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Cellular/Molecular

PTEN Loss Increases the Connectivity of Fast Synaptic Motifs
and Functional Connectivity in a Developing Hippocampal
Network

Caitlynn M. Barrows,* Matthew P. McCabe,* Hongmei Chen,>* John W. Swann,>> and “Matthew C. Weston'
"University of Vermont, Department of Neurological Sciences, Burlington, Vermont 05405, 2Cain Foundation Laboratories, Jan and Dan Duncan
Neurological Research Institute, Houston, Texas 77030, and *Departments of Neuroscience and Pediatrics, Baylor College of Medicine, Houston, Texas
77030

Changes in synaptic strength and connectivity are thought to be a major mechanism through which many gene variants cause neurolog-
ical disease. Hyperactivation of the PI3K-mTOR signaling network, via loss of function of repressors such as PTEN, causes epilepsy in
humans and animal models, and altered mTOR signaling may contribute to a broad range of neurological diseases. Changes in synaptic
transmission have been reported in animal models of PTEN loss; however, the full extent of these changes, and their effect on network
function, is still unknown. To better understand the scope of these changes, we recorded from pairs of mouse hippocampal neurons
cultured in a two-neuron microcircuit configuration that allowed us to characterize all four major connection types within the hippocam-
pus. Loss of PTEN caused changes in excitatory and inhibitory connectivity, and these changes were postsynaptic, presynaptic, and
transynaptic, suggesting that disruption of PTEN has the potential to affect most connection types in the hippocampal circuit. Given the
complexity of the changes at the synaptic level, we measured changes in network behavior after deleting Pten from neurons in an
organotypic hippocampal slice network. Slices containing Pten-deleted neurons showed increased recruitment of neurons into network
bursts. Importantly, these changes were not confined to Pfen-deleted neurons, but involved the entire network, suggesting that the
extensive changes in synaptic connectivity rewire the entire network in such a way that promotes a widespread increase in functional
connectivity.
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Homozygous deletion of the Pten gene in neuronal subpopulations in the mouse serves as a valuable model of epilepsy caused by
mTOR hyperactivation. To better understand how gene deletions lead to altered neuronal activity, we investigated the synaptic
and network effects that occur 1 week after Pten deletion. PTEN loss increased the connectivity of all four types of hippocampal
synaptic connections, including two forms of increased inhibition of inhibition, and increased network functional connectivity.
These data suggest that single gene mutations that cause neurological diseases such as epilepsy may affect a surprising range of
connection types. Moreover, given the robustness of homeostatic plasticity, these diverse effects on connection types may be
necessary to cause network phenotypes such as increased synchrony. j

ignificance Statement

and inhibition provided by these synapses are the building blocks
of circuits throughout the brain, and the relative strength and

Introduction
Neurons that release glutamate or GABA send and receive the

majority of synapses in the mammalian brain. The fast excitation
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flow through the circuits. Pathological changes in synaptic transmis-
sion are thought to underlie a range of neurological diseases, from
epilepsy (Casillas-Espinosa et al., 2012; Euro EPINOMICS-RESC
Consortium, 2014) and autism (Zoghbi and Bear, 2012) to
schizophrenia (Sigurdsson, 2016); however, it is currently un-
known how many disease phenotypes can be assigned to dysfunc-
tion at specific synapses, or whether distributed dysfunction over
many synaptic motifs combine to cause an emergent network
pathology (Nelson and Valakh, 2015).

Although glutamatergic and GABAergic neurons can be fur-
ther subdivided into numerous specialized types, at a more basic
level, there are four types of connections: (1) excitatory synapses
onto other excitatory neurons, (2) excitatory synapses onto in-
hibitory neurons, (3) inhibitory synapses onto excitatory neu-
rons, and (4) inhibitory synapses onto other inhibitory neurons.
These synaptic motifs form the basis for microcircuit elements,
such as feedforward, feedback, and lateral inhibition, which in
turn, underlie network operations, such as rate and population
coding. Gene variants that cause neurological disease potentially
affect all of these connection motifs, and their ultimate conse-
quences are likely a summation of the additive effects of these
changes (Nelson and Valakh, 2015). However, studies of synaptic
transmission in neurological disease models usually focus on one
or two specific connections, due to both the difficulty of record-
ing from multiple connection types or pairs in ex vivo prepara-
tions, as well as the quest to establish sufficiency for causing
disease phenotypes.

