7,5,55,10,56], our results indicate
an increase of inhibitory synaptic transmission by means of
enhanced vesicle GABA release after nlgn2-overexpression. In line
with our findings, nlgn2-OE in vitro was shown to increase
inhibition and nlgn2-knockout i vitro and i vivo resulted in
decreased inhibitory synaptic responses with no effect on
excitatory responses [41,2]. Additionally, paired recordings in
primary somatosensory cortex in mice lacking nlgn2 revealed
decreased inhibitory postsynaptic current amplitudes in single fast-
spiking interneurons but not in single somatostatin-positive
inhibitory interneurons, suggesting nlgn2 not being necessary for
establishing unitary inhibitory synaptic connections but being
selectively required for “scaling up” those connections [57].
Further, conditional overexpression of nlgn2 in the forebrain of
mice also resulted in increased levels of VGAT, a marker for
inhibitory synapses, together with augmented vGlut levels [25].
The latter might be a compensatory effect over time for the
increased inhibitory synaptic transmission caused by enhanced
nlgn2 levels.

As we did not find changes in the expression of the nlgn2-
interacting molecule gephyrin on the postsynaptic side and
neurexinl in the presynapse, the precise modulatory effect of
inhibitory synaptic transmission might be specifically mediated by
nlgn2. Modulation of nlgn2 levels may affect only selected pre-
and postsynaptic structural features and mechanisms, whereas the
precise effects of altered nlgn2 levels on its linked pathways remain
unclear [27,58,59,60].

An imbalance of excitation and inhibition in the brain is
mmplicated in several psychiatric disorders as possible cause for
behavioral alterations [9,14,15,16]. Conditional nlgn2-OE mice
showed disturbances of this E/I balance in the brain [25]. Our
results might represent a similar shift towards inhibition in terms of
increased GAD65 but unchanged vGlut.

Regarding the dynamics of nlgn2 expression levels during early
life stages [7], nlgn2 might possibly be involved in the development
of social and emotional behavior. Therefore, further investigation
in young animals might elicit the effect of altered nlgn2 expression
during early life on social behavior. Further, given the close
functional interaction of the hippocampus with the amygdala, and
the known important role of the amygdala in responses to novel
objects and contexts as well as aggression and violence [61,62], it
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Supporting Information

Figure S1 Timeline of the experiment. Animals were kept
together with the dam until weaning on postnatal day 2I.
Afterwards, they were housed in groups of three under standard
conditions. One week before surgery, anxiety levels were assessed
in the EPM in order to balance the groups with regard to anxiety
for AAV surgery. At the age of 12 weeks, animals underwent
surgery with injection of either a nlgn2-overexpressing adeno-
associated virus or an empty construct. After a recovery period of 5
weeks, all rats were screened in the open-field/novel object test.
One week later, the combined sociability — social memory test was
conducted and cohabitation with females started on the day after.
On the 10th day of cohabitation, animals were subjected to the
resident-intruder test with another sociability test three days later.
On the 20th day, cohabitation was stopped. Following two weeks
of single-housing, all rats were tested for olfaction and 6 days later,
4 animals were sacrificed by perfusion and 6 remaining animals
were sacrificed by decapitation.

(TIF)

Figure $2 Body weight. We observed a time effect throughout
the experiment (F5 13 =107.803, p<<0.001), but we did not find a
time*virus interaction (Fs 3 =1.120, p>0.05). Animals injected
with the nlgn2-OFE virus did not differ from empty virus animals
concerning body weight during the experiment. Empty n=10,
Nlgn2-OE n=9.

(TIF)

Acknowledgments

We would like to thank Christelle Albac, Vandana Veenit and Guillaume
Poirier for their help and advice during the experiments.

Author Contributions

Conceived and designed the experiments: MVS CS. Performed the
experiments: CK OR JG OZ CF. Analyzed the data: CK. Wrote the
paper: CK MVS CS.

4. Ichtchenko K, Nguyen T, Siidhof TC (1996) Structures, Alternative Splicing,
and Neurexin Binding of Multiple Neuroligins. J Biol Chem 271: 2676-2682.

5. Varoqueaux I', Aramuni G, Rawson RL, Mohrmann R, Missler M, et al. (2006)
Neuroligins Determine Synapse Maturation and Function. Neuron 51: 741-754.

