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A B S T R A C T

The cell adhesion molecule neuroligin2 (NLGN2) regulates GABAergic synapse development, but its role in
neural circuit function in the adult hippocampus is unclear. We investigated GABAergic synapses and hippo-
campus-dependent behaviors following viral-vector-mediated overexpression of NLGN2. Transducing hippo-
campal neurons with AAV-NLGN2 increased neuronal expression of NLGN2 and membrane localization of
GABAergic postsynaptic proteins gephyrin and GABAARγ2, and presynaptic vesicular GABA transporter protein
(VGAT) suggesting trans-synaptic enhancement of GABAergic synapses. In contrast, glutamatergic postsynaptic
density protein-95 (PSD-95) and presynaptic vesicular glutamate transporter (VGLUT) protein were unaltered.
Moreover, AAV-NLGN2 significantly increased parvalbumin immunoreactive (PV+) synaptic boutons co-loca-
lized with postsynaptic gephyrin+ puncta. Furthermore, these changes were demonstrated to lead to cognitive
impairments as shown in a battery of hippocampal-dependent mnemonic tasks and social behaviors.

1. Introduction

Of the neuroligin (NLGN) family of synaptic proteins (NLGN1-4)

only NLGN2 is selectively found at inhibitory synapses [1–4]. The
NLGN proteins are integral membrane adhesion molecules that bind to
presynaptic neurexins [5–8]. As mutations in NLGNs have been
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identified in patients with autism [9–11], schizophrenia [12], and other
neurological disorders [13,14], the role of NLGN2 in inhibitory synapse
formation, maturation, and function is of considerable interest. The
expression of NLGN2 in vitro in non-neuronal cells induces putative
synaptic contacts [8,15–17] and in vivo, binding between presynaptic
neurexin and postsynaptic NLGN2 enhances inhibitory synaptic trans-
mission [18]. NLGN2 tethers GABA receptors within a scaffold on the
postsynaptic neuron through molecular interactions with gephyrin and
collybistin [3]. By recruiting gephyrin and GABAARs, NLGN2 shapes
mature electrophysiological response properties [19,20].

Several studies have utilized genetic deletion or viral-vector-medi-
ated overexpression to test whether dysregulation of NLGN2 causes
GABAergic circuit dysfunction or cognitive changes with conflicting
results. While genetically-induced NLGN2 deficiency or overexpression
increase anxiety-like behaviors [21–24], limiting NLGN2 over-
expression to the adult mouse dorsal hippocampus did not alter anxiety
phenotypes [25]. Furthermore, regardless of whether NLGN2 expres-
sion was experimentally increased or decreased, preference ratios in the
three-chamber sociability test were abolished [22,26,27]. Others found
that constitutive NLGN2 knockout in the whole brain [23] or selective
overexpression of NLGN2 in the adult rat hippocampus [25] did not
alter social behavior. Aggression, as measured by the resident intruder
test, also showed variable results between overexpression studies
[25,27].

As a step toward addressing gaps in our understanding of the role of
NLGN2 in inhibitory synapse formation and function in the adult brain,
we increased NLGN2 expression in the DG and hippocampal subfields
CA3 and CA1 in normal, naïve mice through adeno-associated viral
(AAV) vectors and studied recruitment of synapse-specific presynaptic
and postsynaptic molecules using immunohistochemistry, confocal
microscopy, and biochemistry. Given the distinct functional roles for
GABAergic cell types in the DG and CA subfields of the hippocampus
[28] and the significant roles of GABAergic connections with hippo-
campal principle cells in regulating social behaviors [29,30], spatial
memory [31,32], and brain rhythms [33–38], we also investigated
whether NLGN2 overexpression altered social dominance, social
memory, spatial memory, novel object recognition, object location, and
anxiety.

2. Materials and methods

2.1. Experimental animals

All animal use followed protocols approved by the Wesleyan
University’s Institutional Animal Care and Use Committee. Male wild-
type C57BL/6NHsd mice (Envigo; 8–10 weeks old, approximately
24–30 g) and VGAT-ChR2-eYFP mice (Jackson; 8–10 weeks old, ap-
proximately 24–30 g) were pair-housed in our animal facility in self-
ventilating cage units, maintained on a 12-hour light/dark cycle, and
provided with food and water ad libitum. A total of 51 mice were used
for this study; 29 received stereotaxic injections into the hippocampus
of the AAV-NLGN2 vector and 22 received stereotaxic injections of the
control vector, AAV-mCherry. C57BL/6NHsd adult males were used for
all behavioral and biochemistry experiments and both C57BL/6NHsd
and VGAT-ChR2-eYFP adult male mice [39] were used for im-
munohistochemical studies. Behavioral testing was performed on 44
adult male C57BL/6NHsd mice; 24 received AAV-NLGN2 and 20 re-
ceived AAV-mCherry injections. Prior to behavioral testing, mice were
pair-housed with like-treated littermates and received handling for a
week.

2.2. Viral constructs for overexpression of NLGN2

AAV/DJ mixed serotype viruses with CMV promoter-driven gene
expression were used (Vector Biolabs). The NLGN2 vector contained the
mouse NLGN2 gene (NM_198862) and an mCherry fluorescent reporter.

The resulting custom plasmid (pAAV-cDNA6-mCherry-NLGN2) was
packaged into AAV/DJ (Addgene; AAV/DJ-cDNA6-mCherry-NLGN2;
titer: 1.3× 1013 GC/mL). The control vector contained the CMV pro-
moter driving expression of mCherry minus NLGN2 (AAV/DJ-CMV-
mCherry; titer: 1.8× 1013 GC/ml). Both vectors resulted in strong
transduction of hippocampal neurons and robust expression for at least
4–6 weeks, the longest period that we tested.

2.3. Stereotaxic surgery

Mice were initially injected with Medicam (0.03mL, s.c., Henry
Schein) and stereotaxic injections of virus were made under isoflurane
gas anesthesia (VetEquip, Harvard Apparatus). Each mouse received
0.5 μl of AAV vector/site (0.2 μl/minute) into 5 sites per hippocampus
by means of an automated stereotaxic injection system (Stoelting
Quintessential), equipped with a 5 μl glass syringe (Hamilton 7633-01)
and bevel-tip needle (Hamilton, 30°, 30 gauge, 0.5”). The coordinates
for anterior hippocampal injections were determined as follows: AP
(Bregma – Lambda)/2; ML +/−1.25mm; DV 2.2, 2.0, and 1.3mm
[40]. The coordinates for posterior injections were determined as fol-
lows: AP −3.0 – −.9 – (Bregma – Lambda)/2), ML ± 3.5, DV −4.0
and −3.0.

2.4. Behavioral assays

We conducted behavioral analyses 2–3 weeks post-AAV injections,
then euthanized the mice for either biochemistry or im-
munohistochemistry. Each mouse was acclimated in its home cage in
the behavioral testing facility 30min prior to behavioral testing and
apparatuses were wiped down with 75% ethanol between tests. The
order of behavioral testing was: Open Field, Zero Maze, Novel Object
Location, Novel Object Recognition, Sociability test, Social Dominance
test, and the Morris Water Maze (Table S1). Testing was conducted
under 16–22 lx illumination with ambient white noise while video re-
cording, and later analyzed with AnyMaze software by a trained-ob-
server blind to the treatment group.