Variants in the PTEN gene are associated with autism, mega-
lencephaly, hemimegaencephaly, and epilepsy in humans (Butler
et al., 2005; Crino, 2011; Mirzaa and Poduri, 2014), and numer-
ous animal models with Cre-mediated Pten deletion in various
neuronal subpopulations have been shown to recapitulate the
phenotypes of these diseases (Lasarge and Danzer, 2014; Switon
etal.,2017). In animal models, the effects of homozygous Pten
deletion have been most intensely studied at excitatory-
excitatory connections, where postsynaptic PTEN loss has been
shown to increase synaptic strength (Weston et al., 2012; Xiong et
al., 2012; Williams et al., 2015). However, the effects of homozy-
gous Pten deletion on synaptic connections involving GABAergic
neurons, and the effects of presynaptic PTEN loss, are not well
understood (Weston et al., 2012; Vogt et al., 2015). Furthermore,
most animal models of epilepsy due to mTOR hyperactivation
use selective Pten deletion, and many human epilepsy patients
have somatic PTEN mutations (Lee et al., 2012); therefore, these
epileptic brains are comprised of a mixture of genetically normal
and mutant neurons, and many synapses will be genetically ab-
normal only on either the presynaptic or postsynaptic side. Thus,
how mosaic PTEN loss affects the diversity of fast connections
found in the brain, how it affects presynaptic and postsynaptic
transmission, and how these changes sum to affect the activity of
the neurons and the function of the circuits in which they operate
are key questions that do not have sufficient answers.

To better understand how genetic mutations that cause neu-
rological disease affect synaptic and network function, and to
dissect the presynaptic and postsynaptic mechanisms that dictate
the altered neuronal behaviors downstream of these mutations,
we adapted a two-neuron culture preparation that allowed us to
test excitatory-excitatory, excitatory-inhibitory, inhibitory-excitatory,
and inhibitory-inhibitory synaptic motif functions. Using Pten-
deleted neurons as a model, we showed that the postsynaptic
effects of Pten deletion were independent of the connection type,
whereas other effects were connection-specific. Furthermore, us-
ing multicellular calcium imaging of hippocampal slice cultures
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in which Pren was deleted in a mosaic manner, we explored the
effects on the spontaneous activity of neurons and their interac-
tions, and found that PTEN loss led to an increase in functional
connectivity that involved both genetically normal and mutant
neurons.

Materials and Methods

Mice and cell culture. Animal housing and use were in compliance with
the National Institutes of Health Guide for the care and use of laboratory
animals and were approved by the institutional animal care committees
at Baylor College of Medicine and the University of Vermont. Experiments
used Pten"™"/] mice that possess loxP sites on either side of exon 5 of the
Pten gene (The Jackson Laboratory). The mice were crossed to C57BL/6
wild-type mice to generate Pten ™" mice, which were then bred to gener-
ate the Pten """ and Pten 1P genotypes used for the study.

Microisland astrocyte cultures were prepared according to published
procedures (Burgalossi et al., 2012; Weston et al., 2012). Microislands
were made by stamping collagen (0.7 mg/ml) and poly-p-lysine (0.1 mg/ml)
on agarose-coated glass coverslips with a custom-built stamp to achieve uni-
form size (200 wm diameter). Astrocytes derived from wild-type neonatal
cortices were grown on microislands for 1 week before plating the neurons.
For the primary culture, the entire hippocampi from postnatal day 0-1
(PO—P1) mice of both sexes from a litter from Pten™V1oP X PrenWVloxp
parents were removed and maintained in Neurobasal-A media (NBA,
Thermo Fisher Scientific) while DNA was isolated from their cortices and
used for genotyping to identify Pten*"** and Pten'®*'*P pups. Once
identified, the hippocampi from these genotypes were digested with pa-
pain (Worthington) for 45 min and then dissociated into cell suspen-
sions containing 500—1000 neurons/ul. For mass cultures used to
generate Figure 1F, neurons were plated directly into 6-well culture plates
ona confluent layer of astrocytes at a density of 1 X 10° neurons per well.
For two-neuron cultures, the cell suspensions were split into two tubes of
500 ul each. To one of these tubes, 2 ul of AAV8-hsyn-mCherry-Cre
(titer: 2 X 10> GC/ml, UNC Vector Core) was added, and the virus was
left on for 3 h while the cell suspensions were gently shaken (500 rpm) at
37°C on a Thermomixer (Eppendorf). After 3 h, the tubes were centri-
fuged three times at 1500 rpm for 5 min on a benchtop centrifuge and
resuspended in fresh NBA each time. After the third resuspension, the
cells were counted. Neurons (2000—4000) were then added to the wells of
a six-well plate to generate the Control pairs, which included the Pten ™"
and Pten VU™ plus virus groups, and the Mutant pairs, which included the
Pten*** and Pten'*P1**P plus virus groups. The neurons were cultured in
NBA medium supplemented with Glutamax and B-27 (Invitrogen).

