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Abstract

Phosphatase and tensin homolog on chromosome 10 (PTEN) is a tumor suppressor and autism-associated gene that exerts
an important influence over neuronal structure and function during development. In addition, it participates in synaptic
plasticity processes in adulthood. As an attempt to assess synaptic and developmental mechanisms by which PTEN can
modulate cognitive function, we studied the consequences of 2 different genetic manipulations in mice: presence of
additional genomic copies of the Pten gene (Pten'8) and knock-in of a truncated Pten gene lacking its PDZ motif (Pten-APDZ),
which is required for interaction with synaptic proteins. Pten'® mice exhibit substantial microcephaly, structural
hypoconnectivity, enhanced synaptic depression at cortico-amygdala synapses, reduced anxiety, and intensified social
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interactions. In contrast, Pten-APDZ mice have a much more restricted phenotype, with normal synaptic connectivity, but
impaired synaptic depression at cortico-amygdala synapses and virtually abolished social interactions. These results
suggest that synaptic actions of PTEN in the amygdala contribute to specific behavioral traits, such as sociability. Also, PTEN
appears to function as a bidirectional rheostat in the amygdala: reduction in PTEN activity at synapses is associated with
less sociability, whereas enhanced PTEN activity accompanies hypersocial behavior.
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Phosphatase and tensin homolog on chromosome 10 (PTEN)
was originally discovered as a tumor suppressor protein (Li
et al. 1997; Liaw et al. 1997), and it is now known to be a major
regulator of key cellular events, including survival, proliferation,
and growth (Chow et al. 2009; Gregorian et al. 2009; Amiri et al.
2012). PTEN and phosphatidylinositol-3-kinase (PI3K) bidirec-
tionally control the intracellular levels of phosphatidylinositol-
(3,4,5)-triphosphate (PIP3), an important signaling molecule that
promotes cell growth and survival (Cantley 2002). As a negative
regulator of the PI3K-PIP; pathway, PTEN restrains cell prolifer-
ation during embryogenesis and in adulthood (Stiles et al. 2004).

PTEN is widely expressed in the central nervous system
throughout development, both in neurons and glia (Cai et al.
2009; Gonzalez-Fernandez et al. 2018). Thus, some of the neuro-
logical manifestations provoked by PTEN mutation may derive
from aberrant neuronal growth during brain development. In
fact, mice with PTEN deficiency develop larger neurons, with
more complex dendritic and axonal projections. This phenotype
is accompanied by the appearance of abnormally large and
abundant synapses (Luikart et al. 2011; Pun Raymund et al. 2012;
Williams et al. 2015), giving rise to a structural hyperconnectivity.
Nevertheless, PTEN is also expressed at mature synapses in the
cerebral cortex and hippocampus (Perandones et al. 2004), and
the PI3K/PTEN pathway is essential for some important aspects
of synaptic function and plasticity (Man et al. 2003; Opazo et al.
2003; Wang et al. 2006; Peineau et al. 2007; Arendt et al. 2010;
Jurado et al. 2010; Cuesto et al. 2011; Sperow et al. 2012; Takeuchi
et al. 2013; Arendt et al. 2014; Knafo et al. 2016). Specifically, PI3K
activation favors the formation of the PIP; required for AMPA
receptor (AMPAR) accumulation at synapses (Arendt et al. 2010),
whereas PIP; down-regulation by PTEN favors AMPAR endocy-
tosis and synaptic depression (Jurado et al. 2010). Accordingly,
the performance of a variety of conditional PTEN knockout (KO)
mice in some cognitive tasks is impaired (Kwon et al. 2006; Lugo
et al. 2014; Huang et al. 2016), evidence that neuronal PTEN is
critical to maintain cognitive function. However, it is often chal-
lenging to determine specific mechanistic links between PTEN
deficiency and its cognitive consequences. On the one hand,
PTEN loss of function is likely to trigger pleiotropic alterations
affecting multiple signaling pathways within the neuron. On the
other hand, both developmental and synapse-specific actions
of PTEN may contribute to the observed phenotypes (Knafo and
Esteban 2017).

In order to start evaluating distinct roles of PTEN in cog-
nitive behavior, we have employed 2 animal models. First, as
a gain-of-function approach, we studied mice carrying addi-
tional genomic copies of Pten (Pten'). These animals display
moderate PTEN overexpression, which dampens PIP3 signaling
and protects them from cancer development (Garcia-Cao et al.
2012; Ortega-Molina et al. 2012). This is the opposite genetic
manipulation to that of PTEN KO mice, and therefore, it may
shed light on the capacity of the PI3K/PTEN pathway to act as
a signaling rheostat for the modulation of neuronal activity.

Second, we have used a knock-in mouse line bearing a truncated
Pten gene that lacks the C-terminal PDZ-binding motif (Pten-
APDZ). Total levels of PTEN protein and global activation of the
PIP; pathway are normal in these animals (Knafo et al. 2016).
However, this PDZ motif is required for PTEN recruitment to
synapses during plasticity events (Jurado et al. 2010; Knafo et al.
2016). Therefore, this truncated PTEN protein would be unable to
engage in synapse-specific mechanisms. Additional alterations
in developmental programs or other non-synaptic functions of
PTEN cannot be completely ruled out in these animals, but we
expect that at least synaptic phenotypes will be present (as
a reference, a recent report did not find overt developmental
deficits in the mammary glands in mice with the same genetic
manipulation; Yan et al. 2018). It is also worth noting that these
2 animal models (Pten'® and Pten-APDZ) do not represent oppo-
site genetic manipulations. One of them involves overexpres-
sion, and the other one constitutes a partial loss-of-function
knock-in. Nevertheless, we believe they can illustrate different
cellular and physiological functions of PTEN when studied in
parallel. Using these animals, we have carried out a combi-
nation of morphological, electrophysiological, and behavioral
experiments. For these studies, we have focused on the amyg-
dala, for which well-defined synaptic correlates of emotional
learning and memory have been proposed (Paz and Pare 2013).
In addition, dysfunction of amygdala circuits is associated to
social impairment (Blair 2013) and intellectual disability (Aincy
etal.2018). By comparing the synaptic physiology and behavioral
phenotypes of Pten' and Pten-APDZ animals, we propose that
PTEN activity at synapses defines an axis for the magnitude of
long-term synaptic depression at the cortico-amygdala circuit,
with bidirectional consequences for social behavior.

Materials and Methods

All the experiments carried out here were performed blind to
the conditions, and the results were analyzed with no prior
information about the experimental status of the animals. All
biosafety procedures and animal care protocols were approved
by the bioethics committee of the Consejo Superior de Inves-
tigaciones Cientificas, and they were performed in accordance
with the guidelines set out in the European Community Council
Directive (2010/63/EU).

Mice

Male and female mice aged 6-12 months old were used in
these studies, with the exception of the ultrasonic vocalization
(USV) experiments, in which the mice used were 3-12 days old.
Animals were housed in 500 cm? type 2 L cages (maximum 5
animals per cage) under standard conditions of temperature
(22 +£1 °C) and humidity (40-60%) and on a 12 h light/dark cycle
(lights on at 8:00, with 30 min of dawn/sunset).
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(1) Pten' mice were generated by bacterial artificial chromo-
some (BAC) transgenesis on a C57BL6/CBA genetic back-
ground (75%:25%), as previously described (Ortega-Molina
et al. 2012). Wild-type (WT) littermates were used as con-
trols in each of the experiments involving transgenic mice.
At weaning, the mice were genotyped from tail biopsies
by means of polymerase chain reaction (PCR) using the
primers: forward-T7: 5'-CCGCTAATACGACTCACTATAGGG-
3" and reverse-T7: 5-TCATCTCGGCTCCATCGTTT-3'.

(2) The Pten™(@9%stopame (gbbreviated as Pten-APDZ) knock-
in mouse strain was generated by homologous recombi-
nation in iTL1 129S6/SvEvBrdTac(129Sv)-derived embry-
onic stem cells. The PDZ-binding domain was deleted
by substituting codon 399 (CAA) with a stop codon
(TAA), as previously described (Knafo et al. 2016). The
chimeric founders were crossed once with C57BL/6]
mice (stock#664; The Jackson Laboratory) to generate
heterozygous offspring and then with B6.FVB-Tg(Ella-
cre)C5379Lmgd/] mice (stock#3724; The Jackson Lab-
oratory) to remove the neomycin gene cassette. The
progeny were backcrossed 10 generations to a C57BL/6
background, and homozygous mice were generated by
crossing heterozygous animals. WT littermates were used
as controls. Genotyping was carried out by PCR using the
following primers: 5'-GCTGAAGTGGCTGAAGAGCTCTGA-
3" and 5- TTGAGTGAAACTGATGAGGTATGG-3'. The WT
allele yielded a 1545 base pair (bp) fragment while the KO
allele generated a 1724 bp product due to the presence
of a 179 bp sequence from the knock-in vector following
Cre-mediated recombination.

To note, since Pten'® and Pten-APDZ mice have different
genetic backgrounds, so they have their corresponding WT lit-
termates used as controls. This may introduce differences in the
results across the 2 WT sets, but we believe this is the most
appropriate comparison with their corresponding transgenic
mice.

Combined Micro-PET/Micro-CT Imaging

High-Resolution Micro-PET-CT

The mice were anesthetized with isofluorane, and positron
emission tomography (PET)-computed tomography (CT) scans
were acquired with an eXplore Vista PET-CT system 30 min
after intravenous injection of 14 MBq ®F-FDG. Reconstructions
were obtained with 3D ordered subset expectation maximiza-
tion (OSEM). The mice were placed prone inside polypropylene
tubes (50 mL) that were arranged together in a wooden box
with parallel holes. All the animals were placed with their
snouts in the same vertical plane and each animal was given a
code for future identification. The box containing the mice was
then placed in the CT gantry for head scanning, obtaining CT
images in a multi-slice CT-scanner (General Electric, EU) using
16 channels by applying 140 kV at 165 mAs/s (Kernel U90). Thin
slices (0.625 mm thick) were analyzed 1 mm apart that covered
the mouse’s entire head. Images were acquired in the axial,
coronal, and sagittal planes, and the bone algorithm was applied
to better visualize the skull. The field of view was 18 cm, with a
512 x 512 matrix. Following the scan, the mice were placed in
their cages for 35 min to recover from the anesthesia, with ad
libitum access to a standard laboratory diet and water. Three-
dimensional reconstructions of these images were processed by
the volume rendering method.