Open Field testing to evaluate exploration and anxiety was per-
formed in a white plastic circular arena, elevated approximately 86 cm
from the ground, with 46 cm high sides and 91.4 cm inner diameter.
The mouse was placed in the center of the arena and allowed to explore
for 10min. The distance traveled and time in the central area (desig-
nated by a circle of approximately 60 cm) were measured.

We also measured anxiety behavior with the Zero maze. As de-
scribed previously, performance in this maze is relatively stable over
time, as compared to the elevated plus maze [41]. The Zero maze
consisted of an elevated circular platform with two open and two en-
closed zones (inside diameter 61 cm; outside diameter 86.4 cm; plat-
form elevation above the floor 77.5 cm; wall height 8.1 cm; camera
height 223.5 cm). To initiate testing, the mice were placed facing an
enclosed zone then allowed to explore the apparatus for 5min. Mice the
fell off the open arms of the apparatus were placed back on the maze
and retested. The total distance travelled and time spent in each zone
were quantified.

To test to test spatial memory, we used to two behavioral tests; the
novel object recognition test and the object new location test. Both were
performed in a square plastic arena (30.5 cm2). Each mouse was ac-
climated to the arena for 10min the day prior to testing. For novel
object recognition, the mice were allowed to investigate 2 objects
placed into opposite corners of the arena for 10min. Objects included:
50mL conical tubes filled with marbles, three 15mL conical tubes
taped together, and 100mL plastic bottles with varying labels, all
weighted to prevent displacement. One hour following the initial ex-
posure, one of the objects was replaced with a different object of similar
size, and the mice were allowed to investigate the objects for 10min.
For the object new location test, two objects were placed into opposite
corners of the apparatus and the mice were allowed to investigate for
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10min. One hour later, one of the objects was relocated and the mice
were allowed to investigate for 10min. An area extending 1 inch in all
directions around each object was designated as the area of interaction.
The number of entries and the duration of time that the mouse’s head
was within this area were computed.

Social interactions were measured with Crawley’s three-chambered
sociability test in clear Plexiglass apparatus with three 20 cm by
40.5 cm interconnected chambers. Circular cages were placed in the
two outer chambers (diameter 10 cm) and testing was conducted as
previously described [42–44]. The mouse to be tested was placed in the
central chamber with the doors shut and allowed to acclimate for 1min.
For the first round of testing, one cage contained a stranger mouse and
the other was empty. The doors were then opened, and the mouse ex-
plored the apparatus freely for 10min. The mouse was moved back into
the central chamber and the doors were shut. A novel stranger mouse
was placed in the previously empty cage and the experimental mouse
was again allowed to explore the apparatus for 10min. Interaction
times and number of interactions were quantified. The area of inter-
action was designated as the area containing the social interaction cage
area with a 3-cm border. The number of entries and the duration of time
that the mouse’s head was within this area were computed.

The social dominance apparatus consisted of an elevated clear
Plexiglas tube (3 cm above table) [45]. Pairs of mice were placed in the
opposite ends of the tube and allowed to meet in the center. The first
mouse backing out of the tube was considered the “loser” of the bout,
while the mouse remaining in the tube was considered the “winner”.
Testing lasted until one mouse backed out of the tube, or until 3 min
elapsed; if neither mouse backed out, it was considered a draw. Bouts
within experimental group were used to confirm that the mice ex-
hibited normal dominance behavior and then we quantified bouts be-
tween the AAV-NLGN2 vs. AAV-mCherry groups of mice. Any mice
showing<0.2 or> 0.8 ratios within experimental group were ex-
cluded (2 AAV-mCherry mice, 0 AAV-NLGN2 mice).

Spatial memory was tested in a circular Morris Water Maze pool
(122 cm diameter, 76 cm depth) filled with water (20 °C) made opaque
with non-toxic white paint and enclosed by white curtains with visual
cues. Training to find a submerged platform (diameter 16 cm) was for
five days, followed by a probe trial on the sixth day. Training consisted
of four training trials/day/mouse, lasting 60 s/trial, or until the mouse
climbed on the platform. The mice remained on the platform for 10 s; if
they failed to reach the platform, they were guided there. During the
first two days of training only, a visual cue was placed on the platform.
During the 60-sec probe trial on the sixth day, the platform was re-
moved, and the swim speed, escape latency to the platform during
training, latency to first platform area crossing in the probe trial, the
number of platform area crossings in the probe trail, and the quadrant
dwell time were measured.

2.5. Western blot analyses of adult mouse hippocampi

To harvest hippocampal tissue, the mice were euthanized using
cervical dislocation and the left and right hippocampi were extracted
and frozen at −80 °C. Membrane fractions were prepared by thawing
the tissue in 400 μl of ice-cold TEVP buffer (10mM Tris, pH 7.4, 5 mM
NaF, 1mM EDTA, and 1.0mM EGTA, 1mM Na3VO4) containing
320mM sucrose with protease inhibitor and homogenizing with a
dounce homogenizer. Samples were centrifuged for 10min at 2500 rpm
(Eppendorf 5415 C), the supernatant was extracted, and centrifuged for
15min at 10,000 rpm to obtain the P2 pellet. The P2 fraction was
suspended in TEVP buffer and solubilized by 10 freeze-thaw cycles,
then frozen in aliquots and stored at −80 °C. Protein concentrations
were calculated with a BCA assay kit (Thermo Scientific 23227).

SDS-PAGE was performed with a mini-gel electrophoresis system
(Bio-Rad 525BR) with 4–20% precast gradient gels (Bio-Rad
4561091S). The membrane fractions from control and experimental
mice run together on the same gels for comparison (20 μg protein/lane)

and proteins were separated at a constant voltage (150 V) for 120min
and transferred onto PVDF membranes (Bio-Rad 153BR) with constant
voltage (100 V) for 90min. The transferred proteins were visualized by
staining the PVDF membranes in Ponceau S, then the blots were cut into
horizontal strips at 150, 75, 50 and 37 kDa, based on the migration of
protein standards (Precision Plus Protein™ Dual Color Standards,
BioRad #161-0374), to allow each lane to be probed with antibodies
(see Table S1). The following antibodies were used: mouse anti-actin
(1:2000), mouse anti-gephyrin (1:2000), rabbit anti-NLGN2 (1:4000),
mouse anti-GABAARγ2 (1:4000), mouse anti-NR2B (1:1000), mouse
anti-PSD95 (1:4000), and mouse anti-VGAT (1:8000). After washing
the blots, the bound antibodies were detected by incubating in HRP-
conjugated goat anti-mouse IgG (1:5000) or HRP-conjugated anti-rabbit
IgG (1:10,000) followed by a 1-minute incubation in SuperSignal West
Femto Maximum Sensitivity Substrate (ThermoFisher Scientific
34,096). The blots were imaged with GeneSnap software (SynGene
7.12) in a G:Box apparatus (Syngene G:Box Chemi XX6). Blot images
were viewed in Image J software, inverted, and optical densities for
each protein band were calculated. All values were normalized to actin
within the same lane. Statistical analyses were performed using
Student’s t-test function, using each lane as a separate input.