Electrophysiology. Paired whole-cell voltage-clamp recordings were
performed with a patch-clamp amplifier (MultiClamp 700B amplifier;
Molecular Devices) under the control of Clampex 10.3 or 10.5 (Molecu-
lar Devices, pClamp, RRID:SCR_011323). Data were acquired at 10 kHz
and low-pass filtered at 4 kHz. The series resistance was compensated at
70%, and only cells with series resistances <15 M{) were analyzed. The
pipette resistance was between 2 and 4 m(). Standard extracellular solu-
tion contained the following (in mm): 140 NaCl, 2.4 KCl, 10 HEPES, 10
glucose, 4 MgCl,, and 2 CaCl,, pH 7.3 (305 mOsm). Internal solution
contained the following: 136 mm KCl, 17.8 mm HEPES, 1 mm EGTA,
0.6 mm MgCl,, 4 mm ATP, 0.3 mm GTP, 12 muM creatine phosphate, and
50 U/ml phosphocreatine kinase. These concentrations set the chloride
reversal potential high enough that GABA receptor-mediated synaptic
responses resulted in an inward current. All experiments were performed
atroom temperature (22°C-23°C). Dual whole-cell recordings were per-
formed on neuron pairs from control and mutant groups in parallel on
the same day (day 7-10 in vitro). Only neuron pairs in which red fluo-
rescence expression was visually identified in the nuclear region of one of
the two neurons were targeted for patching. No effort was made to target
specific subpopulations of glutamatergic or GABAergic neurons for re-
cording; thus, our dataset likely includes glutamatergic pyramidal and
granule cells, as well as the various classes of GABAergic interneurons
that are found in the hippocampus.

For voltage-clamp experiments, neurons were held at =70 mV unless
noted. Action potential-evoked EPSCs or IPSCs were triggered by a 2 ms
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somatic depolarization to 0 mV. The shape of the evoked response and
the effect of receptor antagonists [3 mm kynurenic acid (KYN, Tocris
Bioscience) or 20 uM bicuculline (BIC, Tocris Bioscience)] were applied
to verify the glutamatergic or GABAergic identities of the neurons. Neu-
rons were stimulated at 0.2 Hz (for EPSCs) or 0.1 Hz (for IPSCs) in
standard external solution to measure basal-evoked synaptic responses.
To determine the number of releasable synaptic vesicles onto each neu-
ron in the glutamatergic-glutamatergic and GABAergic-GABAergic
pairs, we measured the charge transfer of the transient synaptic current
induced by a 4 s application of hypertonic sucrose solution directly onto
the neuron pair and then divided the sucrose charge by the charge of the
average miniature event onto the same neuron. To determine the num-
ber of releasable synaptic vesicles at each synaptic connection in the
glutamatergic-GABAergic pairs, solutions of sucrose plus 3 mm KYN and
sucrose plus 20 um BIC were sequentially applied. The charge transfer
recorded in the sucrose/KYN solution was then divided by the charge of
the average miniature IPSC (mIPSC) onto that neuron to calculate the
number of GABAergic synaptic vesicles for that connection, and the
charge transfer recorded in the sucrose/BIC solution was divided by
the charge of the average miniature EPSC (mEPSC) onto that neuron to
calculate the number of GABAergic synaptic vesicles for the connection.