PET-CT Acquisition Before and After Auditory Fear Conditioning

Prior to conditioning (24 h), each mouse was intravenously
injected with 14 MBq of F-FDG and 30 min later, a basal
PET study was performed to obtain a baseline signal from the
brain. On the training (conditioning) day, mice were injected
with 8F-FDG 20 min before the beginning of the conditioning
session. The mice were then exposed to the conditioning context
(180 s) followed by a tone (conditioned stimulus [CS]: 20 s, 2 kHz,
85 dB). After termination of the tone, a footshock (unconditioned
stimulus [US]: 0.75 mA, 2 s) was delivered through a stainless
steel grid floor. Mice received 4 footshocks with an intertrial
interval of 60 s. The mice were then removed from the fear-
conditioning box 30 s after the last shock terminated. They
were immediately anesthetized with isofluorane for PET scan
(Fig. 4d). On the next day, mice were injected with F-FDG 20 min
before the memory retrieval test. For this test, mice were placed
into a novel context (same cages but with different walls, floor,
and background odor) and after a 3 min baseline period, they
were continuously re-exposed to the tone for 5 min (the same
characteristics as during conditioning), although without any
electric shocks. The animal’s behavior was scored by an observer
blind to the treatment using a time-sampling procedure every
2 s, and each mouse was scored as either freezing or active
at the instant the sample was taken. Freezing was defined as
behavioral immobility, except for the movements associated
with respiration.

PET-CT Data Analysis

Images were analyzed using Amide (NIH) software, first manu-
ally segmenting the mouse skull from the CT image to calculate
the intracranial volume and using this brain segmentation
as a mask for individual PET normalization, dividing each
value of the voxel intensity by the average intensity within
the mask. Finally, all voxel intensities were spatially smoothed
using a 0.6 mm full width at half maximum isotropic Gaussian
kernel. To perform group comparisons in the PET activation
maps (WT vs. Pten'8), we first coregistered each PET image to
its corresponding CT using the Slicer software (https://www.
slicer.org/), applying the BRAINS linear transformation from
the PET to the CT. Next, all PET images were transformed to a
common space using the FMRIB Linear Image Registration Tool
transformation (Jenkinson and Smith 2001), incorporated as part
of the open-source FSL software. The common space to which
all PET images were transformed to was defined by the “In vivo
Mouse Brain Atlas” (Bai et al. 2012) (available at http://www.
bioeng.nus.edu.sg/cfa/mouse_atlas.html) and by the AtlasGuide
(Li et al. 2013). Using these atlases, 6 different regions of
interest (ROIs) were defined: the amygdala, the thalamus, the
auditory cortex (AC), the frontal cortex, and the dorsal and
ventral hippocampus. Group comparisons were performed
using Randomize, an FSL tool for nonparametric testing that
uses threshold-free cluster enhancement and family-wise error,
with a corrected value of P <0.05. After applying Randomize,
6 different brain activity maps were obtained: 2 maps for
the recording of basal brain activity (activitywr > activitypten'®
and activitywr < activitypien'®), 2 maps for the activity during
conditioning with respect to the basal activity, and 2 maps for
the activity during retrieval with respect to basal activity. We
next obtained the intersection between each of the 6 maps
resulting from Randomize, using the 6 ROIs identified from
the atlases to extract all the voxels in each ROI from each of
the 6 maps, and we did the same for each mouse. Finally, we
calculated the mean activity in each of these regions.
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Antibodies

The primary antibodies used in this study were raised against
the following: PTEN 138G6 (9559; Cell Signaling), Actin (MAB1501R;
Millipore), tGluAl (AB31232; Abcam), pGluAl S831 (AB5847;
Merck Millipore), pCaMKII Thr286 (Merck Millipore, 1:1000), and
tCaMKII (alpha subunit; Sigma-Aldrich, 1:1000).

Unbiased Stereology

Mice were anesthetized with 16% chloral hydrate injected
intraperitoneally, and they were perfused with a saline solution
(0.9% NaCl) and then with 4% paraformaldehyde (PFA, pH 7.4).
The extracted brains were then post-fixed overnight in PFA
and cryoprotected in a solution of 3% glycerol (C3HgOs3: Panreac
ref.141339) and 3% ethylene glycol in PB (CH,OHCH,OH:
Panreac 141316). Serial coronal vibratome sections (40 pm, Leica
VT1200S) were Nissl stained with 0.1% cresyl violet (Fluka, Ref.
61123) and mounted on histological glass slides with DPX mount
(Sigma). The slices were quantified stereologically according
to the Allen Mouse Brain Atlas (2016, Allen Institute for Brain
Science, available at mouse.brain-map.org), using a 5x objective
lens on a light microscope (Leica DRIV microscope) equipped
with a MicroFire digital camera (Optronics) and a motorized
stage. The volumes were calculated with the Stereo Investigator
software (MicroBrightField) according to the Cavalieri estimator
(Blasco et al. 1999). Any incomplete stained or torn section
was considered a random event, designated missing, and
then accounted for in the stereological estimate using the
fractionator principle (Stereo Investigator software v10, MBF
Biosciences).

Cell counting was performed in the CA1l (counting frame,
15 x 15; sampling grid, 65 x 65; dissector height, 30 pm; interval,
6) and lateral amygdala (LA) (counting frame, 14 x 14; sampling
grid, 45 x 45; dissector height, 30 pm; interval, 2) using the optical
fractionator method in the Stereo Investigator software. Cells
were marked only if their edges were within the dissector area
and they did not intersect forbidden lines. The cells were also
marked if they came into focus as the optical plane moved
through the height of the dissector. The precision of our stereo-
logical counts was determined by the Gunderson coefficient of
error equation (Knafo et al. 2009a, 2009b). This method of sam-
pling and the section intervals were tested in a pilot experiment
to ensure that the number of cells estimated was representative
of their total number.

Electron Microscopy

Mice were anesthetized with an intraperitoneal injection of
thiobarbital (346836, Braun) and perfused with a mixture of PFA
(4%) and glutaraldehyde (2%) in PB. Their brain was post-fixed
in the same solution overnight, and coronal sections were then
obtained, which were post-fixed in 1% osmium tetroxide (in
0.1 M cacodylate buffer), dehydrated in ethanol, and embedded
in Epon-Araldite. Serial ultrathin sections of the LA and hip-
pocampus were collected on pioloform-coated, single-hole grids
and stained with uranyl acetate and lead citrate. The sections
were analyzed on a JEM-1010 transmission electron microscope
(Jeol) equipped with a side-mounted Mega View III CCD camera
(Olympus Soft Imaging System GmBH). The neuropil was sam-
pled randomly and imaged at a magnification of x75000, and
the length of the postsynaptic density (PSD) was measured with
the AnalySIS software (Soft Imaging System GmBH).

Neuronal Morphology and Spine Density

Patch Clamp for Biocytin Cell Filling and Whole-Cell Capacitance
Measurement

To analyze neuronal morphology, pyramidal neurons in the
LA of acute slices (see below “acute slice preparation”) were
filled with biocytin using a patch pipette under whole-
cell configuration. The external artificial cerebrospinal fluid
(ACSF) gassed with 95% O, and 5% CO, contained 119 mM
NaCl, 2.5 mM KCl, 1 mM NaH,PO4, 11 mM glucose, 26 mM
NaHCO3, 4 mM MgCl,, 4 mM CaCly, 100 pM picrotoxin, and
2 pM 2-chloroadenosine (pH 7.4). Patch recording pipettes
(4-7 M) were filled with an internal solution containing
115 mM CsMeSOs3, 20 mM CsCl, 10 mM HEPES, 2.5 mM MgCl,,
4 mM Na,-ATP, 0.4 mM Na-GTP, 10 mM sodium phosphocreatine,
biocytin (10 mg/2 mL; Sigma#B4261), and 0.6 mM EGTA (pH 7.25).
After filling, the slices were immersed in 4% PFA, 4% sucrose
in PBS overnight at 4 °C, and they were then treated for 48 h at
4 °C with Alexa488-Streptavidin (1:500; S-32254 Thermo Fisher)
in blocking solution (5% sucrose, 2% BSA, and 1% Triton X-100
in PBS). Finally, the slices were washed in PBS and mounted in
Prolong Antifade Gold (Invitrogen).

Morphometry

Images of neurons were acquired with a 2-photon LSM710
microscope using a 40x/1.30 EC “Plan-Neofluar” Oil DIC M27
objective and the Argon 488 nm laser line, obtaining images
of the entire dendritic tree through the tile-scan application.
To analyze neuron morphology, image stacks were imported
into the Neurolucida software (MicroBrightField Inc.), and
the neuronal dendritic trees were 3-dimensionally traced by
marking the dendrites and the bifurcation points while focusing
up and down in the stack. A Sholl analysis was performed
for each neuron by automatically calculating the number of
dendritic intersections at 10 pm intervals starting from the soma
(Knafo et al. 20092, 2009b). The number of intersections for each
neuron was also calculated as an index of dendrite complexity.
Dendrite images were acquired on a confocal LSM510 META
microscope using a 63x/1.4 oil Plan-Apochromat M27 objective,
with a calculated optimal zoom factor of 3.2 and a z-step of
0.14 pm (voxel size, 75.1x 75.1 x 136.4 nm). To analyze spine
density, the stacks were processed after image acquisition with
a 3-dimensional blind deconvolution algorithm to reduce the
out-of-focus light using Huygens software (Huygens 4.3.1p2 64b
S.V.I). To measure spine density, image stacks were analyzed
with Neurolucida software and the spine density was calculated
for each dendrite by dividing the number of spines by the
corresponding dendritic length. Spine density was also analyzed
as a function of its distance from the soma through a Sholl
analysis, dividing the number of spines by the length of the
dendritic segment for every 10 pm segment from the soma.