2.6. Immunohistochemistry

For histology, the mice were euthanized (sodium pentobarbital,
Henry Schein, 100mg/kg, i.p.), and perfused transcardially (4% par-
aformaldehyde in 0.1M phosphate buffer, pH 7.4). Cryostat sections
were cut at 12 μm, mounted and immunostained on Superfrost Plus
glass slides. Incubations were overnight at room temperature in pri-
mary antibodies diluted in 0.1M sodium phosphate buffered saline
containing 10% normal goat serum and 1% Triton-X 100. The following
primary antibodies were used (see Table S1): chicken anti-GFP
(1:1000), mouse anti-mCherry (1:1000), rabbit anti-mCherry (1:1000),
chicken anti-mCherry (1:1000), rabbit anti-NLGN2 (1:1000), rabbit
anti-parvalbumin (1:1000), guinea pig anti-VGAT (1:500), mouse anti-
vGlut (1:500), and mouse anti-gephyrin (1:1000). Detection was per-
formed with secondary antibodies (Life Technologies) and sections
were mounted in Prolong Diamond with DAPI (Life Technologies).

2.7. Synaptic protein density analyses

Immunofluorescently labeled synaptic puncta were imaged by
confocal microscopy at an optical slice interval of 0.33 μm (Zeiss LSM
510 Meta confocal microscope, C-Apochromat 63x objective 1.2 N.A.).
The confocal images were analyzed in ImageJ with Puncta Analyzer
[46]. We selected regions of interest (ROI) containing mCherry+ neu-
rons and then quantified co-localized synaptic protein labeling. Values
were normalized based on mCherry expression within the ROI.

2.8. Quantification of putative synapses onto individual neurons

We quantified sites of putative synapses on granule and pyramidal
cell somas by identifying puncta immunolabeled for presynaptic pro-
teins (e.g. VGAT) that were in alignment with clusters of im-
munolabeled postsynaptic proteins (e.g. gephyrin). To ensure unbiased
selection of AAV-labeled neurons, the images were viewed in the red
channel and individual somas outlined, then the red channel was
hidden, and the green and infrared channels were visualized. To
quantify the number of putative synapses, we identified sites with
alignment between immunolabeled presynaptic and postsynaptic pro-
teins, and used Zeiss Zen software to generate a fluorescence histograms
for these puncta. We set the background level based on the fluorescent
intensity of an adjacent region without immunofluorescent staining in
the same channel. Putative fluorescently labeled synaptic puncta were
identified as peaks of fluorescently labeled pre- and postsynaptic mar-
kers that were both above background and in close proximity and
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alignment.

2.9. Statistical analysis and graphs

Statistical analyses were performed in the Statistical Package for
Social Science (SPSS)(IBM). The graphs were generated in Graph Pad
Prism (https://www.graphpad.com/scientific-software/prism/). Box
and whisker plots show the maximum and minimum values, with the
upper and lower bounds of the box encompassing the third and first
quartiles, respectively. All data points are shown on each box and
whisker plot. Further information regarding statistical analyses is
available in Table S2.

3. Results

3.1. AAV/DJ vector-mediated NLGN2 gene expression increases NLGN2 in
the hippocampus

Western blot experiments confirmed that neuronal transduction
with the AAV-NLGN2 vector significantly increased levels of NLGN2 in
membrane fractions by approximately 55% (Fig. 1A), compared to the
AAV-mCherry vector (Fig. 1B; p=0.0002, Student’s t-test; n= 18

hippocampi from 9 AAV-mCherry+ mice, 20 hippocampi from 10 AAV-
NLGN2+ mice).

To determine whether the AAV/DJ vector was transduced in both
excitatory and inhibitory neurons, we injected the AAV-mCherry or the
AAV-NLGN2 vectors into the hippocampus of transgenic mice expres-
sing VGAT-ChR2-eYFP to identify GABAergic interneurons based on
green fluorescence. As shown in Fig. 1C–I, GABAergic interneurons in
the hilus and the molecular layer (MOL) of the DG were transduced by
the vectors, as well granule cells in the DG granule cell layer (GCL), and
spiny (putative) mossy cells in the hilus of DG (Fig. 1C–M) and CA1
pyramidal neurons, based on the location of the cell bodies, their
morphology, and the presence of punctate GABAergic terminals cov-
ering the somas (Fig. 1J–M). Additionally, we found that neurons
transduced with AAV-mCherry vector had lower immunoreactivity for
NLGN2 (Fig. 1N–Q) compared to neurons transduced with the AAV-
NLGN2 vector (Fig. 1R–U). These experiments confirmed that the
vectors transduced the principal cells of the hippocampus as well as
hippocampal GABAergic interneurons. Moreover, AAV-NLGN2 vector
transduction resulted in substantial increases in the expression of the
NLGN2 protein in hippocampal neurons.

Fig. 1. Increased NLGN2 expression fol-
lowing neuronal transduction with AAV-
NLGN2 vector in the adult mouse hippo-
campus. A, Top panels, representative
Western blots showing NLGN2 protein in
membrane fractions from hippocampal neu-
rons transduced with the AAV-mCherry vector
(mCh) or the AAV-NLGN2 vector (NL2).
Beneath, the same blot probed for actin as a
loading control. B, Box and whisker plot
showing average optical density of membranes
probed for NLGN2/Actin. Membrane fractions
from hippocampus transduced with the AAV-
NLGN2 vector contained significantly more
NLGN2 protein compared to AAV-mCherry
vector controls (***p= 0.0002, Student’s t-
test). C–J, The AAV vectors (red) transduced
multiple neuronal cell types in the dentate
gyrus (DG). C, AAV-transduced GABAergic in-
terneurons (red) in VGAT-ChR2-eYFP (green)
transgenic mouse brain showing co-labeling of
GABAergic neurons in the hilus (HIL) and
granule cell layer (GCL). D-F, Magnified views
indicated in boxed region in C’. E, AAV-
mCherry transduced GC receiving GABAergic
synaptic contacts (green) and F, the merged
image of this cell. G-I, Higher-magnification
views indicated in boxed region in C”. G, AAV-
transduced GABAergic interneuron (red) and
H, VGAT-ChR2-eYFP co-expression (green). I,
the merged view of cell. J, AAV-NLGN2- vector
transduced CA1 pyramidal neurons. Labeled
neurons in the stratum pyramidale (PYR) with
dendrites extending into stratum oriens (ORI).
K–M, AAV-mCherry+ pyramidal cells (box)
receiving VGAT-ChR2-eYFP labeled synaptic
contacts. K, mCherry; L, eYFP, M, merged
image. N-U, Triple-labeled CA3 pyramidal
neuron with O, vector driven expression of
mCherry (red). P, EYFP+ GABAergic inputs on
this neuron (green). Q, Punctate cell-surface
immunostaining for Neuroligin2 (NLGN2,
white). R, Triple-labeled neurons in a mouse
transduced with the AAV-NLGN2 vector; CA1

pyramidal neurons (red) expressed high levels of NLGN2 (white), in association with GABAergic synapses (VGAT-ChR2-eYFP positive boutons; green). Boxed region
magnified in S-U. S, mCherry-labeling; T, eYFP+ GABAergic terminals; U, NLGN2-immunoreactive puncta. C, J Scale bars equal 20 μm; N, R scale bars equal 10 μm.
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3.2. Increased gephyrin+ and VGAT+ puncta at putative GABAergic
synaptic sites in neurons transduced with AAV-NLGN2