Miniature event detection. Miniature synaptic potentials were recorded
for 60—80 s in 3 mm KYN or 20 pum BIC to isolate GABAergic and
glutamatergic events, respectively, with 500 nm TTX. For each cell, data
were filtered at 1 kHz and analyzed using template-based miniature event
detection algorithms implemented in the AxoGraph X 1.4 analysis soft-
ware. The threshold for detection was set at three times the baseline SD
from a template of 0.5 ms rise time and 3 ms decay for glutamatergic
events and 0.5 and 20 ms for GABAergic events.

Immunocytochemistry. Neurons were rinsed three times with PBS,
fixed with 4% PFA for 30 min, and then washed with PBS three times
again. Neurons were then placed in blocking solution (10% normal goat
serum, 0.1% Triton X-100, and PBS) at room temperature for 1 h. The
following primary antibodies in blocking solution were then applied to
the neurons at 4°C overnight: MAP2 (mouse monoclonal, 1:1000 dilution,
Synaptic Systems, catalog #188 011, RRID:AB_2147096), phospho-S6 Ribo-
somal Protein Ser240/244 (rabbit monoclonal, 1:1000 dilution, Cell Sig-
naling Technology, catalog #5364, RRID:AB_10694233), phospho-AKT
Ser473 (rabbit monoclonal, 1:1000 dilution, Cell Signaling Technology,
catalog #4060, RRID:AB_2315049), phospho-4E-BP1 Thr37/46 (rabbit
monoclonal, 1:1000 dilution, Cell Signaling Technology, catalog #2855,
RRID:AB_560835), VGLUT! (rabbit polyclonal, 1:5000 dilution, Synap-
tic Systems, catalog #135302, RRID:AB_887877), VGAT (guinea pig
polyclonal, 1:1000 dilution, Synaptic Systems, catalog #131004, RRID:
AB_887873), and PTEN (rabbit polyclonal 1:500 dilution, Cell Signaling
Technology, catalog #9559, RRID: AB_390810.) Following primary an-
tibody application, cells were washed again three times in PBS and then
incubated in the following AlexaFluor secondary antibodies (Invitrogen)
for 1 hatroom temperature: goat anti-mouse 488 (1:1000, catalog #A-11017,
RRID:AB_143160), goat anti-rabbit 647 (1:1000, catalog #A-21244, RRID:
AB_141663), goat anti-mouse 555 (1:1000, catalog #A-21422, RRID:AB_
141822), and goat anti-guinea pig 488 (1:1000 catalog #A-11073, RRID:
AB_142018). Cells were then mounted to slides with Prolong Gold Antifade
(Invitrogen) and were allowed to cure for 24 h.

Images (1024 X 1024 pixels) were obtained using a DeltaVision auto-
mated upright epifluorescent imaging system (Applied Precision/GE Life
Sciences) attached to an Olympus IX70 microscope with a 20X oil ob-
jective, SoftWoRx software, and a CoolsnapHQ charge-coupled device
digital camera (Photometrics) by an investigator blinded to the geno-
types of the imaged groups. Images were acquired using equal exposure
times between groups in stacks of 8—12 planes at 0.5 wm depth intervals
and then deconvolved. Stacks were processed using Fiji software (Schin-
delin et al., 2012) to create maximum intensity projections. For neuron
pair reconstructions, the MAP2 fluorescence in the cell bodies and den-
dritic trees was traced using the Neuron] plugin for Fiji (Meijering et al.,
2004). Dendritic branches that could not be definitively assigned to a
Cre- (red fluorescence) or non—cre-expressing neuron were excluded
from the tracing. Glutamatergic and GABAergic neurons in each pair
were identified based on VGLUT1 and VGAT expression, respectively, at
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the cell soma (Hartman et al., 2006; Chang et al., 2014). The total number
of glutamatergic and GABAergic synapses was quantified by manually
counting the punctae from the fluorescence signals for VGLUT1 and
VGAT, respectively. Only punctae with areas <2 um? and within 5 um
of an assigned dendrite were counted.