Preparation of Primary Hippocampal Cultures

Dissociated neurons were prepared from E15 embryos obtained
from Pten'® dams using standard procedures. As the weight of
the Pten'® and WT embryos does not overlap (data not shown),
they were distinguished by this parameter and the genotype
was later confirmed by PCR. The hippocampi were dissected
out and dissociated by mechanical trituration in trypsin (0.25%)
and DNAsel (0.1 mg/ml). Neurons were plated on 0.1 mg/mL
poly-L-lysine-coated coverslips (14 mm round; Menzel-Glaser)
at a final density of 2 x 10° cells/coverslip. The neurons were
maintained at 37 °C in an atmosphere of 5% CO,, and in
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Neurobasal medium (Gibco) supplemented with B27 (Gibco)
and GlutaMAX (Gibco), for 7 days in vitro (DIV), when the
medium was replaced with Neurobasal medium plus B27
without GlutaMAX. To prevent glial proliferation, cultures were
treated with cytosine arabinoside (5 pM; Sigma-Aldrich) after
incubation for 4 DIV.

Spine Quantification

To visualize dendrites and spines, primary hippocampal neu-
rons were infected at DIV 24 with Sindbis virus to express
GFP-Actin. The cells were fixed in 4% PFA for 10 min at room
temperature and images were acquired as described for the
acquisition of dendrites in the “Morphometry” section. To quan-
tify spines, secondary dendrites were traced in 3 dimensions
with Imaris 7.2.0 software and the spines were marked with
the measurement tool in the same software. The number of
spines was divided by the length of each secondary dendrite to
calculate the spine density.

Chemical LTP

PTEN-EGFP and EGFP were expressed in dissociated DIV 21 rat
hippocampal neurons using Sindbis pseudovirus for 24 h. To
induce chemical LTP (cLTP), neurons were cultured for 20 min
at 37 °C in 5% CO; and in a bath solution containing 200 pM
glycine (in mM: 129 NaCl, 4 KCl, 4 CaCl,, 10 HEPES, and 10 glucose
[pH 7.4]). As a control (Vehicle), the cells were incubated in a
glycine-free bath solution containing 4 mM MgCl,. The neurons
were immediately put on ice and rinsed once with ice-cold PBS
before they were lysed by scraping in lysis buffer (10 mM HEPES
pH 7.4, 150 mM NaCl, 10 mM EDTA, 1% Triton X-100, Roche
protease inhibitor cocktail tablets “Complete mini EDTA-free”,
and Roche phosphatase inhibitor cocktail tablets “PhosStop”).
The lysates were centrifuged at 500 x g for 5 min at 4 °C
and diluted with 4x sample loading buffer (300 mM Tris-HCl
pH 6.8, 12% (w/v) SDS, 0.6% (w/v) bromophenol blue, 60% (v/v)
glycerol, and 600 mM g-mercaptoethanol) before boiling. The
levels of pGluA1 total-GluA1l and PTEN samples were compared
in western blots of Tris-glycine SDS gels.

Electrophysiology

Acute Slice Preparation

Mice were anesthetized with an intraperitoneal injection of
Thiobarbital (346836, Braun), perfused transcardially (only when
used for patch-clamp recordings) with cold choline ACSF at
pH 7.35 (92 mM choline Cl, 2.5 mM KCl, 1.25 mM NaH;,POq,
30 mM NaHCOs3, 20 mM HEPES, 20 mM glucose, 2 mM thiourea,
5 mM Na-ascorbate, 3 mM Na-pyruvate, 0.5 mM CaCl,, and
3 mM MgS0O4), and then decapitated. Coronal slices (300 pm)
containing the amygdala were prepared in the same solution
and maintained for 10 min in that solution at 32 °C. The slices
were then moved to a recovery chamber for 1 h at 25 °C in HEPES
holding ACSF at pH 7.35 (92 mM NaCl, 2.5 mM K(l, 1.25 mM
NaH;POy4, 30 mM NaHCOs3, 20 mM HEPES, 25 mM glucose, 2 mM
thiourea, 5 mM Na-ascorbate, 3 mM Na-pyruvate, 2 mM CaCly,
and 2 mM MgSOy), before transferring them into a submersion-
type recording chamber perfused with ACSF and saturated with
5% C02/95% O, at 25 °C in the electrophysiology set-up.

Field Recording

A concentric bipolar platinum-iridium stimulation electrode
was placed on the fibers arising from the auditory cortex or
the thalamus (TL), and a low-resistance glass recording micro-
electrode filled with ACSF (3-4 M resistance) was situated

in the LA or the CA1 to record the field excitatory postsynaptic
potentials (fEPSPs). An input-output curve was recorded for each
slice to compare the basal synaptic transmission under different
conditions. This curve was also used to set the baseline fEPSP of
the maximal slope for the long-term depression (LTD) and long-
term potentiation (LTP) experiments. Baseline stimulation was
delivered every 15 s (0.01 ms pulses) for at least 20 min before
LTD or LTP induction to ensure the stability of the response.
LTD was induced using 900 pulses at 1 Hz and responses were
recorded for 1 h after inducing the LTD. LTP in the LA was
induced by high-frequency stimulation (100 Hz, 1 s, 4 trains)
and by theta-burst stimulation in the CA1, and the responses
were recorded for 1 h after induction. To monitor the paired-
pulse ratio (PPR) at auditory cortex-lateral amygdala (AC-LA),
thalamus-lateral amygdala (TL-LA), and CA1 (stratum radiatum)
synapses, we stimulated the axons with 2 pulses separated by
increasing interstimuli intervals (10, 20, 30, 40, 50, 100, 200, and
400 ms).

Behavioral Assays

Animals were handled for 5 min in the experimental room on
each of the 3 days before beginning the experiments. Experimen-
tal mice were transferred to the behavioral testing room 30 min
prior to beginning the first trial in order to habituate them to
the room. To avoid the influence of circadian fluctuations, the
behavioral tests were performed during the light period, from
09:00 to 15:00 h. All behavioral parameters were scored from
videos by investigators who were blind to the genotype.

Fear Conditioning

In this test, the mice form an association between a context
(an experimental cage/tone) and an aversive event (a footshock)
that takes place in association with that context. When placed
back into the context, mice exhibit a range of conditioned fear
responses, including immobility (freezing). Training and testing
took place in a rodent observation cage (30 x 37 x 25 cm) placed
in a sound-attenuating chamber. In the training (conditioning)
session, the mouse was exposed to the conditioning context
(180 's) followed by a tone (CS 20s, 2 kHz, 85 dB). After termination
of the tone, a foot shock (US 0.75 mA, 2 s) was delivered through
a stainless steel grid floor. Mice received 3 footshocks with an
intertrial interval of 60 s. The mouse was removed from the
fear-conditioning box 30 s after shock termination and returned
to their home cages. Testing. In contextual fear conditioning,
mice were placed back into the original training context for
8 min, during which no footshock was delivered. For auditory-
cued fear-conditioning, animals were placed into a novel context
(same cages but with different walls, floor, and background
odor), and after a 3 min baseline period they were re-exposed to
the tone for 5 min (same characteristics as at conditioning), yet
in the absence of footshocks. The animals’ behavior was scored
by an observer blind to the treatment conditions. Using a time-
sampling procedure every 2 s, each mouse was scored blindly
as either freezing or active at the instant the time-sample was
taken. Freezing was defined as behavioral immobility except for
movement needed for respiration.

Pain Threshold

One day after the cued fear-conditioning test, each mouse was
placed individually in the conditioning chamber. After 120 s, the
electric current was gradually increased at a rate of 0.05 mA/20 s
until the animal showed the first signs of discomfort (moving
backwards and flicking their hind legs) or pain (jumping and
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vocalization). At this moment, the current was immediately
switched off and the corresponding current was recorded as
a measure of the animal’s discomfort/pain threshold. Experi-
ments were recorded using the Any-Maze Video Tracking Sys-
tem version 4.82 (Stoelting Co) with a camera fixed in front of
the apparatus and connected to a computer.

Barnes Maze

The Barnes circular maze (Barnes 1979) was employed to assess
spatial reference memory by training an animal to locate a hid-
den escape tunnel located directly beneath one of the holes at
the perimeter of a large circular platform, which was brightly lit
to provide a low-level aversive stimulus. Mice learn the location
of the escape hole with the help of spatial reference points. This
maze is an alternative to the Morris water maze because it is
considered to be less anxiogenic given that it does not involve
swimming. The Barnes maze consists of a flat, circular disk
with 20 holes around its perimeter that permit the animal to
exit the maze into an escape box. Only one hole is open (the
escape hole), which has a cage underneath with clean bedding
(the escape box). The maze was divided into 4 quadrants of
equal size, placing the escape hole in the middle of one of
the quadrants equidistant from the sidewalls. The testing room
contained numerous maze cues. The behavior of the animal
was monitored with a video camera mounted on the ceiling
above the center of the maze, computerized by a tracking system
(Ethovision Noldus IT). The Barnes maze task was performed in
2 successive phases. The acquisition phase was divided into 4
training sessions (days 1-4) and 1 probe session (day 5). Each
training session includes 4 trials of 5 min each with 30 s intertrial
intervals between trials 1-2 and 3-4 and a 30 minute intertrial
interval between trials 2-3. The starting point was the middle
of the maze, where the animals were placed for 30 s before
each trial. A training session ended when the mouse entered the
escape hole or when 5 min had elapsed, whichever came first. If
the mouse did not find the escape hole within the 5 min of the
trial, the experimenter gently guided the animal to the escape
hole. In this case, the escape latency was recorded as 300 s and
the mouse was then allowed to remain in the cage for 30s. A60 s
probe session (day 5) was performed 24 h after the last trial of the
learning period, during which the escape hole was closed. The
parameters analyzed were the latency to find the escape hole
and the number of holes searched by each mouse before finding
the escape hole (number of errors).

Reversal Barnes Maze

This reversal task evaluates the ability to change a routine
behavior or something previously learned, and it depends on the
orbitofrontal cortex. A day after the memory test, the location of
the escape hole is changed to a different quadrant of the maze.
The ability of the subjects to find the new location is evaluated
as described previously and quantified by the number of re-
training sessions required to consistently choose the new hole.