6. Bottos A, Rissone A, Bussolino F, Arese M (2011) Neurexins and neuroligins:
synapses look out of the nervous system. Cellular and Molecular Life Sciences

68: 2655-2666.

February 2013 | Volume 8 | Issue 2 | 56871



20.

21.

22.

23.

24.

26.

27.

28.

29.

31.

33.

. Varoqueaux F, Jamain S, Brose N (2004) Neuroligin 2 is exclusively localized to

inhibitory synapses. Eur J Cell Biol 83: 449-456.

Song JY, Ichtchenko K, Siidhof TC, Brose N (1999) Neuroligin 1 is a
postsynaptic cell-adhesion molecule of excitatory synapses. PNAS 96: 1100
1105.

Siidhof TC (2008) Neuroligins and Neurexins Link Synaptic Function to
Cognitive Disease. Nature 455: 903-911.

. Chih B, Engelman H, Scheiffele P (2005) Control of excitatory and inhibitory

synapse formation by neuroligins. Science (New York, N 'Y ) 307: 1324-1328.

. Larsson HJ, Eaton WW, Madsen KM, Vestergaard M, Olesen AV, et al. (2005)

Risk Factors for Autism: Perinatal Factors, Parental Psychiatric History, and
Socioeconomic Status. Am J Epidemiol 161: 916-925.

Sucksmith E, Roth I, Hoekstra RA (2011) Autistic Traits Below the Clinical
Threshold: Re-examining the Broader Autism Phenotype in the 21st Century.
Neuropsychology Review 21: 360-389.

. Ey E, Leblond CS, Bourgeron T (2011) Behavioral profiles of mouse models for

autism spectrum disorders. Autism Research 4: 5-16.

. Bourgeron T (2009) A synaptic trek to autism. Curr Opin Neurobiol 19: 231

234.

. Paz RD, Tardito S, Atzori M, Tseng KY (2008) Glutamatergic dysfunction in

schizophrenia: From basic neuroscience to clinical psychopharmacology.

European Neuropsychopharmacology 18: 773-786.

. Harrison PJ, Weinberger DR (2005) Schizophrenia genes, gene expression, and

neuropathology: on the matter of their convergence. Molecular Psychiatry 10:
40-68.

Sullivan P, Magnusson C, Reichenberg A, Boman M, Dalman C, et al. (2012)
Family History of Schizophrenia and Bipolar Disorder as Risk Factors for
Autism. Arch Gen Psychiatry 69: 1099-1103.

. Pardo CA, Eberhart CG (2007) The Neurobiology of Autism. Brain Pathology

17: 434-447.

. Feng J, Schroer R, Yan ], Song W, Yang C, et al. (2006) High frequency of

neurexin 1B signal peptide structural variants in patients with autism.
Neuroscience Letters 409: 10-13.

Etherton M, Foldy C, Sharma M, Tabuchi K, Liu X, et al. (2011) Autism-linked
neuroligin-3 R451C mutation differentially alters hippocampal and cortical
synaptic function. PNAS 108: 13764-13769.

Tabuchi K, Blundell J, Etherton MR, Hammer RE, Liu X, et al. (2007) A
neuroligin-3 mutation implicated in autism increases inhibitory synaptic
transmission in mice. Science (New York, N Y ) 318: 71-76.

Jamain Sp, Quach HA, Betancur C, Rastam M, Colincaux C, et al. (2003)
Mutations of the X-linked genes encoding neuroligins NLGN3 and NLGN4 are
associated with autism. Nat Genet 34: 27-29.

Zhang C, Milunsky JM, Newton S, Ko J, Zhao G, et al. (2009) A Neuroligin-4
Missense Mutation Associated with Autism Impairs Neuroligin-4 Folding and
Endoplasmic Reticulum Export. J Neurosci 29: 10843-10854.

Sun C, Cheng MC, Qin R, Liao DL, Chen TT, et al. (2011) Identification and
functional characterization of rare mutations of the neuroligin-2 gene (NLGN2)
associated with schizophrenia. Human Molecular Genetics : 1-10.