Prior work has established the parvalbumin-expressing (PV+)
GABAergic interneurons form inhibitory synapses preferentially at
perisynaptic sites containing NLGN2 homomeric dimers. This is in
contrast to somatostatin-expressing (SOM+) interneurons, which form
NLGN2-NLGN3 heterodimers at synaptic contacts [47]. These prior
findings suggested that neurons overexpressing NLGN2 might show
increased PV+ GABAergic synapses. To investigate whether transduc-
tion with AAV-NLGN2 led to an increase in PV+ GABAergic synapses,
we utilized immunostaining and high-resolution confocal microscopy.
We addressed this question by quantifying putative synaptic boutons
expressing PV+ that co-localized with postsynaptic gephyrin+ puncta
in virally-transduced hippocampal neurons (Fig. 2A–J). Overall, we

found a 23% increase in PV+ synaptic endings aligned with gephyrin+

puncta in AAV-NLGN2+ pyramidal neurons, compared to neurons
transduced with AAV-mCherry (Fig. 2K; AAV-NLGN2+ neurons:
20.27 ± 1.22 PV+/gephyrin+ puncta/cell vs. AAV-mCherry+ neu-
rons: 16.48 ± 1.20 puncta/cell, p= 0.04, Student’s t-test). Similarly,
by counting the number of PV+/gephyrin+ appositions per micron of
labeled cell membrane; we found ˜23% more appositions per micron in
AAV-NGLN2+ neurons (0.49 appositions/μm) compared to AAV-
mCherry+ neurons (0.40 appositions/μm; data not shown; p=0.01,
Student’s t-test; n= 31 cells from 4 AAV-mCherry+ control mice and
51 cells from 5 AAV-NGLN2+ mice). However, the lengths of contacts
between PV+ axons and AAV-NLGN2+ pyramidal neurons was not
significantly different from controls (Fig. 2L; p= 0.26, Student’s t-test;
n= 27 cells from 4 AAV-mCherry+ mouse brains and n= 33 cells from
5 AAV-NLGN2+ brains). These results suggest that transduction with

Fig. 2. Increased gephyrin+ synaptic
puncta at parvalbumin+ synaptic endings
in AAV-NLGN2-expresing neurons. A, CA1
pyramidal neurons (red) transduced with con-
trol AAV that were contacted by inhibitory
neurons co-expressing parvalbumin (PV+)
(green) exhibited sparse gephyrin puncta
(white). B–E, Higher magnified views of the
mCherry+ neuron from A, with orthogonal
views in the Z-plane. Crosshairs indicate a
putative synaptic site where mCherry (B), PV
(C), and gephyrin (D) all colocalize (E). F, CA1
pyramidal neurons (red) infected with experi-
mental AAV-NLGN2 virus that were contacted
by PV+ (green) inhibitory interneurons ex-
hibited increased density of punctate gephyrin
(white). G–J, Higher resolution view of an
mCherry+ neuron from F, with orthogonal
views in the Z-plane. Crosshairs indicate a
putative synaptic site where mCherry (G), PV
(H), and gephyrin (I) all colocalize in the same
z-axis (J). K, Gephyrin puncta that co-localized
with PV+ contacts to AAV-NLGN2- neurons
were significantly increased (***p= 0.01,
Student's t-test). L, The length of PV+ contacts
onto AAV-labeled pyramidal cells was un-
altered by AAV-NLGN2 (p=0.26, Student's t-
test). Scale bars equal 20 μm.
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the AAV-NLGN2 vector resulted in high expression of NLGN2 in hip-
pocampal neurons and increased trafficking of inhibitory postsynaptic
proteins to sites of parvalbumin+ GABAergic synapses, in agreement
with previous in vitro studies [3,15,17].

The finding that AAV-NLGN2 transduction led to a preponderance
of PV+/gephyrin+ putative synapses led us to next ask whether AAV-
NLGN2 led to a significant increase in GABAergic synapses. To address
this, we identified putative GABAergic synapses onto virally transduced
neurons. As shown in Fig. 3(A, B), AAV-NLGN2+ neuronal cell bodies

and proximal dendrites (identified by mCherry expression) were out-
lined by VGAT+ GABAergic synaptic boutons (Fig. 3C). Many of these
putative presynaptic boutons co-localized with postsynaptic gephyrin+

puncta in neurons transduced with the AAV (Fig. 3D, E, arrowheads).
Based on counts of sites with co-alignment of VGAT+ boutons and
gephyrin+ puncta (VGAT+ /gephyrin+ puncta, Fig. 3F, arrows), AAV-
NLGN2+ neurons showed significantly more co-localized puncta
(21.769 ± 0.5829 in n= 52 AAV-NLGN2+ neurons) as compared to
controls (16.897 ± 0.5771 co-localized puncta in n=39 AAV-

Fig. 3. AAV-NLGN2 expression increased gephyrin-immunoreactive puncta at putative GABAergic synapses. A, AAV-NLGN2+ GCs (red) with presynaptic
VGAT (green) and postsynaptic gephyrin (white) immunoreactivity. B–D, A representative GC (yellow dashed line, arrow) is shown with co-localization of im-
munoreactivity for mCherry (red), VGAT (green), and gephyrin (white) in X, Y, and Z-axes in confocal Z-stacks. E, Merged image of cell from B–D, F, Representative
fluorescence histogram generated from the GC shown in B–E. For this cell, the VGAT immunofluorescence is represented by the green histogram, the gephyrin
immunofluorescence is represented by the white histogram, and the dashed lines indicate baseline values. Arrows indicate sites along the membrane where peaks of
fluorescence detected for presynaptic VGAT and postsynaptic gephyrin were above baseline levels and colocalized, indicating putative pre and postsynaptic sites. G,
Quantification of putative pre- and postsynaptic sites using histogram analyses showed that AAV-NLGN2+ cells had significantly more apposed VGAT and gephyrin
(*p= 0.0003, Student’s t-test). H, AAV-NLGN2+ cells also had significantly also significantly more VGAT puncta per μm2 of mCherry (***Student’s t-test,
p= 0.0057). I, AAV-NLGN2+ cells had significantly more gephyrin puncta per μm2 of mCherry (***Student’s t-test, p= 0.0195). A–D, E; Scale bars equal 20 μm.
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mCherry+ neurons) (p=0.0000001; Student’s t-test). To control for
possible sampling biases, we also analyzed the density of co-labeled
puncta per micron of cell surface and found that, on average, AAV-
NLGN2+ neurons had 0.69 VGAT+ /gephyrin+ puncta /μm whereas
AAV-mCherry+ neurons had approximately 0.58 VGAT+/gephyrin+

puncta/μm (Fig. 3G; p=0.0003, Student’s t-test; n= 39 neurons from
3 AAV-mCherry+ control mice and 52 neurons from 5 AAV-NLGN2+

mice). Taken together, these findings suggest that AAV-NLGN2 trans-
duction substantially increased putative GABAergic synapses con-
taining gephyrin, a key postsynaptic inhibitory protein responsible for
anchoring GABA receptors and other molecules at the postsynaptic
density.