Novel Object Location

This assay was chosen because it is not intrinsically stress-
ful, a factor that crucially affects the cognitive performance of
mice in other spatial learning paradigms (e.g. the Morris water
maze). The memory tests consisted of 3 phases—“habituation”,
“sample”, and “choice” trials. Mice were first individually habit-
uated for 30 min to an empty open field box (35 x 35 x 15 high
cm). The sample trial (object exposure) consisted of placing the

mouse into the test box that contained 2 identical objects. The
mouse was removed from the test box and after a 30 min delay
(retention period), the mouse was placed back into the test
box for a choice trial. A choice trial consisted of switching the
location of one of the objects (Novel Object Location trial) and a
recognition index was calculated by dividing the total time spent
exploring the displaced object by the total time spent exploring
both objects during the test session. A recognition index of 0.5
would therefore correspond to equal exploration of both objects.
Subjects were excluded from the analysis if they failed to explore
both objects for a total of at least 10 s during either training or
test sessions. One mouse was excluded from this study based on
this criterion.

Three-Chamber Social Recognition Test

This task is typically used to quantify the social behavior of
mice, measuring their tendency to approach another mouse
and engage in social investigation (Crawley 2004). The mice
are allowed olfactory and minimal tactile interaction with a
possible social or inanimate target. The social testing arena is a
rectangular, 3-chambered apparatus, with dividing walls made
of clear methacrylate and openings that give access to each
chamber. An unfamiliar mouse that had had no prior contact
with the mouse being tested is situated in one of the chambers
(social target). This animal was always of the same background,
age, and gender as the experimental mouse, and it was enclosed
in a wire cage that allowed visual, olfactory, auditory, and some
tactile contact, but that prevented fighting. These target animals
had previously been habituated to the small wire cage for 10 min
on each of 3 days. An identical wire cage was placed in the
opposite chamber containing a small black object (inanimate
target) that serves as a control for the exploration of a novel
object in a novel environment. The test mouse was placed in the
middle chamber and allowed to explore this area for 5 minutes
as a habituation period, enabling the mouse to recognize this
chamber as a familiar “home base”. Subsequently, the openings
to the side chambers were revealed and the mouse was allowed
to explore the entire social arena during a 10 min session. The
amount of time spent in each chamber and the number of
entries into each chamber, as well as the time and number
of visits to each target, were recorded using a video-tracking
system and analyzed with the Any-Maze software. To determine
whether the data truly reflect actual exploration of the social
target, a human observer recorded the time that the subject
spent directly exploring the wire cage containing the strange
mouse or the nonsocial target. The chambers and the wire cages
were cleaned with 0.1% acetic acid between trials.

EPM

The elevated plus maze (EPM) is used to measure anxiety-like
behavior in laboratory animals. The test is based on the natural
aversion of mice for open and elevated areas, as well as on
their natural spontaneous exploratory behavior in novel envi-
ronments. Animals were placed in a maze made of methacrylate
that consisted of a central quadrant (5x5 cm), with 4 arms
(5x25 cm). Two of the arms had opaque walls (16 cm high)
around the edge (closed arms), while the other 2 arms did not
have walls (open arms). The maze was elevated 45 cm above
the floor on a plus-shape plywood stand, and the animal was
placed at the center of the maze, facing one of the enclosed arms.
During a 5 min test period, the parameters measured were the
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time spentin each arm and the total number of arm entries, both
open and closed.

Open Field

The open field arena was constructed of a 40 x 40 cm laminated
wood floor surrounded by clear, 30 cm high acrylic walls. A 4 x 4
grid matrix was painted on the floor of the open field, dividing
the field into 16 squares (12 outer and 4 inner) each measuring
10 x 10 cm. At the beginning of the open field session, the mouse
was placed on the right front corner square (relative to the
position of the experimenter) and they were retained inside a
clear acrylic tube. After 30 s, the tube was lifted out of the arena
and the mouse was allowed to move freely about the open field
for a period of 5 min before returning it to its home cage. The
speed of the mouse and the distance traveled during the 5 min
trial were measured. The open field was washed with 0.1% acetic
acid between each session.

Self-Grooming

Self-grooming is considered a stereotyped or repetitive behavior
when the sequence persists for unusual periods of time. Mice
were scored for spontaneous grooming behavior as described
earlier (Silverman et al. 2010). Each mouse was placed individ-
ually into a standard cage with a thin (1 cm) layer of bedding
to reduce neophobia while preventing digging, a potentially
competing behavior. The cumulative time each mouse spent
grooming any body region was scored over 10 min. The cage and
wood-chip bedding was changed between animals.

usv

Isolation-induced ultrasonic vocalization (USV) is used to mea-
sure the USVs emitted by pups when separated from their
mother and littermates. Pups were isolated from the mother for
15 min while controlling their body temperature with infrared
light and an electric blanket. The pups were removed from the
nest individually, and randomly and gently placed into an iso-
lation container: a plastic dish 100 x 20 mm. USV emission was
monitored with an UltraSoundGate Condenser Microphone CM
16/CMPA (Avisoft Bioacoustics), and the microphone was con-
nected via an UltraSoundGate 16Hb audio device (Avisoft Bioa-
coustics) to a computer, where the acoustic data were recorded
with a sampling rate up to 300000 Hz in 16-bit format using
an Avisoft RECORDER (version 4.2.21, Avisoft Bioacoustics). The
microphone used for recording was sensitive to frequencies of
20-135 kHz with a flat frequency response (3 dB). The accuracy
of call detection by the software was verified manually by an
experienced user. Prior to each test and between animals, the
behavioral equipment was cleaned with a 70% ethanol solution
and dried with paper towels.

Western Blotting

Unless indicated otherwise, tissues were homogenized in a
buffer composed of 10 mM HEPES, 150 mM NacCl, 10 mM EDTA,
and 1% Triton X-100 (pH 7.4). Protease Inhibitor Cocktail Tablets
“Complete mini” (1:7) and Phosphatase Inhibitor Cocktail Tablets
“PhosStop” (1:10) were prepared following the manufacturer’s
(Roche) instructions. The same quantity of protein was diluted
in 6x sample loading buffer (300 mM Tris-HCI [pH 6.8], 12%
(w/v) SDS, 0.6% (w/v) bromophenol blue, 60% (v/v) glycerol,
and 600 mM pB-mercaptoethanol). Samples were boiled at
95 °C for 5 min and subjected to 8% SDS-PAGE. The proteins
were transferred to PVDF membranes (pore size, 0.45 pm; Cat.
IPVH00010 Immobilon), which were blocked for 1 h in 0.1%

Tween-20 in Tris-NaCl buffer (TBS-T) containing 5% nonfat milk
powder. The membranes were probed overnight at 4 °C with
the primary antibodies in the same blocking buffer and after
washing with blocking buffer, the membranes were incubated
for 1 h at room temperature with a secondary antibody
coupled to horseradish peroxidase. After 3 washes with TBS-T,
the corresponding proteins were visualized by enhanced
chemiluminescence (Immobilon™ Western Chemiluminescent
HRP Substrate; Millipore).

Statistical Analysis

Statistical tests were carried out using GraphPad Prism version
7.00 for Windows (GraphPad Software; www.graphpad.com).
Unless otherwise indicated, the statistical differences were
calculated using a nonparametric 2-tailed test (Mann-Whitney
test) or with 2-way analysis of variance (ANOVA). For the
cumulative frequency analysis, P values were determined with
the Kolmogorov-Smirnov test. The details of the statistical test
employed for each experiment appear in the figure legends.

Results

Mice Overexpressing PTEN Exhibit Microcephaly and
Reduced Neuronal Growth

To evaluate the consequences of PTEN overexpression, we first
analyzed the global features of the brain of Pten'® mice. We used
unbiased stereology to determine the brain size in WT and their
Pten'® littermates. As might be expected from the role of PTEN
in limiting cell growth and proliferation (Stiles et al. 2004), Pten'®
mice developed significant microcephaly with a 29% decrease
in forebrain volume (Fig. 1a). This decrease in brain size was pro-
portional to the lower body weight of Pten'¢ mice (Ortega-Molina
et al. 2012). Size reduction of LA plus basolateral amygdala
(LA+BLA) was not statistically significant in Pten'® mice, as
compared to their WT littermates (Fig. 1b). We then determined
the structural connectivity in Pten'® mice by quantifying the
excitatory synaptic density in the LA by electron microscopy. We
detected a significantly reduced synaptic density in Pten'® mice
(Fig. 1c,d). There was also a small reduction in the size of the PSD,
with fewer synapses having large PSDs in Pten'® mice (see the
leftward shift in the cumulative frequency plot of PSD length;
Fig. 1e). At the cellular level, the total surface area was also
lower in Pten' neurons, as assessed by whole-cell membrane
capacitance of LA pyramidal-like neurons (Fig. 1f).

We then assessed morphological properties of LA pyramidal-
like neurons. We traced the morphology of neurons after whole-
cell biocytin filling (see representative examples in Fig. 1g). As
shown in Figure 1h,i, we found that PTEN overexpression pro-
duced a substantial reduction in dendritic complexity (Sholl
analysis). Spine density was also diminished in neurons from
Pten'® animals, particularly on distal dendrites (Fig. 1j-I). Thus,
an excess of PTEN restricts neuronal growth, leading to a sub-
stantial decrease in dendritic branching and synapse number.