. Hines RM, Wu L, Hines DJ, Steenland H, Mansour S, et al. (2008) Synaptic

Imbalance, Stereotypies, and Impaired Social Interactions in Mice with Altered
Neuroligin 2 Expression. J Neurosci 28: 6055-6067.

Belligni EF, Di Gregorio E, Biamino E, Calcia A, Molinatto C, et al. (2012) 790
Kb microduplication in chromosome band 17p13.1 associated with intellectual
disability, afebrile seizures, dysmorphic features, diabetes, and hypothyroidism.
European Journal of Medical Genetics 55: 222-224.

Belichenko PV, Kleschevnikov AM, Masliah E, Wu C, Takimoto-Kimura R, et
al. (2009) Excitatory-inhibitory relationship in the fascia dentata in the Ts65Dn
mouse model of down syndrome. The Journal of Comparative Neurology 512:
453-466.

Sandi C, Grosse J, Fantin M (2011) Stress effects on mood and sociability - cell
adhesion molecules as molecular targets. European Neuropsychopharmacology
21: S211.

Jackson J, Chugh D, Nilsson P, Wood J, Carlstrom K, et al. (2012) Altered
Synaptic Properties During Integration of Adult-Born Hippocampal Neurons
Following a Seizure Insult. PLoS One 7.

. Yizhar O, Fenno LE, Prigge M, Schneider F, Davidson TJ, et al. (2011)

Neocortical excitation/inhibition balance in information processing and social
dysfunction. Nature 477: 171-178.

Phillips ML, Drevets WC, Rauch SL, Lane R (2003) Neurobiology of emotion
perception I: The neural basis of normal emotion perception. Biological
Psychiatry 54: 504-514.

. Nunes PM, Wenzel A, Borges KT, Porto CR, Caminha RM, et al. (2009)

Volumes of the Hippocampus and Amygdala in Patients With Borderline
Personality Disorder: A Meta-Analysis. Journal of Personality Disorders 23:
333-345.

Rossi R, Lanfredi M, Pievani M, Boccardi M, Beneduce R, et al. (2012)
Volumetric and topographic differences in hippocampal subdivisions in
borderline personality and bipolar disorders. Psychiatry Research: Neuroimag-
ing 203: 132-138.

PLOS ONE | www.plosone.org

10

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

56.

57.

58.

59.

60.

61.

62.

Behavioral Effects of Hippocampal Nign2-OE in Rats

Hasan KM, Walimuni IS, Frye RE (2012) Global Cerebral and Regional
Multimodal Neuroimaging Markers of the Neurobiology of Autism: Develop-
ment and Cognition. J Child Neurol.

. File SE, Kenny PJ, Ouagazzal AM (1998) Bimodal modulation by nicotine of

anxiety in the social interaction test: Role of the dorsal hippocampus. Behavioral

Neuroscience 112: 1423-1429.

Bisaz R, Conboy L, Sandi C (2009) Learning under stress: a role for the neural

cell adhesion molecule NCAM. Neurobiol Learn Mem 91: 333-342.

Crusio WE (2001) Genetic dissection of mouse exploratory behaviour. Behav

Brain Res 125: 127-132.

Crusio WE, Schwegler H, Brust I, Van Abeelen JH (1989) Genetic selection for

novelty-induced rearing behavior in mice produces changes in hippocampal

mossy fiber distributions. ] Neurogenet 5: 87-93.

Moy SS, Nadler JJ, Poe MD, Nonneman RJ, Young NB, et al. (2008)

Development of a mouse test for repetitive, restricted behaviors: Relevance to

autism. Behavioural Brain Research 188: 178-194.

Silverman JL, Yang M, Lord C, Crawley JN (2010) Behavioural phenotyping

assays for mouse models of autism. Nat Rev Neurosci 11: 490-502.

Blundell J, Blaiss CA, Etherton MR, Espinosa F, Tabuchi K, et al. (2010)

Neuroligin-1 Deletion Results in Impaired Spatial Memory and Increased

Repetitive Behavior. ] Neurosci 30: 2115-2129.

Guillot PVr, Roubertoux PL, Crusio WE (1994) Hippocampal mossy fiber

distributions and intermale aggression in seven inbred mouse strains. Brain Res

660: 167-169.