We next asked whether AAV-NLGN2 transduction altered the
overall level of VGAT localized to putative GABAergic synaptic term-
inals, as increased VGAT could resulted in enhanced synaptic release of
GABA from vesicular stores. To address this question, we analyzed
larger regions of interest (ROI) within the hippocampal subfields, while
controlling for variations in AAV transduction, using mCherry expres-
sion as a proxy (Fig. 3A and B). We found an increase of ˜39% in the
number of VGAT+ puncta (17.26 puncta/μm2 mCherry expression±
2.10) in the hippocampus of mice transduced with the AAV-NLGN2
vector, compared to mice injected with the control AAV-mCherry
vector (6.69 puncta/μm2 mCherry expression±2.47, Fig. 3L;
p= 0.00057; Students t-test; n= 8 GCL subfields from 3 AAV-
mCherry+ mice and 8 GCL subfields from 5 AAV-NLGN2+ mice). Si-
milarly, we found ˜25% increase in the overall density of gephyrin
puncta (30.80 puncta/μm2 mCherry expression± 8.15), compared to
controls (7.76 puncta/μm2 mCherry expression±2.93, Fig. 3M;
p=0.01; Student’s t-test; n= 8 GCL sections from 3 AAV-mCherry+

mice and 8 GCL sections from 5 AAV-NLGN2+ mice). Thus, transducing
hippocampal neurons with the AAV-NLGN2 vector not only increased
recruitment, retention or membrane trafficking of gephyrin but also
had transynaptic effects by increasing VGAT.

3.3. AAV-NLGN2 transduction is linked to elevated levels of GABAergic
synaptic proteins

Prior studies showed that a key role of NLGNs is to provide a linkage
between the extracellular and intracellular proteins at synapses
[8,18,48,49] and our results support this view by showing that NLGN2
overexpression increased NLGN2, VGAT, and gephyrin at putative
GABAergic synapses. As VGAT specifically localizes to GABAergic sy-
naptic vesicles, and gephyrin localizes to the postsynaptic specialization
at GABAergic synapses, our findings could indicate that AAV-NLGN2′s
effects include increasing or enhancing efficacy of GABAergic synaptic
transmission, however testing this hypothesis would require either
quantitative immuno-electron microscopic studies or electrophysiology
or both. As an alternative, we chose a biochemical approach to compare
the extent of membrane recruitment of inhibitory synaptic proteins
VGAT, gephyrin, and the GABAA receptor-specific GABAARγ2 subunit
[50,51] in mice transduced with either the AAV-NLGN2 vector or the
AAV-mCherry vector (Fig. 4A). AAV-NLGN2 transduction significantly
increased hippocampal membrane-associated gephyrin by 1.3-fold
(Fig. 4B; p= 0.0326, Student’s t-test; n= 18 hippocampi from 9 AAV-
mCherry+ mice and n=20 hippocampi from 10 AAV-NLGN2+ mice).
Similarly, AAV-NLGN2 transduction significantly increased VGAT in
membrane fractions ˜1.5-fold increase (Fig. 4C; p=0.0097, Student’s t-
test; n= 18 hippocampi from 9 AAV-mCherry+ mice and 20 hippo-
campi from 10 AAV-NLGN2+ mice). Moreover, overexpression of
NLGN2 increased membrane levels of the GABA receptor subunit, GA-
BAAγ2 by ˜2.1-fold (Fig. 4D; p=0.016, Student’s t-test; n= 8 hippo-
campi from 4 AAV-mCherry+ mice, 10 hippocampi from 7 AAV-
NLGN2+ mice).

3.4. AAV-NLGN2 vector transduction did not increase excitatory synaptic
proteins

Our results showing that AAV-NLGN2 transduction increased levels
of inhibitory synaptic proteins in hippocampal synaptic membranes, led
us to ask whether these effects were specific for proteins normally
trafficked to GABAergic synapses. To address this, we assayed whether
AAV-NLGN2 transduction increased excitatory synapse-specific pro-
teins at putative synaptic sites in neuronal membranes [13,52–55]. As
shown in Fig. 5(A–F) vesicular glutamate transporter (vGlut) im-
munoreactive puncta were localized on the surfaces of apical dendrites
of pyramidal neurons and on somas. When we quantified excitatory
synapses onto pyramidal neurons and dentate GCs, we found that the
density of vGlut+ puncta did not differ between neurons transduced
with AAV-NLGN2 or AAV-mCherry (Fig. 5G; 15.81 puncta/μm mCherry
expression±3.26 in n=5 AAV-NLGN2+ mice vs. 13.09 puncta/μm
mCherry expression±2.34 n= 3 AAV-mCherry+ control mice; Stu-
dents t-test, p=0.56).

To further extend these immunohistochemical data, we next used
biochemical approaches to examine levels of the excitatory post-
synaptic density protein 95 (PSD95) and N-Methyl-D-aspartate receptor
(NMDA) subunit NR2B protein in membrane fractions from the hip-
pocampus of mice receiving AAV-NLGN2 vector vs. the control vector
(Fig. 5H). Neither the level of PSD95 (Fig. 5I; p= 0.33, Student’s t-test;
n= 16 hippocampi from AAV-NLGN2+ mice vs. n= 13 hippocampi
from AAV-mCherry+ control mice) nor NR2B differed (Fig. 5J;
p= 0.35, Student’s t-test; n= 9 hippocampi from AAV-NLGN2+ mice
vs. n= 7 hippocampi from AAV-mCherry+ control mice). These results
suggest that AAV-NLGN2 vector transduction of hippocampal neurons
selectively increased GABAergic synaptic proteins, but not excitatory
synaptic proteins.

3.5. NLGN2 overexpression in the hippocampus is associated with altered
social dominance and social preference

Our finding that NLGN2 increased putative GABAergic synapses led
us to examine the effects on behavior. We first tested for social dom-
inance and compared wins and losses of experimental mice receiving
hippocampal injections of the AAV-NLGN2 vector when they were
matched against control mice receiving hippocampal injections of the
AAV-mCherry vector (Fig. 6A). Our initial analysis, using Fisher’s exact
test, indicated that group scores were significantly different than what
would be expected by chance (p= 0.02). Next, we constructed a 95%
confidence interval to analyze score distributions in bouts between
groups. AAV-NLGN2+ mice had an upper confidence bound of 0.4881,
which skewed their group results significantly below the 0.5 chance
score. Comparatively, control mice with AAV-mCherry vector trans-
duction showed a lower confidence interval of 0.6, indicating a win
value of greater than chance (1-sample t-interval test). Direct compar-
isons of wins/bouts between groups showed that mice with AAV-
NLGN2 transduction had significantly lower dominance ratios (Fig. 6B;
p < 0.01, Student’s t-test; n= 18 AAV-mCherry+ and 24 AAV-
NLGN2+ mice).