For analysis of the levels of mTOR effectors, image exposure times and
settings were kept the same between groups in a culture and were opti-
mized to ensure that there were no saturated pixels. Maximum intensity
projections were created using Fiji, and the background was subtracted
using the rolling ball method with a radius of 50 wm. Regions of interest
(ROIs) were drawn around the cell body using the MAP2 channel, and
then the mean fluorescence intensity and cell body area were measured
for phospho-S6, phospho-AKT and phospho-4E-BP for each neuron
imaged. Because the absolute values of the fluorescence intensity varied
between cultures, the values were normalized to the mean value of the
Pten-WT neurons for each culture.

Hippocampal slice preparation. Slice cultures of the hippocampus were
made from P4-P5 Pten " and Pten'***""°*? pups. The hippocampi were
dissected free of adhering tissue and placed on a Teflon stage of a custom-
built mechanical tissue chopper covered with filter paper and a small
amount of L-15 media (Invitrogen). Transverse (375 wm) slices were cut
and placed on prewarmed Millicell membrane inserts (Millipore) sitting
in 35 mm Petri dishes filled with 1 ml of NBA medium supplemented
with Glutamax and B-27 (Invitrogen). Two slices were put on each insert
and arranged such that they did not contact one another. The culture media
were changed at 2 day intervals. Approximately 45 h after slice preparation,
AAV8-hsyn-mCherry-Cre and AAV9.Syn.GCaMP6m.WPRE.SV40M (ti-
ter: 4=5 X 10 "> GC/ml, Penn Vector Core) were mixed in equal volumes
and injected (three injection sites per slice, 25 nl per site) into slice cul-
tures using a Nanoject IT (Drummond Scientific). Expression of the flu-
orescent proteins was monitored daily and was usually apparent 2-3 d
post-transduction.

Two-photon imaging. After 7-10 d in vitro, the membrane inserts with
the slices were transferred from the incubator to a custom-made cham-
ber constantly perfused with oxygenated ACSF containing the following
(in mm): 125 NaCl, 1.25 NaH,PO,, 2.5 KCl, 25 NaHCO;, 2 CaCl,, 1 MgCl,,
and 15 glucose, and maintained at a temperature of 32°C-34°C with an
automatic temperature controller (Warner Instruments). This chamber
was mounted on the stage of a Zeiss 710 two-photon microscope (Carl
Zeiss) equipped with a Chameleon Ti-Sapphire laser (Coherent). After
45 min recovery time, each slice was scanned using a 750 nm wavelength
laser to identify regions with robust expression of both GCaMP and
mCherry fluorescence. High-resolution z stacks of these regions were
acquired to generate images as shown in Figure 6B. The laser wavelength
was then adjusted to 920 nm, and time-lapse images of the CA1 or CA3
regions of the slices were acquired with a 20X (NA 1.0) water-immersion
objective at 20 frames/s for 10 min using the Zen 2010 software. For loose-
patch recordings, pipettes of 4—6 M) resistance were filled with ACSF and
Alexa-594 (1:2000, Invitrogen). Pipettes were guided to GCaMP-expressing
cells, and a low-resistance seal was established (=100 m()) in voltage-clamp
mode using a MultiClamp 700B amplifier. The holding potential was ad-
justed to achieve zero current at the resting potential.

Multicellular calcium imaging data analysis. Imaging files were opened
with Fiji, and the ROIs were manually drawn around all identifiable cell
bodies. In cases of mild drift in the x-y plane, the StackReg plugin (Théve-
naz et al., 1998) was used to align ROIs, and a Kallman Stack Filter was
applied. The fluorescence change versus time for each cell was measured
by averaging all pixels within the ROI, and these values were exported to
AxoGraph X 1.4 for further analysis. Calcium events were detected via a
template-based event detection algorithm. The threshold for event de-
tection was set at 4—5 times the baseline SD from a template of 0.2 s rise
time and 1.5 s decay time. Large amplitude events that were sometimes
missed because of slower decay or rise times were manually detected, and
the cells with no detected events were considered not active. AF/F, was
calculated as (F — F,)/F,, where F is the baseline fluorescence signal
averaged over a 1 s period immediately before the event onset. To detect
network events, the total number of event onsets within a sliding 1 s
window was calculated for each set of images. A network event was con-
sidered to occur when the number of event onsets within a given window
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Table 1. Summary of the measurements of evoked synaptic strength in all pair
types”