As a reference, we also examined morphological prop-
erties of hippocampal pyramidal neurons in Pten' mice
(Supplementary Fig. 1). Essentially, we observed similar trends
for growth reduction as described for the LA. In this case, total
hippocampal volume was significantly reduced in Pten'® mice
(Supplementary Fig. 1b), as well as spine and synaptic densities
(Supplementary Fig. 1c-e), although there was no change in PSD
length (Supplementary Fig. 1f).
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Figure 1. Microcephaly and weaker structural connectivity in the LA on Pten'8 mice. (a) Left, Nissl-stained coronal sections of the hemispheres from WT and Pten' mice
obtained with a 40x objective and tile scanned. Right, bar graph showing the forebrain volume, where N represents the number of mice and the P value was determined
with a 2-tailed Mann-Whitney test (F =1.780, DFn=5, DFd =5). (b) The volume of the LA + BLA was determined by unbiased stereology on Nissl-stained preparations,
determining the P value with a 2-tailed Mann-Whitney test (P =0.58, F =2.216, DFn=5, Dfd =5). (c) Representative electron micrographs from WT and Pten'8 mice
depicting the LA neuropil, including the presynaptic and postsynaptic compartments. (d) Quantification of synaptic density, where N represents the number of mice.
The total number of synapses analyzed was 393 for WT and 243 for Pten'® mice. P value was determined with unpaired 2-tailed t-test (t = 3.173; df = 4). (¢) Left, the length
of the PSD in LA synapses, where N represents the number of mice and the P value was determined with an unpaired 2-tailed t-test (P =0.45, t =0.807; df=4). Right,
cumulative frequency of the PSD lengths, where N represents the number of synapses and the P value was determined with a Kolmogorov-Smirnov test (Kolmogorov—
Smirnov D =0.1482). (f) The membrane capacitance of LA neurons was determined during patch-clamp recordings, with N representing the number of cells and the
P value determined with a 2-tailed Mann-Whitney test (F =1.053, DFn =10, Dfd =12). (g) Projection confocal images (x40, tile scan) of pyramidal-like neurons in the
LA that were filled with biocytin during patch-clamp recording and processed with Streptavidin-Alexa488. (h) The number of dendritic intersections is shown as a
function of the distance from the soma (Sholl analysis), the parameters determined with Neurolucida software by tracing the dendritic tree in confocal stacks. A 2-way
ANOVA revealed a significant (P =0.002) 2-way interaction for the number of intersections (distance from soma by genotype, F =2.23; DFn = 20; DFd = 380). The effect of
the genotype was significant (P =0.04, F =4.74, DFn =1, DFd = 19). (i) The total number of dendritic intersections, with N representing the number of cells and the P value
determined with a 2-tailed Mann-Whitney test (F =1.051, DFn =10, Dfd =9). (j) Confocal projection images of representative dendrites (x63, following deconvolution)
from LA neurons filled with biocytin during patch-clamp recording and processed with Streptavidin-Alexa 488. (k) Sholl analysis of the spine density as a function of
the distance from the soma, with N representing the number of cells. A 2-way ANOVA revealed a nonsignificant (P =0.98) 2-way interaction for spine density (distance
from soma by genotype, F =0.43, DFn =20, DFd =327). The effect of genotype was significant (P =0.0001, F =23.25, DFn =1, DFd =327). (I) The average spine density per
neuron, where N represents the number of cells and the P value was determined with a 2-tailed Mann-Whitney test (F =1.090, DFn =14, Dfd =9). The data in all the
graphs are represented as the mean + standard error of the mean (s.e.m.).
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Figure 2. Basal synaptic transmission and LTD in LA synapses from Pten'8 mice. (a and b) Diagram of a coronal brain slice containing the amygdala. To stimulate the
AC-LA pathway, an electrode was placed on the fibers arising from the external capsule (“ec”, a), and to stimulate the TL-LA pathway, an electrode was placed in the
internal capsule (“ic”, b). fEPSPs were obtained in the LA. (c and d) Input-output curves of the fEPSPs evoked by stimulating axons arising in the auditory cortex (c) or
thalamus (d) and recorded in the LA. Insets. Superimposed representative fEPSPs at 10, 50, 100, and 200 pA, determining the P values with a 2-way ANOVA. For d, a
2-way ANOVA revealed a nonsignificant (P =0.09) 2-way interaction for the fEPSP slope (stimulation intensity by genotype, F =1.56, DFn =12, DFd =654). The effect of
the genotype was significant (P <0.0001, F =27.01, DFn =1, DFd =654), as was the effect of the stimulation intensity (P <0.0001; F =45.57, DFn =12, DFd =654). (e and g)
Left, NMDAR-dependent LTD was induced in the LA in coronal slices taken from WT or Pten'® mice (900 pulses at 1 Hz) stimulating axons arising from the auditory
cortex (e) or thalamus (g). Right, representative fEPSPs before (thin line) and after (thick line) LTD induction: scale bars represent 0.5 mV, 20 ms. (f and h) Quantification
of the average maximal fEPSP slopes 50-60 min after induction, relative to baseline response in the AC-LA (f) or TL-LA (h) synapses. N represents the number of slices
and the P values were determined with a 2-tailed Mann-Whitney test (F =2.235, DFn=12, Dfd =10 for f; P =0.55, F =2.749, DFn =9, Dfd =10 for h). The data in all the
graphs are the mean+s.e.m.

Excess PTEN Skews Synaptic Plasticity Toward physiology. We first evaluated basal synaptic transmission by
Depression in Auditory Cortex-LA Synapses recordings of fEPSP in acute coronal slices from WT and Pten's

mice containing the LA (Fig. 2a,b). To assess the function of
We then evaluated whether the structural alterations in the excitatory synapses without the contribution of GABAergic

Pten'® mice are accompanied by functional changes in synaptic inputs, all electrophysiological recordings were performed in the
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presence of picrotoxin (100 pM), a noncompetitive antagonist
of GABA, receptors. In slices from Pten' mice, synapses
receiving input from the auditory cortex (AC-LA pathway;
Fig. 2a) exhibited normal basal transmission (input-output
curves; Fig. 2c), whereas a small but significant decrease in basal
transmission was observed at synapses receiving thalamic input
(TL-LA pathway; Fig. 2b,d). To note, passive membrane properties
of LA neurons, measured under whole-cell configuration
(Supplementary Fig. 2a,b), were not affected in Pten' mice.

Given the distinct role of PTEN in NMDAR-dependent LTD at
hippocampal CA3-CA1 synapses (Wang et al. 2006; Jurado et al.
2010), we tested whether LTD was altered in LA circuits of Pten'®
mice. We induced LTD at LA synapses in coronal slices by stimu-
lating afferents from the AC or TL (15 min at 1 Hz) and recording
the fEPSPs in the LA. Interestingly, LTD was enhanced in Pten'8
mice at AC-LA synapses (Fig. 2¢,f), but not at synapses in the
TL-LA pathway (Fig. 29,h). Incidentally, LTD at hippocampal CA3-
CA1 synapses was also normal (Supplementary Fig. 2c,d). There-
fore, these data suggest that PTEN overexpression enhances LTD
expression at LA excitatory synapses, specifically those of the
AC-LA circuit.

We then evaluated LTP, as another major form of synaptic
plasticity underlying learning and memory in the LA (Rogan
et al. 1997; Maren and Quirk 2004; Rumpel et al. 2005). In
slices from Pten'® mice, there was significantly less LTP at
synapses in the AC-LA pathway (Fig. 3a), whereas LTP at TL-
LA synapses remained unaffected (Fig.3b). As a reference,
LTP at hippocampal CA3-CAl synapses was also impaired
(Supplementary Fig. 2¢,f). These findings imply that excess
PTEN impairs synaptic potentiation at specific neuronal circuits,
in the case of the LA, at the AC input.

We have previously shown that PTEN is directly involved in
the mechanism for LTD, whereas this does not appear to be the
case for LTP (Arendt et al. 2010; Arendt et al. 2014). Nevertheless,
PTEN may indirectly control the extent of LTP expression by
antagonizing PI3K activity, which is required for LTP (Man et
al. 2003; Opazo et al. 2003; Arendt et al. 2010). To determine
whether excess PTEN can indeed impair LTP induction (and to
bypass possible neurodevelopmental effects in Pten'® mice), we
overexpressed EGFP-tagged PTEN (EGFP fused to the N-terminus
of PTEN) for 48 h in primary hippocampal neurons using a viral
vector (Jurado et al. 2010) (Fig. 3c; EGFP expression was used as a
control for the potential effect of viral infection). Quantification
of PTEN levels under these conditions showed a 2.6-fold increase
in the total levels of PTEN (endogenous plus recombinant) in
EGFP-PTEN-expressing cultures, with respect to EGFP expression
(Fig. 3d,e). We then induced LTP using a well-established chemi-
cal protocol (cLTP) with 200 uM glycine (Lu et al. 2001; Passafaro
et al. 2001) to maximize the number of synapses undergoing
plasticity. As shown in Figure 3f,i,j (two left-most columns), cLTP
produced a marked increase in calcium/calmodulin-dependent
protein kinase II (CaMKII) phosphorylation at Thr286, as well
as on its substrate, GluA1-Ser831, in EGFP-expressing neurons.
These 2 phosphorylation events are associated to LTP induction
(Barria et al. 1997; Mammen et al. 1997; Lisman et al. 2012).
In contrast, the increase in GluA1 and CaMKII phosphorylation
after cLTP induction was abolished in neurons overexpressing
PTEN (Fig. 3f,i,j; two right-most columns), suggesting that PTEN
overload quenches intracellular signaling leading to LTP. To note,
total levels of GluAl and CaMKII were not affected by PTEN
overexpression, suggesting that synaptic stability or general
neuronal health is not compromised for the duration of this
experiment (Fig. 3f-h).

Amygdala Activation and Fear Memory Retrieval Are
Compromised by PTEN Overexpression

To evaluate whether these differences in neuronal structure
and synaptic function would correlate with specific brain region
activation, we carried out PET coupled to computerized tomog-
raphy imaging (micro-CT). First of all, in accordance with the
results of unbiased stereology (Fig. 1a), micro-CT identified a
significant decrease in the dimensions of the head of Pten'® mice
(intracranial volume; Fig. 4a). To determine if this decrease in
brain and head size was accompanied by changes in basal brain
activity, we scanned the mice by micro-CT-PET using a radio-
labeled glucose analogue (2-deoxy-2-[18F]fluoro-D-glucose, **F-
FDG) as the tracer (Magistretti and Pellerin 1999). We identified
significantly less activity in the frontal and auditory cortices,
and in the ventral hippocampus of Pten'® mice, as compared
to WT littermates (Fig. 4b,c; Supplementary Fig. 3a). Notably, the
changes in basal activity were region specific as they were not
detected in subcortical areas like the thalamus, and glucose
uptake was even enhanced in the dorsal hippocampus of Pten'®
mice. Thus, Pten'® mice present lower levels of basal cortical
activity.