We next compared social preference and social memory for con-
specific mice with the three-chambered sociability test (Fig. 6C). In the
test of preference for a novel object versus a novel mouse, both AAV-
NLGN2+ and AAV-mCherry+ animals showed a preference for social
interaction, with no significant differences between groups (data not
shown; p= 0.84, Student’s t-test). When comparing preference for so-
cial novelty, as expected, control mice exhibited normal novelty pre-
ference and spent significantly more time with a novel mouse than the
familiar one (p < 0.01, Student’s t-test; n= 20). In contrast, AAV-
NLGN2+ mice did not spend more time with the novel vs. familiar
mouse (p=0.25, Student’s t-test; n= 24). Similarly, the novelty dis-
crimination index was significantly greater for control vs. AAV-
NLGN2+ mice (discrimination index= time with novel mouse – time
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with familiar mouse/total interaction time) (Fig. 6D; p=0.03, Stu-
dent’s t-test).

3.6. NLGN2 overexpression in the hippocampus does not alter anxiety

Given that the hippocampus and amygdala are highly inter-
connected, we reasoned that hippocampal NLGN2 overexpression
might impact anxiety-like behaviors, as assessed in the Open Field test
and elevated Zero Maze (Fig. 6E). In the Open Field, both AAV-
NLGN2+ and AAV-mCherry+ mice did not differ significantly in time
spent in the center of the arena (182.34 ± 12.02 s in n=16 AAV-
mCherry+ controls vs. 182.32 ± 14.26 s in n= 17 AAV-NLGN2+;
p=0.99, Student’s t-test). Distance travelled was also equivalent
(65.82 ± 3.50m in AAV-mCherry+ mice, 62.83 ± 2.97 in AAV-
NLGN2+ mice; p= 0.52, Student’s t-test). We also found no significant
differences in the time spent in the open arms of the Zero Maze (Fig. 6F;
39.96 ± 7.5 s in n= 13 AAV-mCherry+ controls vs. 37.96 ± 6.51 s in
n=17 AAV-NLGN2+ mice; p= 0.84, Student’s t-test). Furthermore,
the experimental and control animals travelled the same distance; AAV-
mCherry+ mice travelled on average 10.34 ± 1.16m vs. AAV-
NLGN2+ mice which travelled 9.05 ± 0.82m, suggesting equivalent
motor activity levels (p= 0.36, Student’s t-test). Therefore, our data
suggest that mice with hippocampal transduction of AAV-NLGN2 do not
show increased anxiety, compared to AAV-mCherry+ controls.

3.7. NLGN2 overexpression correlates with disruptions in hippocampal-
dependent spatial memory

GABAergic inhibitory interneurons fine tune spatial memory in the
hippocampus and entorhinal cortex [31,35,56,57]. An altered ex-
citatory/inhibitory balance in the hippocampus could disrupt the
ability to form normal place fields. To determine whether AAV-NLGN2
induced enhancement of hippocampal GABAergic synapses correlated
with altered spatial memory performance, we evaluated memory using
the novel object location test and the Morris water maze. In the novel

object location test, a mouse must recognize that one of two previously
known objects has been displaced from its original location (Fig. 7A).
On average, controls spent 33.4 s longer with the novel-located object,
whereas AAV-NLGN2+ animals only spent 4.8 s longer with the novel
object. When expressed as a discrimination index for novelty, mCherry
controls showed a significantly higher discrimination index for novelty
compared to AAV-NLGN2+ mice (Fig. 7C; p < 0.01, Student’s t-test;
n= 13 AAV-mCherry+ control mice vs. n= 13 AAV-NLGN2+ mice).

To confirm that the cognitive deficits were not due to impaired vi-
sion or novelty preferences, we compared performance in the novel
object recognition test. This task requires that the mice distinguish
between a familiar and unfamiliar object after an hour of memory
consolidation. We found that both AAV-NLGN2+ and control animals
showed a significantly greater preference for the novel object compared
to the familiar one (Fig. 7B; p < 0.01 AAV-NLGN2+ mice vs. p < 0.05
AAV-mCherry+ control mice; Student’s t-test) with similar discrimina-
tion indices for novelty (Fig. 7D; p > 0.05, Student’s t-test; n= 13
AAV-NLGN2+ mice and n=13 AAV-mCherry+ control mice). Taken
together, these findings suggest that transducing hippocampal neurons
with the AAV-NLGN2 vector resulted in mnemonic deficits.

To further examine hippocampal-dependent spatial memory defi-
cits, we tested these two groups of mice in the Morris water maze
(Fig. 7E). Control mice showed normal, average escape latencies under
15 s for all three days of uncued learning, while the AAV-NLGN2+ mice
were significantly worse (Fig. 7F; p < 0.05, two-way repeated mea-
sures ANOVA). In the probe trial, AAV-NLGN2+ mice showed a non-
significant trend towards longer latencies for crossing the platform area
(Fig. 7G; p=0.08, Student’s t-test) and crossed through the platform
area significantly fewer times, compared to controls (Fig. 7H p=0.02,
Student’s t-test; n= 12 AAV-mCherry+ control mice vs. 16 AAV-
NLGN2+ mice). However, quadrant dwell time in the probe trial was
unaffected by NLGN2 overexpression, with both groups spending sig-
nificantly more time in the target quadrant compared to the opposite
quadrant (p > 0.05, ANOVA). Deficits in learning could not be corre-
lated with motor or visual impairments, as both groups performed

Fig. 4. GABAergic synaptic proteins gephyrin, VGAT and GABAAγ2 were significantly increased after transduction of hippocampal neurons with AAV-
NLGN2. A, Western blots showing bands for gephyrin, VGAT, GABAAγ2, and actin in hippocampal membrane fractions from mice receiving stereotaxic injections of
the AAV-NLGN2 or AAV-mCherry vectors into the hippocampus. B, Total membrane levels of gephyrin were significantly increased after transduction with the AAV-
NLGN2 vector, compared to the AAV-mCherry vector (p= 0.032, Student’s t-test). C, Total membrane levels of VGAT protein were significantly increased after
transduction with the AAV-NLGN2 vector, compared to the AAV-mCherry vector (p= 0.0097, Student’s t-test). D, Total membrane levels of GABAAγ2 were sig-
nificantly increased after transduction with AAV-NLGN2, compared to the AAV-mCherry vector (p= 0.016, Student’s t-test).

M. Van Zandt et al. Behavioural Brain Research 362 (2019) 7–20

14



identically when they were tested in cued learning trials with a visible,
marked platform (Fig. 7F). Taken together, these results suggest that
AAV-NLGN2+ mice showed significant cognitive impairments in hip-
pocampal-dependent tasks, including social dominance, social memory,
and some measures of performance in spatial memory, while per-
forming normally on tests of anxiety, motor behavior, and visually cued
learning.

4. Discussion

Previous in vitro studies showed that NLGN2 recruits synaptic pro-
teins to synaptic locations [15,17,58] in accordance with in vivo studies
suggesting that NLGN2 is critical in assembling components of GA-
BAergic synapses [3,8,18,59,60]. Studies in adult mice examining the
effects of altered NLGN2 expression on behavior have given conflicting
results. However, mutations in synaptic adhesion molecules in human
patients, including the NLGN family, are commonly associated with
neuropsychiatric disorders [61–63]. Mutations in NLGN3 and NLGN4
are well characterized in autism patients [10,64] and recent case stu-
dies in schizophrenia and autism patients have linked missense

mutations in NLGN2 to disease phenotypes [9,12]. While prior studies
investigated mRNA expression following experimentally-increased
NLGN2 [25], our work is the first to examine whether NLGN2 over-
expression increased localization of GABAergic synaptic proteins at
inhibitory synapses. We utilized viral-mediated gene delivery to over-
express NLGN2 in the adult mouse dentate gyrus and CA1-CA3 regions
of the hippocampus and quantified the number of PV+ GABAergic sy-
naptic endings apposed to gephyrin puncta in neurons expressing
NLGN2 by confocal microscopy.