E:elf E:)artner E;Zyartner Efelf

E-E2(Fig.2)
Control,n =25 384*071 228*052 247 =043 332+ 0.68
Mutant,n =127 437 =073 221 = 0.64 443 =+ 0.67 749 =141
p 0.637 0.353 0.016 0.008

I-E (Flg 3) Iself Ipartner Epartner Eself
Control,bn =20  405*069 172024 791+ 148 3.37 = 0.997
Mutant,n =23 884 £ 154 208033 1648 = 251 81217
p 0.029 0.436 0.005 0.044

|1'| g (Flg 4) I:elf I:)artner |;2)artner Izelf
Control,n =20 521125  2.49 = 0.65 2.58 = 0.56 522+ 149
Mutant,n =20 533 =085 297 =0.77 454 +080 1392 = 2.07
p 0.414 0.705 0.033 0.002

£l (Fig~ 5) Eself Epartner |partner Iself
Control,n =21 3.10=*=097 871x135 228 =032 442 = 0.69
Mutant,n =18 235070 474 = 0.81 481+ 073 9.92 = 2.01
p 0.278 0.024 0.007 0.014

“Data are mean == SEM of the peak synaptic current (nA) in response to a 2 ms depolarization to 0 mV delivered at
0.1-0.2 Hz. Measurements in the first column correspond to green traces, second column to blue traces, third
column to gray traces, and fourth column to orange traces in Figures 2-5. p values were obtained from Mann—
Whitney tests.

was significantly greater (p < 0.001) than expected by chance based on
the number of active neurons in the slice and their spontaneous event
frequency. The number of neurons participating in the network event
was the number of neurons that had an event onset within that window.
To find significantly correlated cell pairs, time series were exported to
MATLAB (The MathWorks) and analyzed using the Mic2net software
package (Smedler et al., 2014).

Experimental design and statistical analysis. Data were analyzed of-
fline with AxoGraph X 1.4 (AxoGraph Scientific, RRID:SCR_014284),
KaleidaGraph 4.5 (Synergy Software), and Prism 7 (GraphPad Prism,
RRID:SCR_002798). Values for electrophysiological analysis were always
pooled from at least four independent cultures and ranged from 18 to 27
cells per group per connection type. Experiments were conducted and
analyzed with the knowledge of the genotype of the animal except where
noted elsewhere in the Methods. The n used to calculate means and errors
for both electrophysiological analysis and immunostaining analysis was
the number of neurons. The # used to calculate means and errors for the
multicellular calcium imaging experiments are the number of slices. All
numbers for each experiment are indicated in corresponding figures,
figure legends, and in Table 1. Normality was tested by the D’Agostino
and Pearson normality test; however, because values from the electro-
physiological analysis were often not normally distributed, the nonpara-
metric Mann—Whitney test was used to assess statistical significance. For
other experiments, the statistical test used is stated in the figure legend
that corresponds to each experiment.

Results

Loss of PTEN in two-neuron cultures leads to selective
hyperactivation of PI3K-mTOR signaling

To test for changes in synaptic connectivity and strength due to
PTEN loss, we used a two-neuron microcircuit culture in which
we systematically varied the neuron type (glutamatergic or
GABAergic) and the genetic identity (Pten-KO or WT) of each
neuron (Fig. 1A, B). This system allowed us to test the effects of
PTEN loss in the presynaptic or postsynaptic compartment, and
whether they were unique to specific synaptic motifs. Control
neuron pairs consisted of one untransduced Pten ™" neuron (Con)
and one Pten™™ neuron transduced with an adeno-associated
virus (AAV) expressing the mCherry-Cre fusion protein (Pten-
WT) (Fig. 1A). We compared these Control pairs to Mutant

pairs, which consisted of one untransduced Pten™™" neuron
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(Con) and one Pren''°* neuron transduced with an AAV ex-
pressing the mCherry-Cre fusion protein (Pten-KO) (Fig. 1B).