We then tested whether these differences in brain region
activation affected cognitive performance. To this end, we
combined PET imaging with an associative learning paradigm,
namely auditory fear conditioning. In this form of Pavlovian
learning, an aversive stimulus (an electrical footshock) is
associated with a neutral stimulus (a tone), resulting in the
expression of fear responses (freezing) to the originally neutral
stimulus (Kim and Jung 2006). We trained mice repeatedly with
mild electrical footshocks, delivered immediately after each
auditory cue, and the brains of the mice were micro-CT-PET
scanned immediately after conditioning (Fig. 4d; day 1) and
again after retrieval (Fig. 4d; day 2). Compared to WT mice, Pten'®
displayed overall less activity induced by fear conditioning (after
subtraction of basal activity), although this difference was only
significant in the auditory cortex (Supplementary Figs 3b and
4a). Importantly, both genotypes were equally sensitive to elec-
trical shock (Supplementary Fig. 4b) and showed similar freezing
behavior during the habituation period (Supplementary Fig. 4c).

We then elicited the retrieval of the fear response 24 h later
by exposing the mice in a novel environment and presenting
the auditory cue (tone). PET activity was analyzed again
immediately after memory retrieval to define the activated
brain areas and the potential effect of PTEN overexpression
in Pten' mice. During retrieval, glucose uptake was enhanced
in areas known to be involved in auditory fear conditioning in
WT mice, such as the hippocampus, amygdala, and thalamus
(Kim and Jung 2006; Hunsaker and Kesner 2008; Fanselow and
Dong 2010) (Fig.4e,f; Supplementary Fig. 3c). Strikingly, this
pattern of brain region activation was virtually reversed in Pten'®
mice, as the activity in these same areas decreased (relative to
their already reduced basal levels) following the tone (Fig. 4f;
Supplementary Fig. 3c). These experiments suggest that excess
PTEN significantly dampens activation in key brain areas during
memory retrieval.

Interestingly, these results correlated very well with memory
performance. Notably, freezing rates were considerably lower
in Pten' mice on presentation of the tone (Fig. 4g), implying
impaired amygdala-dependent fear recall. Therefore, attenua-
tion of thalamic and cortico-amygdala activation by PTEN over-
expression is accompanied by a strong reduction in fear memory
retrieval.
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Figure 3. Impaired LTP and quenched LTP signaling in Pten'8 mice. (a and b) Left, LTP was induced in the LA in coronal slices (at 100 Hz frequency), stimulating axons
arising from the auditory cortex (a) or the thalamus (b). Inset, representative fEPSPs before (thin line) and after (thick line) LTP induction: scale bars represent 0.5 mV,
20 ms. Right, quantification of the average maximal fEPSP slopes 50-60 min after induction, relative to baseline response in the AC-LA (a) and the TL-LA (b) synapses.
N represents the number of slices, and the P values were determined with a 2-tailed Mann-Whitney test (F =5.578, DFn=8, Dfd=9 for a and P =0.9, F =3.814, DFn=9,
Dfd =5 for b). (c) Confocal projection images (x20) of primary hippocampal neurons expressing EGFP (left) or EGFP-PTEN (right). (d) Western blot of the homogenates
from neurons infected with EGFP and EGFP-PTEN viral vectors and treated with 200 pM glycine or with the vehicle (Veh), showing endogenous PTEN and EGFP-PTEN
(recombinant PTEN). (e) Quantification of total PTEN levels in cultures infected with EGFP-PTEN and EGFP viral vectors. P value was determined with a 2-tailed Mann-
Whitney test (F =7.531, DFn=7,Dfd =7) and N represents the number of cultures. (f) Western blot of the homogenates from neurons infected with EGFP and EGFP-PTEN
viral vectors and treated with 200 pM glycine or with the vehicle, showing phospho-GluA1 at S831, total GluA1, phospho-CaMKII at T286, and total CaMKII. Actin is used
as a loading control. (g) Total GluA1 levels in cultures treated with 200 pM glycine to induce cLTP. A 2-way ANOVA revealed a nonsignificant (P =0.85) 2-way interaction
for the tGluA1 levels (treatment by virus F =0.04, DFn =1, DFd = 28). The effect of the virus was not significant (P =0.25, F =1.37, DFn =1, DFd = 28), neither was the effect
of the treatment (P =0.90, F =0.01, DFn =1, DFd = 28). (h) Quantification of total CaMKII after cLTP induction. A 2-way ANOVA revealed a nonsignificant (P =0.92) 2-way
interaction for the tCaMKII levels (treatment by virus F =1.70, DFn =1, DFd = 20). The effect of the virus was not significant (P =0.58, F =0.32, DFn =1, DFd = 20), neither
was the effect of the treatment (P =0.92, F =0.01, DFn=1, DFd=20). N represents the number of cultures. (i) Phospho-GluA1 levels in cultures treated with 200 yM
glycine to induce cLTP. A 2-way ANOVA revealed a significant (P =0.012) 2-way interaction for the pGluA1l levels (treatment by virus F =7.24, DFn=1, DFd =26). The
effect of the virus was significant (P =0.02, F =5.71, DFn =1, DFd = 26), as was the effect of the treatment (P =0.002, F =11.93, DFn =1, DFd = 26). The P values in the graph
were determined by Sidak’s multiple comparisons test. (j) Phospho-CaMKII levels in cultures treated with 200 pM glycine to induce cLTP. A 2-way ANOVA revealed a
significant (P =0.03) 2-way interaction for the pCaMKII levels (treatment by virus F =5.44, DFn=1, DFd =20). The effect of the virus was significant (P =0.03, F =5.44,
DFn =1, DFd=20), as was the effect of the treatment (P =0.01, F =7.48, DFn =1, DFd = 20). The P values in the graph were determined by Sidak’s multiple comparisons
test. N represents the number of cultures. Data in all graphs are the mean +s.e.m.
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Figure 4. Impaired auditory fear conditioning and failed amygdala activation during retrieval in Pten'8 mice. (a) Left, representative micro-CT images of the cranium
of WT and Pten'® mice. Right, bar graph representing the average intracranial volume of WT and Pten'® mice measured in the micro-CT images, where N represents
the number of mice and the P value was determined with a 2-tailed Mann-Whitney test (F =1.013, DFn=8, DFd =6). (b) Bar graphs representing the basal PET activity
in selected brain areas. All P values were determined with a 2-tailed Mann-Whitney test, N representing the number of mice: F = 3.164, DFn =5, DFd =8 for the frontal
cortex; F =3.061, DFn =5, DFd =8 for the auditory cortex; F =3.479, DFn =5, DFd =8 for the dorsal hippocampus; F =5.264, DFn =5, DFd =8 for the ventral hippocampus;
F=1.012, DFn=>5, DFd =8 for the thalamus; F =6.486, DFn =5, DFd =8 for the amygdala. (c) Representative coronal images of PET activity in the regions quantified in b.
The bar represents the color code for the crude PET values (the sagittal and horizontal planes are presented in the Supplementary Fig. 3a). (d) Design of the combined
auditory fear conditioning and PET experiment. (¢) Representative images of PET activity relative to the baseline values. The bar represents the color code for the relative
PET values (the sagittal and horizontal planes are presented in Supplementary Fig. 3c). (f) PET activity immediately after retrieval of the auditory fear memory in WT
and Pten'8 mice after baseline subtraction. All P values were determined with a 2-tailed Mann-Whitney test, with N representing the number of mice: F =2.801, DFn=3,
DFd =7 for the frontal cortex; F =1.773, DFn=3, DFd =7 for the auditory cortex; F =1.547, DFn =3, DFd =7 for the dorsal hippocampus; F =5.597, DFn =3, DFd =7 for the
ventral hippocampus; F =1.903, DFn =3, DFd =7 for the thalamus; F =3.854, DFn =3, DFd =7 for the amygdala. (g) Freezing during retrieval of auditory fear memory in
WT and Pten'8 mice. P value was determined with a Mann-Whitney test (F =6.85, DFn =15, DFd = 19), and N represents the number of mice. The data in all the graphs
are the mean+s.em.
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Impaired hippocampal-dependent learning by PTEN
overepxression

Given that amygdala-dependent memory is impaired in Pten'®
mice and that synaptic plasticity was altered in both amygdala
and hippocampal circuits, we examined whether excess PTEN
may have broader effects on cognitive function. Specifically, to
test hippocampal function, we assessed spatial learning and
memory retention using the Barnes maze. In this test, mice
escaped from a brightly lit, exposed circular open platform to
a small dark recessed chamber located under one of the 20
holes around the perimeter of the platform (the escape hole).
The Pten'® mice made more errors in finding the escape hole
during the learning phase (4 days, 4 trials per day; Fig. 5a).
Accordingly, Pten'® mice had a higher latency in reaching the
escape hole (Fig. 5b). Nevertheless, these animals reached simi-
lar performance to their WT littermates by the last training day
and displayed comparable reference memory in the probe trial
(day 5, 24 h after the last training day; Fig. 5c,d).

Reversal training was conducted in the same manner as
acquisition training, except that the escape hole was moved
to the opposite side of the maze. Mice completed 2 days of
reversal training with 4 trials per day. On the first day of reversal
training, the Pten'® mice made more errors (Fig. 5¢) and required
more time to reach the new escape hole (Fig. 5f). However, on
the second day of the test, they had reached the same level of
performance as WT mice (Fig. Se,f).

The hippocampal-dependent memory of Pten'® mice was fur-
ther tested in the novel object location task. This task involves
exposing the mice to 2 objects and then testing the animals after
a 30-min delay, with one object moved to a novel location. Mice
that remembered the original training experience preferentially
explored the displaced object rather than the nondisplaced
object. This preference (recognition index) was similar in both
genotypes (Fig. 59).

Altogether, these data suggest that while Pten' mice display
a delay in hippocampal-dependent learning, they seem to reach
a relatively normal hippocampal-dependent memory.