Our results show that AAV-NLGN2 transduction in adult hippo-
campal neurons increased putative GABAergic synapses in the adult
mouse dentate gyrus and CA1. NLGN2 overexpression resulted in a
significant increase at putative GABAergic terminals in VGAT and ge-
phyrin, a molecule localized to the postsynaptic scaffold at GABAergic
synapses. Both VGAT, the presynaptic vesicular transporter that
packages GABA [65] and gephyrin, a protein essential to postsynaptic
GABAAR clustering [50,66,67] are necessary components of the GA-
BAergic synapse, and their appositions are most likely found at GA-
BAergic synapses, although definitive proof would require additional
electron microscopic studies. Our results do suggest however, that AAV-

Fig. 5. Excitatory synaptic proteins vGlut, PSD-95, and NR2B were not altered after transduction of hippocampal neurons with AAV-NLGN2. A,
Representative confocal photomicrographs showing putative sites of synaptic contacts indicated by vGlut+ puncta (white) on AAV-mCherry+ pyramidal neurons
(red). B, C, Magnified views of selected cells. D, Confocal images of vGlut+ puncta (white) apposed to AAV-NLGN2+ pyramidal neurons (red). E, F, Magnified views
of selected cells. G, Quantification for vGlut+ puncta/μm2 of mCherry immunofluorescence showing that vGlut+ puncta were not increased in neurons transduced
with the AAV-NLGN2 vector, compared to AAV-mCherry vector (p=0.5631, Student’s t-test). H, Representative Western blots comparing PSD95 and NR2B protein
bands in hippocampal membrane fractions after transduction with the AAV-NLGN2 or the AAV-mCherry vectors. I, Quantification of protein bands revealed that
PSD95 was not significantly different in the tissue transduced with the two different vectors (p=0.6622, Student’s t-test). J, Membrane levels of NR2B were also
comparable in hippocampal tissue transduced with the AAV-NLGN2 or AAV-mCherry vectors (p=0.7113, Student’s t-test). A, D, Scale bars equal 20 μm.
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NLGN2 may increase inhibitory neurotransmission in the adult hippo-
campus by recruiting molecules involved in neurotransmitter uptake in
presynaptic vesicles and GABAergic receptor trafficking.

Our results expand upon a previous biochemical study that ex-
amined genetic overexpression of NLGN2 in mice; this prior study de-
monstrated increased VGAT, syntaxin, and NLGN3, but they did not
examine different brain regions, nor did they analyze neuronal mem-
brane fractions, where synaptic proteins are localized [21]. Our Wes-
tern blot analyses of gephyrin, VGAT, and GABAARγ2, the gephyrin-
associated GABAA subunit [51,68,69], demonstrated that mice re-
ceiving the AAV-NLGN2 vector showed significant increases in GA-
BAergic synapse-specific molecules in hippocampal membrane frac-
tions, compared to controls. The accumulation of GABAARγ2 with AAV-
NLGN2 overexpression may be due to increased GABAA receptor traf-
ficking to synaptic sites and/or reduced endocytosis and these possi-
bilities should be investigated in future studies. We did not find an
effect of AAV-NLGN2 on excitatory synaptic proteins, suggesting that
NLGN2 overexpression-induced changes are specific to GABAergic sy-
napses. Thus, at least after 3–4 weeks, AAV-NLGN transduction in-
creased recruitment or expression of GABAergic synaptic molecules,
without concomitant changes in excitatory synaptic proteins.

Our results showing an increase in both structural and functional
components of GABAergic synapses with NLGN2 overexpression concur
with a previous genetic knockout study demonstrating that NLGN2
deficiency reduced GABAARγ2 and gephyrin clustering and also

increased neuronal excitation [70]. Thus, NLGN2 overexpression might
increase inhibitory postsynaptic currents in mature neurons or the
quantal release of GABA, and it would be of interest to directly test this
in future studies.

An important area for future work would be to determine how
NLGN2 overexpression alters the functional properties of hippocampal
circuits. Our AAV/DJ vector transduced excitatory granule cells, pyr-
amidal cells, putative hilar mossy cells, and inhibitory GABAergic in-
terneurons. Further electrophysiological studies are required to dissect
apart the effects of altering GABAergic neurotransmission onto different
hippocampal cell types. This brain region contains multiple subtypes of
interneurons, including some that specifically target and inhibit other
GABAergic interneurons, causing disinhibition [71–73]. NLGN2 over-
expression in these cells could lead to disinhibition which might cause
cognitive deficits and altered social behavior. Alternatively, NLGN2
overexpression in interneurons could enhance excitation, as suggested
by a recent study of the long-range GABAergic projections from the
parvalbumin+ interneurons in the entorhinal cortex, which are regu-
lated by NLGN2 homomeric dimers [47] and serve an excitatory rather
than inhibitory role in the hippocampus [74]. Therefore, limiting
NLGN2 overexpression to subsets of GABAergic or glutamatergic
neuron populations using an intersectional approach could provide
additional insights into NLGN2′s role in regulating different types of
GABAergic synapses and the effects on behavior and cognition.

Considering the role of GABAergic interneurons in hippocampal-

Fig. 6. Altered social behavior but not anxiety following neuronal transduction with the AAV-NLGN2 vector. A, Schematic of the tube test apparatus for
investigating social dominance. B, Mice transduced with the AAV-NLGN2 vector showed reduced dominant aggressive behavior compared to mice transduced with
the AAV-mCherry vector (***p < 0.01, ANOVA). C, Schematic of the three-chambered sociability test apparatus. D, Mice transduced with the AAV-NLGN2 vector
showed reduced preference for novel interactions (discrimination index), compared to controls (p= 0.0201, Student’s t-test). E, Schematic of the elevated zero maze
apparatus. F, Mice transduced with the AAV-NLGN2 vector showed anxiety levels comparable to AAV-mCherry transduced mice, based on time spent in the open
arms of the zero maze (p= 0.8420, Student’s t-test).
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dependent behaviors, increased inhibitory synaptic transmission in the
hippocampus in animal models might be predicted to alter social be-
havior, social dominance, aggression, anxiety, and/or learning and
memory. Considerable interest in this topic is supported by studies that
have linked the development of autism, comorbid with social deficits,
to deficits in members of the NLGN family, particularly NLGN2-4
[9,10,14,61,62,64,75]. Regarding hippocampal-dependent social be-
haviors, projections between the hippocampus and the amygdala co-
ordinate the formation of emotional contexts necessary for social
memory [76], while social behavior and aggression are regulated by
multiple regions in the hippocampus, including the dentate, CA1, CA2,
and CA3 [29,30,77–83]. Several previous studies examined the effects
of NLGN2 overexpression in the hippocampus on novelty preference,

anxiety, social behavior, and aggression in both rats and mice, but the
results were contradictory [25,27].