To confirm that Pten-KO neurons show selective increases in
PI3K-mTOR activity, we performed quantitative immunofluo-
rescence analysis for three markers of the pathway’s activity:
phospho-S6 (5240/244), phospho-AKT (S473), and phospho-
4E-BP (T37/46). The mean fluorescence intensities of all three
markers in the cell bodies were increased in Pten-KO neurons
relative to Pten-WT neurons (Fig. 1C,D). In addition to biochemical
markers, increased cell size is a reliable readout of mTOR pathway
hyperactivation. We therefore measured cell body area in the two-
neuron cultures and found that the mean area of Pten-KO neurons
was ~1.6-fold larger than that of Pten-WT and both groups of Con
neurons, a change qualitatively similar to previous findings in brain
slices (1.5- to 2-fold increases) (Ljungberg et al., 2009; Vogt et al.,
2015; Williams et al., 2015) (Fig. 1E). These experiments demon-
strate that loss of PTEN in the two-neuron cultures causes an
increase in PI3K-mTOR signaling that is specific to Pten /1o
neurons expressing the mCherry-Cre fusion protein. Finally, to
assess whether expression of mCherry-Cre was sufficient to cause
recombination in the majority of neurons in which it was visible,
we performed immunostaining against the PTEN protein in dis-
sociated cultures of Pten-WT and Pten-KO neurons. Plotting the
values of PTEN fluorescence intensity for each neuron on a his-
togram (Fig. 1F) demonstrated a strong leftward shift in the dis-
tribution of PTEN fluorescence intensity in the Pten-KO group
and a lack of a second peak to the right, suggesting that recombi-
nation of the Pten gene by the mCherry-Cre fusion protein is very
efficient.

Loss of PTEN in E-E two-neuron microcircuits increases
glutamatergic input onto the Pten-KO cell but does not
increase its output

Synapses originating from excitatory neurons onto other excit-
atory neurons form the basis of the canonical hippocampal cir-
cuit. We therefore first tested the effects of PTEN loss on evoked
synaptic strength between pairs of excitatory hippocampal neu-
rons (E-E). In these E-E pairs, each neuron forms a synaptic
connection with its partner, as well as with itself, meaning four
distinct synaptic connections are present in each pair (Fig. 2A).
We evoked action potentials in each of the two neurons, recorded
the peak amplitude of the responses in voltage-clamp mode, and
compared the amplitudes recorded from Control pairs with those
from Mutant pairs (Fig. 2B; Table 1). The response amplitudes of
the two synapses onto the Pten-KO neurons in Mutant pairs were
increased compared with those onto the Pten-WT neurons in
Control pairs (Fig. 2B, C, orange and gray symbols). However,
the response amplitudes of the two synapses onto the Con neu-
rons in Mutant pairs were not different from those onto Con
neurons in Control pairs (Fig. 2B, C, green and blue symbols).
These data suggest two things: (1) postsynaptic loss of PTEN in
glutamatergic neurons is sufficient to increase excitatory synaptic
input; and (2) presynaptic loss of PTEN does not increase gluta-
matergic output, at least onto other excitatory neurons that are
Pten-WT.

The increase in glutamatergic input in E-E pairs is due to
increased synaptic connectivity

Previous studies of glutamatergic connections onto glutamater-
gic Pten-KO neurons, both in brain slice and culture prepara-
tions, have found increases in synaptic strength and indicate that
the primary driver of these increases is an increase in the number
of synapses formed. To test for an increase in synaptic connec-
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tivity, we used three measures, two physiological and one mor-
phological. For the first physiological assay, we applied 500 mm
sucrose to the pairs, which causes the neurons to release their full
complement of fusion-competent synaptic vesicles (Fig. 2D). The
number of vesicles released onto the Pten-KO neurons in Mutant
pairs was increased by 1.84-fold over the number released onto
Pten-WT neurons in Control pairs (Fig. 2E, right bars). The
number of vesicles released onto Con neurons was not signifi-
cantly different in Mutant versus Control pairs (Fig. 2E, left bars).
For the second physiological assay, we recorded mEPSC frequen-
cies (Fig. 2F). The mEPSC frequency recorded in the Pten-KO
neurons in Mutant pairs was increased by 1.81-fold over the fre-
quency recorded in Pten-WT neurons in Control pairs (Fig. 2G,
right bars), whereas the frequency recorded in Con neurons was
not significantly different in Mutant versus Control pairs (Fig.
2G, left bars).