Pten Overexpression Intensifies Social Behavior and
Reduces Anxiety

As mentioned earlier, PTEN overexpression constitutes the
opposite genetic manipulation to PTEN deficiency, which is
associated to some forms of autism spectrum disorder (PTEN-
ASD) (Frazier et al. 2015; Yeung et al. 2017). In order to assess
the instructive role of PTEN in this pathology, we tested autistic-
related behaviors in Pten'® mice. We first used the 3-chamber
test for social interaction. In this assay, the mouse can move
freely among 3 chambers, starting from the central chamber,
with a strange mouse (social target) in one of the side chambers
and an inanimate object in the opposite chamber. While both
WT and Pten'® mice exhibited a clear preference for the social
target over the inanimate object (Fig.5h), the latter spent
significantly more time than their WT littermates interacting
with the social target (Fig. 5h; two right-most columns), implying
more intense social behavior.

As ASD patients tend to exhibit more anxiety (White
et al. 2009), Pten' mice were tested in the EPM. These
Pten' mice spent relatively longer times in the open arms
of the EPM than their WT littermates (Fig.5i), indicative
of less anxiety-like behavior. Nevertheless, these animals
displayed normal exploratory behavior in the open field
test (Supplementary Fig. 5a,b) and normal grooming behavior

(Supplementary Fig. 5c—e). As another paradigm related to social
behavior and anxiety, we evaluated USVs in Pten'® and WT pups
separated from their mothers on postnatal days 3-12. Although
USVs have different communication values in rodents, maternal
separation-induced USVs are considered mostly a stress or
anxiety response from pups to elicit maternal care (Heckman
et al. 2016). As shown in Figure 5j-1, Pten'® pups produced fewer
(panel j) and shorter calls (panel k), which were also of lower
intensity (panel 1). Other parameters like peak frequency were
no different between the WT and Pten' mice (not shown).
Therefore, the overall USV response to maternal separation was
milder in Pten'® pups, which may reflect lower levels of anxiety
in these animals.

Together, these findings suggest that PTEN overexpression
enhances some forms of social communication and reduces
anxiety-related behavior, even over physiological values
observed in WT mice.

Pten-APDZ Mice Exhibit Slight Macrocephaly and
Impaired LTD at AC-LA Synapses

Given the alterations in synaptic plasticity we have observed
for Pten'® mice, it is tempting to speculate that at least part of
the behavioral phenotype observed in these animals is due to
specific functions of PTEN at synapses. To approach this hypoth-
esis, we analyzed the knock-in mouse in which PTEN lacks
its C-terminal PDZ-binding motif (truncation of residues 399-
403, Pten-APDZ), therefore preventing PTEN interaction with the
PDZ domains of PSD-95 (Jurado et al. 2010; Knafo et al. 2016).
Importantly, this truncation does not alter PTEN expression or
catalytic activity (Jurado et al. 2010; Knafo et al. 2016). However,
we cannot rule out that other non-synaptic functions of PTEN
may also be altered in these mice.

Pten-APDZ mice had normal weight, as compared to WT
littermates (Fig. 6a), consistent with overall normal growth
in these animals. We then evaluated brain morphology and
synaptic connectivity. Using unbiased stereology on Nissl-
stained slices, we detected a small but significant macrocephaly
in Pten-APDZ mice (Fig. 6b), suggesting that PTEN PDZ interac-
tions participate to some extent in developmental programs
determining brain size. Similar to Pten' animals, the size of the
LA plus the BLA was not significantly different to WT animals
in Pten-APDZ mice (Fig. 6¢). To address structural connectivity,
we examined the synaptic density and PSD length in the LA by
electron microscopy. As shown in Figure 6d,e, these parameters
were not significantly altered in Pten-APDZ animals. These
findings suggest that PTEN PDZ interactions are not critical
for synaptogenesis nor do they define synaptic size in this
region.

We then tested whether these synapses in Pten-APDZ mice,
with apparently normal structure, may have functional alter-
ations. To this end, we measured NMDAR-dependent LTD at LA
synapses. As shown in Figure 6f,g, LTD was virtually abolished
at AC-LA synapses in Pten-APDZ mice. Interestingly, and similar
to the Pten'® animals, the alteration in LTD was specific for
the AC-LA pathway, as TL-LA synapses displayed normal LTD
(Fig. 6h,i).

Pten-APDZ Mice Are Impaired Exclusively in Social
Interaction

In order to assess the relevance of PDZ-dependent actions of
PTEN for cognitive performance, we started testing memory
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Figure 5. Cognitive performance in Pten'® mice. (a) Total primary errors to find the escape hole in a Barnes maze for each day of the experiment (represented as blocks
of 4 trials). A 2-way ANOVA revealed a nonsignificant (P =0.70) 2-way interaction for the number of primary errors (day by genotype F =0.47, DFn =3, DFd =140). The
effect of the genotype was significant (P =0.001, F =10.71, DFn =3, DFd = 140), as was the effect of the day (P <0.0001, F =8.70, DFn =3, DFd =140). (b) The latency to
find the escape hole in a Barnes maze for each day of the experiment (represented as blocks of 4 trials). A 2-way ANOVA revealed a nonsignificant (P =0.44) 2-way
interaction for latency to find the hole (day by genotype F =0.91, DFn =3, DFd = 105). The effect of the genotype was significant (P =0.0060, F =8.56, DFn =1, DFd = 35),
as was the effect of the day (P <0.0001, F =13.32, DFn =3, DFd =105). (c) The number of errors to find the covered escape hole during the probe test performed on the
fifth day of Barnes maze training: P value was determined with a Mann-Whitney test (P =0.6, F =1.343, DFn =19, DFd = 16), and N represents the number of mice. (d)
The latency to find the covered escape hole during the probe test on the fifth day of Barnes maze training: P value was determined with a Mann-Whitney test (P =0.07,
F=1.396, DFn =18, DFd = 16), and N represents the number of mice. (¢) Number of errors to find the new location of the escape hole during the reversal test: P value was
determined for the first day with a Mann-Whitney test (F =1.539, DFn =19, Dfd=16), and N represents the number of mice. (f) Latency to find the new location of the
escape hole during the reversal test: P value was determined for the first day with a Mann-Whitney test (F =1.463, DFn =19, Dfd =16) and N represents the number of
mice. (9) Recognition index in the novel object location task, calculated as the time exploring the object moved to a new location over the time exploring both objects:
P value was determined with a Mann-Whitney test (P =0.32, F=1.099, DFn =16, Dfd=18), and N represents the number of mice. (h) Time spent exploring the social
or inanimate target, where N represents the number of mice. A 2-way ANOVA revealed a nonsignificant (P =0.053) 2-way interaction for time spent sniffing (subject
by genotype, F =3.82, DFn =1, DFd = 104). The effect of the genotype was significant (P =0.016, F =6.00, DFn =1, DFd =104), as was the effect of the subject (P <0.0001,
F =34.50, DFn=1, DFd =104). P values on the graph were determined with Sidak’s multiple comparisons tests. (i) The ratio of the time spent in the open arm to the
time spent in both arms (total arm time), where N represents the number of mice and the P value was determined with a 2-tailed Mann-Whitney test (F =1.920,
DFn =17, Dfd =20). (j) Total number of USVs (calls) emitted. A 2-way ANOVA revealed a nonsignificant (P =0.11) 2-way interaction for call (day by genotype F =2.31,
DFn =2, DFd =48). The effect of the genotype was significant only at day 12 (P =0.018, DFd =48, Sidak’s multiple comparisons test). The effect of the day alone was
nonsignificant (P =0.68, F =0.37, DFn =2, DFd =48). (k) The duration of each individual call. A 2-way ANOVA revealed a significant (P =0.026) 2-way interaction for call
duration (day by genotype F =2.50, DFn =6, DFd =106). The effect of the genotype was significant (P <0.0001, F =10.78, DFn =3, DFd = 106), as was the effect of the day
(P =0.0012, F =7.15, DFn =2, DFd = 106). (I) The intensity of each individual call. A 2-way ANOVA revealed a nonsignificant (P =0.432) 2-way interaction for call intensity
(day by genotype F =0.85, DFn =2, DFd =48). The effect of the genotype was significant (P <0.0001, F =20.52, DFn=1, DFd =48), as was the effect of the day (P <0.0001,
F =33.66, DFn =2, DFd =48). The data in all graphs are the mean+s.e.m.
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Figure 6. Alterations in brain structure and synaptic function in Pten-APDZ mice. (a) Weight of the WT and PTEN-APDZ mice used in this study (N represents the number
of mice). P values was determined with a Mann-Whitney test (P =0.20, F =1.796, DFn = 20, Dfd = 14), and N represents the number of mice. (b) Left, representative Nissl-
stained coronal sections of hemispheres from WT and Pten-APDZ mice obtained using a 40x objective and tile scanned. Right, bar graph showing the forebrain volume.
P values was determined with a Mann-Whitney test (F =2.149, DFn=5, Dfd =5), and N represents the number of mice. (c) The volume of the LA + BLA determined by
unbiased stereology on Nissl-stained preparations. P values was determined with a Mann-Whitney test (F =1.485, DFn=5, Dfd=5), and N represents the number of
mice. (d) Left, representative electron micrographs depicting the neuropil of the LA, including the pre- and postsynaptic compartments of WT and Pten-APDZ. Right,
quantification of the synaptic density. P value was determined with a Mann-Whitney test (P > 0.999, F =4.201, DFn =2, Dfd =2), and N represents the number of mice.
(e) Left, the length of the PSD in LA synapses. P values was determined with a Mann-Whitney test (P > 0.999, F =44.54, DFn =2, Dfd =2), and N represents the number
of mice. Right, cumulative frequency of the PSD lengths, where N represents the number of synapses and the P value was determined with a Kolmogorov-Smirnov
test. (f and h) Left, NMDAR-dependent LTD was induced in the LA in coronal slices taken from WT or Pten-APDZ mice (900 pulses at 1 Hz) stimulating axons arising
from the auditory cortex (f) or thalamus (h). Right, representative fEPSPs before (thin line) and after (thick line) LTD induction: scale bars represent 0.5 mV, 20 ms.
(g) Quantification of the average fEPSP maximal slopes 50-60 min after induction (AC-LA pathway), relative to baseline response. The P value was determined with a
Mann-Whitney test (F =1.277, DFn =9, Dfd = 12), and N represents the number of mice. (i) Quantification of the average fEPSP maximal slopes 50-60 min after induction
(TL-LA pathway), relative to baseline response. The P value was determined with a Mann-Whitney test (P =0.33, F =2.219, DFn=10, Dfd=12), and N represents the
number of mice. The data in all the graphs are represented as the mean +s.e.m.
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for fear conditioning in Pten-APDZ and WT mice. As described
above, this is a form of associative learning in which a neutral
stimulus (an auditory cue delivered in a given spatial context) is
associated with an aversive event (an electric shock). As shown
in Figure 7a,b, fear response (freezing) was similar in WT and
Pten-APDZ animals when exposed to the auditory cue (cued
conditioning; panel a) or when present in the same spatial con-
text where the electric shock was delivered (contextual condi-
tioning; panel b). These results imply that fear memory retrieval
is not affected in Pten-APDZ animals.