Sala M, Caverzasi E, Lazzaretti M, Morandotti N, De Vidovich G, et al. (2011)

Dorsolateral prefrontal cortex and hippocampus sustain impulsivity and

aggressiveness in borderline personality disorder. Journal of Affective Disorders
131: 417-421.

Maskey M, Warnell F, Parr JR, Le Couteur A, McConachie H (2012) Emotional

and Behavioural Problems in Children with Autism Spectrum Disorder. J Autism

Dev Disord.

. Ekinci O, Ekinci A (2012) Association between insight, cognitive insight, positive

symptoms and violence in patients with schizophrenia. Nordic Journal of
Psychiatry 1-8.

Lewis MD, Granic I, Lamm C (2006) Behavioral Differences in Aggressive
Children Linked with Neural Mechanisms of Emotion Regulation. Annals of the
New York Academy of Sciences 1094: 164-177.

Baumann N, Turpin JC (2010) Neurochemistry of stress. An overview.
Neurochem Res 35: 1875-1879.

Fantin M, Grosse J, Rejmak E, Krishnendu G, Kalita K, et al. (2012) Regulation
of Nectin-3 in the hippocampus mediates chronic stressinduced behavioral
alterations. In press.

Comai S, Tau M, Gobbi G (2012) The psychopharmacology of aggressive
behavior: a translational approach: part 1: neurobiology. J Clin Psychopharma-
col 32: 83-94.

Dell’Osso B, Berlin HA, Serati M, Altamura AC (2010) Neuropsychobiological
aspects, comorbidity patterns and dimensional models in borderline personality
disorder. Neuropsychobiology 61: 169-179.

Gregg TR, Siegel A (2001) Brain structures and neurotransmitters regulating
aggression in cats: implications for human aggression. Prog Neuropsychophar-
macol Biol Psychiatry 25: 91-140.

Sustkova-Fiserova M, Vavrova J, Krsiak M (2009) Brain levels of GABA,
glutamate and aspartate in sociable, aggressive and timid mice: an in vivo
microdialysis study. Neuro Endocrinol Lett 30: 79-84.

Soghomonian JJ, Martin DL (1998) Two isoforms of glutamate decarboxylase:
why? Trends in Pharmacological Sciences 19: 500-505.

. Zhang C, Atasoy D, Arag D, Yang X, Fucillo MV, et al. (2010) Neurexins

Physically and Functionally Interact with GABAA Receptors. Neuron 66: 403—
416.

. Chubykin AA, Atasoy D, Etherton MR, Brose N, Kavalali ET, et al. (2007)

Activity-Dependent Validation of Excitatory versus Inhibitory Synapses by
Neuroligin-1 versus Neuroligin-2. Neuron 54: 919-931.

Dean C, Dresbach T (2006) Neuroligins and neurexins: linking cell adhesion,
synapse formation and cognitive function. Trends Neurosci 29: 21-29.

Gibson JR, Huber KM, Siidhof TC (2009) Neuroligin-2 Deletion Selectively
Decreases Inhibitory Synaptic Transmission Originating from Fast-Spiking but
Not from Somatostatin-Positive Interneurons. J Neurosci 29: 13883-13897.
Hoon M, Bauer G, Fritschy JM, Moser T, Falkenburger BH, et al. (2009)
Neuroligin 2 Controls the Maturation of GABAergic Synapses and Information
Processing in the Retina. The Journal of Neuroscience 29: 8039-8050.

Fu Z, Vicini S (2009) Neuroligin-2 accelerates GABAergic synapse maturation in
cerebellar granule cells. Mol Cell Neurosci 42: 45-55.

Jedlicka P, Hoon M, Papadopoulos T, Vlachos A, Winkels R, et al. (2011)
Increased Dentate Gyrus Excitability in Neuroligin-2-Deficient Mice in Vivo.
Cereb Cortex 21: 357-367.

Moses SN, Sutherland R]J, McDonald RJ (2002) Differential involvement of
amygdala and hippocampus in responding to novel objects and contexts. Brain
Res Bull 58: 517-527.

Miczek KA, de Almeida RM, Kravitz EA, Rissman EF, de Boer SF, et al. (2007)
Neurobiology of escalated aggression and violence. J Neurosci 27: 11803-658.

February 2013 | Volume 8 | Issue 2 | 56871