To study the effects of overexpressing NLGN2 on social interactions,
we used Crawley’s three-chambered sociability test and found deficits
in preference for social novelty. Our results in mice NLGN2 over-
expression throughout the hippocampus are in agreement with a pre-
vious study in mice [27]. However, a second study from this group
performed in rats with NLGN2 overexpression limited to the dorsal
hippocampus failed to show a deficit in preference for social novelty,
emphasizing the importance of ventral hippocampal circuits for reg-
ulating social behaviors in mice [25].

Conflicting results have also been obtained regarding NLGN2′s ef-
fect on social dominance or aggressive behavior [25,27,84]. As prior

Fig. 7. Impaired performance in spatial memory tasks but not in tasks that did not depend upon the hippocampus following neuronal transduction with
the AAV-NLGN2 vector. A, Schematic of the apparatus used for testing recall of a novel object’s location. B, Mice transduced with the AAV-NLGN2 vector showed
reduced discrimination between objects in the same vs. novel locations, compared to mice that were transduced with the AAV-mCherry vector (p=0.0358, Student’s
t-test). C, Schematic of the apparatus for testing hippocampal-independent novel object recognition. D, Mice showed a similar preference for the new object,
indicating that they were able to recall the previously explored object (p= 0.9231, Student’s t-test). E, Schematic and timeline for the Morris water maze test of
spatial memory. F, Mice transduced with the AAV-NLGN2 or AAV-mCherry vectors performed similarly during cued learning, but the mice transduced with the AAV-
NLGN2 vector showed significant impairments in learning the spatial navigation task during days 3–5, after the platform cue was removed (p=0.043, Two-way
repeated measures ANOVA). G, During probe trials, AAV-NLGN2 transduced mice showed a trend toward longer latencies to initially crossing the platform, compared
to AAV-mCherry controls (p= 0.0815, Student’s t-test). H, Mice transduced with the AAV-NLGN2 vector crossed the platform area significantly fewer times than
mice transduced with the AAV-mCherry vector (p= 0.0220, Student’s t-test).
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work had examined aggression in the resident intruder test [30,32], we
examined the formation of dominance hierarchies with the tube test of
social dominance. This quick, simple and common assay for assessing
social dominance behavior in mice has been used extensively for over
50 years [45]. Abnormal tube test dominance behavior is typically
observed in mice that display other deficits in social interactions. Im-
portantly, new findings in the present study is that mice with NLGN2
overexpression in the hippocampus show significant changes in social
interactions and dominance behavior; mice with AAV-NLGN2 over-
expression exhibited reduced dominance in the tube test when matched
against the controls. Although they were significantly less likely to push
a control mouse out of the tube, they showed normal performance
within their treatment group.

In contrast to the effects of overexpressing NLGN2 on social beha-
viors, we did not find alterations in anxiety-related behaviors, as as-
sessed with the Zero maze or the Open Field test, in agreement with a
prior study in which NLGN2 was overexpressed in the rat dorsal hip-
pocampus followed by testing for anxiety in the elevated plus maze
[25]. The elevated Zero Maze appears to be more sensitive to changes in
GABAergic neurotransmission than the elevated plus maze and studies
have reported that performance in the elevated zero maze is relatively
stable over several trials whereas mice adapt rapidly to the elevated
plus maze over time [41]. Our results are also consistent with prior
studies in mice that examined the effects of genetically-induced NLGN2
deficiency and showed that this manipulation increased anxiety-like
behaviors, not only in the elevated plus maze, but also in the light-dark
box and open field test [28,29]. Taken together, these findings suggest
that while NLGN2 may be necessary to establish inhibitory circuits
involved in anxiety-related behaviors, increasing NLGN2 above normal
levels in the adult brain may not have a measurable effect on anxiety.

Based on a prior study showing deficits in contextual fear memory
acquisition following conditional knockout of NLGN2 in the rodent
prefrontal cortex [85,86], and work showing deficits in spatial memory
in mice expressing the human R215H loss of function mutation in
NLGN2 [87], we predicted that AAV-NLGN2-mediated overexpression
would significantly alter memory formation. As object investigation in
the open field had been studied following NLGN2 overexpression [25],
we chose to focus on acquisition of spatial memory in two different
paradigms - the Morris Water Maze and the novel object location test,
which requires that the mouse distinguish between an object in a fa-
miliar location and that same object after it is moved to a new location
[88–90]. When compared with controls, the mice with NLGN2 over-
expression showed impairments in their ability to discriminated be-
tween objects in familiar vs. new locations. To eliminate visual/motor
deficits or loss of novelty preference as possible explanations for the
apparent spatial memory deficits, we also tested whether these mice
were impaired in an object-based novelty task involving novel object
recognition. When spatial cues are relevant for identifying novel ob-
jects, this task requires normal hippocampal function [89,91,92], al-
though hippocampal involvement in this task may be more related to
long-term memory, rather than the type of short-term memory that we
tested [90,93–97]. Although both the control and experimental groups
of mice showed equivalent performance in the test for object novelty,
the experimental mice that received the NLGN2 vector were impaired
in their performance on tasks involving object-location spatial memory.
Furthermore, these mice showed spatial memory deficits when compare
to controls in the Morris water maze. On the first two days of training,
when the escape platform location was visible using a local cue, both
groups performed equivalently, demonstrating equivalent abilities to
locate and escape out of the water onto the platform. However, removal
of the local cue on the platform on day 3, forced the mice to navigate
using memory and distal visual cues. With this more difficult spatial
navigation task, the mice that received the AAV-NLGN2 vector were
significantly worse than controls, suggesting that overexpression of
NGLN2 interferes with spatial memory acquisition (Figure 8 F). Inter-
estingly, these deficits in the probe trial were modest; while the mice

with AAV-NLGN2 crossed the platform area significantly fewer times
and showed a trend towards higher latencies to first platform crossing,
they did not exhibit significant deficits in the time spent in the correct
quadrant. Thus, overexpression of AAV-NLGN2 may impair the acqui-
sition of object-based spatial memories, rather than the recall of those
memories. One possible explanation for our findings is that increased
expression of NLGN2 may alter the receptive field properties of hip-
pocampal place cells, which form a finely-tuned “mental map” com-
posed of discrete receptive fields that activate and deactivate as an
animal moves through space [98–104]. Given the evidence that GA-
BAergic neurons in the hippocampus and entorhinal cortex play key
roles in defining hippocampal place cell receptive field properties
[105–107] and regulating theta rhythms [37,107,108], future experi-
ments could investigate whether NLGN2 overexpression in the hippo-
campus selectively disrupts the receptive field properties or firing rates
of place cells during spatial memory acquisition tasks, while leaving
other types of object recognition memory intact [109–114].

5. Conclusions

This study showed that NLGN2 overexpression may induce de novo
synaptic changes in the adult mouse hippocampus, which functionally
impact hippocampal-dependent behaviors. Our studies showed that
hippocampal transduction of AAV-NLGN2 increased localization of in-
hibitory synaptic proteins to putative pre and postsynaptic sites. These
findings correlated with deficits in hippocampal-dependent behavior
and memory formation.
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