We then tested autistic-related behaviors in these animals,
since they represent a form of PTEN deficiency. As shown in
Figure 7c (two right-most columns), and in contrast to WT ani-
mals (two left-most columns), Pten-APDZ mice did not display
any preference for the social target over the inanimate object
in the 3 chamber apparatus. These results imply that social
interactions are dramatically impaired in Pten-APDZ mice. Inter-
estingly, these animals did not present an anxiety-like behavior,
as compared to WT, in the EPM (Fig. 7d). Likewise, USVs elicited
by maternal separation were similar between Pten-APDZ and
WT animals (Fig. 7e-g).

In conclusion, the lack of PDZ interactions of PTEN produced
a rather restricted behavioral phenotype, namely, the ablation
of social preference, without behavioral symptoms of anxiety.
Given the opposite phenotypes of Pten®® and Pten-APDZ mice
with respect to AC-LA LTD and social interactions, these results
support the notion that the intensity of the activity in the AC-
LA circuit and its capacity to undergo synaptic depression are
correlated with social behavior.

Discussion

We have addressed the role of PTEN in defining the circuits and
synaptic mechanisms that control cognitive function and par-
ticularly social behavior. To this end, we have used 2 transgenic
mouse lines that exhibit opposite phenotypes in several critical
aspects. First, mice that overexpress PTEN (Pten'® mice) show
exaggerated levels of LTD in the AC-LA pathway and intensified
social interactions. In contrast, mice with a partial PTEN loss-of-
function (Pten-APDZ) exhibit impaired LTD in the AC-LA path-
way and virtually abolished social preference. Therefore, these
combined data suggest that in addition to controlling brain size,
PTEN may determine the extent of social behavior in part by
modulating the plasticity (or flexibility) of specific neuronal
circuits.

PTEN overexpression did produce pleiotropic effects on brain
structure and function. Arguably, some of the phenotypes of
Pten'® mice, such as microcephaly, reduced neuronal size, and
synaptic density, are related to the role of PTEN in growth
control. Interestingly, brain region- and circuit-specific alter-
ations may still be observed upon manipulation of a general
growth regulator, such as PTEN, probably as a consequence of
desynchronized phases of neuronal growth (Huang et al. 2016).
Nevertheless, other phenotypes of these animals are probably
more directly linked to PTEN’s action at synapses, such as atten-
uated synaptic plasticity signaling or impaired LTP expression
(in both hippocampus and amygdala). These effects may well
be related to the impaired spatial learning and fear memory
retrieval in these animals. This consideration was the main
driver to study the Pten-APDZ mice. This genetic mouse model
bears a modification in PTEN particularly designed to alter
mostly its synaptic function (Jurado et al. 2010; Knafo et al.
2016), even though additional alterations in growth control can-

not be discounted. Thus, the restricted behavioral phenotype
of these animals, namely impaired social preference, may be
a consequence of lacking PTEN activity at synapses, even if
this deficit in turn may impinge on postnatal developmen-
tal programs. This interpretation is supported by the bidirec-
tional correlation between LTD at AC-LA synapses and social
behavior in Pten'® and Pten-APDZ mice, as mentioned above.
Importantly, other morphological, physiological, or behavioral
parameters of these animal models do not display this oppos-
ing pattern. For example, synapse density and basal transmis-
sion are both reduced in Pten® mice. This result is consis-
tent with the hyperconnectivity and hyperactivity previously
reported for the basolateral amygdala of heterozygous PTEN KO
mice (Ptent/~) (Huang et al. 2016). However, it is in contrast with
the normal (similar to WT) synaptic density and basal trans-
mission we have observed in Pten-APDZ mice. Also, anxiety-
like behavior is attenuated in Pten'® mice (our results) and it
is enhanced in animals deficient in global PTEN activity (Kwon
et al. 2006; Lugo et al. 2014). However, anxiety levels are nor-
mal (not enhanced) in Pten-APDZ mice. These considerations
strengthen the correlation between the capacity to undergo LTD
and social behavior. Obviously, we are not claiming that this
form of synaptic plasticity is solely responsible for social pref-
erence, as this is a complex behavior known to engage multiple
brain circuits, such as those involving ventral tegmental area,
prefrontal cortex, hippocampus, and cerebellum (Santini et al.
2013; Wang et al. 2014a, 2014b; Bariselli et al. 2016; Huang et al.
2016; Chen and Hong 2018; Del Pino et al. 2018). Nevertheless,
we would propose that synaptic plasticity at specific amygdala
circuits is a contributing factor to gage the propensity for social
interaction.

It is also worth noting that communication and social
problems are core features of autistic patients with PTEN loss-of-
function mutations (PTEN-ASD) (Zhou and Parada 2012). The fact
that synaptic dysfunctions may underlie neurodevelopmental
disorders, including ASD, has been appreciated before (see
some reviews [Zoghbi 2003; Bourgeron 2009; Spooren et al. 2012;
Zoghbi and Bear 2012; Bourgeron 2015; Knafo and Esteban 2017]).
In this sense, a specific synaptic dysfunction (such as the failure
to depress or tone down synaptic communication) may provide a
common pathway for multiple genetic components to converge.
Thus, several ASD-associated mutations upregulate Ras-MAPK
and PI3K-mTOR pathways, promoting synaptic growth and
potentiation (Opazo et al. 2003; Kelleher et al. 2004; Thomas
and Huganir 2004; Qin et al. 2005; Hoeffer and Klann 2010;
Buffington et al. 2014; Huber et al. 2015; Huang et al. 2016; Borrie
et al. 2017). In this manner, they are likely to interfere with
physiological synaptic depression, as PTEN deficiency does.
This interpretation also fits well with the parallelisms between
synaptic depression and developmental synaptic pruning
(Piochon et al. 2016), which is also thought to be defective in
ASD (Hansel 2018). Importantly, this argument may blur the dis-
tinction between developmental and synaptic effects of PTEN.
Thus, a defective mechanism for synaptic depression during
early postnatal development may produce an overabundance of
prematurely stabilized synapses, which would be less likely to be
removed, leading to hyperconnectivity. In fact, this phenotype
has been observed in autistic children (Di Martino et al. 2011;
Supekar et al. 2013) and in animal models of ASD with altered
synaptic scaffolding molecules (Gkogkas et al. 2013; Peixoto
et al. 2016).

Finally, it is intriguing that enhancement of PTEN activity
at synapses (by overexpression) produces supraphysiological
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Figure 7. Cognitive performance in Pten-APDZ mice. (a) Freezing during the exposure to the auditory cue and 24 h after training for cued fear conditioning; P value
was determined with Mann-Whitney test (P =0.22, F =2.796, DFn=9, Dfd=10), and N represents the number of mice. (b) Freezing during a 5 min exposure to the
context and 24 h after training for contextual fear conditioning: P value was determined with Mann-Whitney test (P =0.55, F =1.672, DFn =9, Dfd = 10), and N represents
the number of mice. (c) Time spent exploring the social or inanimate target in the 3-chamber apparatus, where N represents the number of mice. A 2-way ANOVA
revealed a significant (P < 0.0001) 2-way interaction for time spent sniffing (subject by genotype F =40.44, DFn = 1, DFd = 80). The effect of the genotype was significant
(P =0.0009, F =11.84, DFn =1, DFd =80), as was the effect of the subject (P <0.0001, F =37.47, DFn=1, DFd =80). P values on the graph were determined with Sidak’s
multiple comparisons tests. (d) The ratio of the time spent in the open arm to the time spent in both arms (total arm time) in the EPM, where N represents the number
of mice and the P value was determined with a 2-tailed Mann-Whitney test (F =1.259, DFn =19, Dfd =21). (¢) Total number of USVs (calls) emitted. A 2-way ANOVA
revealed a nonsignificant (P =0.70) 2-way interaction for call (day by genotype F =0.36, DFn =2, DFd = 34). The effect of the genotype was not significant either (P =0.95,
F =0.3.86e-003, DFn =1, DFd = 34). The effect of the day was nonsignificant (P =0.995, F =4.58e-003, DFn =2, DFd = 34). (f) The duration of each individual call. A 2-way
ANOVA revealed a nonsignificant (P =0.933) 2-way interaction for call (day by genotype F =0.07, DFn=2, DFd=31). The effect of the genotype was not significant
either (P =0.416, F =0.68, DFn=1, DFd =31). The effect of the day was nonsignificant (P =0.31, F =1.21, DFn=2, DFd =31). (g) The intensity of each individual call. A
2-way ANOVA revealed a nonsignificant (P =0.972) 2-way interaction for call intensity (day by genotype F =0.08, DFn =3, DFd =42). The effect of the genotype was
nonsignificant (P =0.610, F =0.26, DFn =1, DFd =42), as was the effect of the day (P =0.21, F =1.57, DFn =3, DFd =42).The data in all graphs are the mean +s.e.m.
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changes in social preference. These results suggest that the
PI3K/PTEN pathway represents a continuous axis that defines
basic properties of synaptic modulation during development,
with bidirectional outcomes for social behavior.
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