The results from the two physiological assays indicate an in-
crease in the number of synaptic vesicles available for release,
which could be caused by two possibilities: (1) more vesicles per
synapse or (2) more synapses. To distinguish between these pos-
sibilities, we analyzed two-neuron cultures immunostained with
antibodies against VGLUT1 to mark glutamatergic synapses, and
MAP2 to visualize dendrites. We then quantified the number of
VGLUT1 punctae along dendrites that could be definitely as-
signed to either the Con or Pten-WT neuron in Control pairs, or
the Con or Pten-KO neuron in Mutant pairs (Fig. 2H ). The num-
ber of glutamatergic synapses onto Con neurons was not differ-
ent in Control versus Mutant pairs (Fig. 21, left bars), whereas the
number of glutamatergic synapses onto Pten-KO neurons was
increased 1.65-fold over the number onto Pten-WT neurons
(Fig. 21, right bars). This result indicates that the increased syn-
aptic strength and vesicle number at synaptic connections onto
Pten-KO neurons is largely due to an increase in the number of
synapses, and that postsynaptic loss of PTEN is sufficient to cause
this increase.

Loss of PTEN in the glutamatergic neuron in I-E pairs
increases glutamatergic and GABAergic input onto the Pten-KO
cell, as well as self-innervation by the GABAergic neuron
Because principal neurons in the hippocampus are strongly reg-
ulated by local GABAergic interneurons, we next tested how in-
teractions between excitatory and inhibitory neurons are affected
by PTEN loss. To do this, we assayed synaptic strength in pairs
consisting of one GABAergic and one glutamatergic hippocam-
pal neuron, in which Pten was deleted specifically in the glutama-
tergic neuron (I-E) (Fig. 3A). Similar to the E-E pairs, loss of
PTEN in the postsynaptic glutamatergic neuron was sufficient to
increase the strength of both synaptic connections onto that neu-
ron. The peak amplitude of the glutamatergic synapse onto the
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(Figure legend continued.) pAKT ;5 (center), and p4E-BP (right) immunofluorescence (bottom
row). Scale bar, 25 wm. D, Bar graph represents the normalized increases in fluorescence
intensity for pS6 (p = 0.024), pAKT (p = 0.002), and p4E-BP (p = 0.011) in Pten-KO neurons
versus Pten-WT neurons (mean == SEM). Black and red numbers indicate the number of
Pten-KO and Pten-WT neurons analyzed, respectively. The values from these datasets were
derived from three independent cultures and were normally distributed. *p << 0.05 (two-tailed
Student's t test). **p << 0.01 (two-tailed Student's ¢ test). E, Bar graph represents the increase
in neuronal cell body area in Pten-KO neurons versus Pten-WT neurons and Con neurons
(mean == SEM). p << 0.01. Numbers on bars indicate the number of neurons analyzed. Kruskal—
Wallis test followed by Dunn’s multiple comparisons test. F, Histogram showing the Pten im-
munofluorescence intensity in Pten-WT (n = 180 neurons, black bars) and Pten-KO (n = 176
neurons, red bars) neurons.
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Pten-KO neuron was increased 2.31-fold over the same connec-
tion onto the Pten-WT neuron (Fig. 3B,C, orange symbols),
whereas the peak amplitude of the GABAergic synaptic connec-
tion was increased 2.13-fold (Fig. 3 B, C, gray symbols), providing
evidence that postsynaptic loss of PTEN can increase both gluta-
matergic and GABAergic synaptic strength.

The strength of the glutamatergic synapses originating from
the Pten-KO cell was again unchanged compared with that orig-
inating from the Pten-WT cell (Fig. 3 B, C, blue symbols), sug-
gesting that presynaptic loss of PTEN does not affect baseline
synaptic output. In contrast to the results from E-E pairs, in which only
the synaptic strength onto the Pten-KO neuron was increased,
loss of PTEN in the glutamatergic neuron in the I-E pairs also
increased the strength of the GABAergic synapses that the
GABAergic neuron made with itself in Mutant pairs (Fig. 3B, C,
green symbols). This result suggests that loss of PTEN in hip-
pocampal glutamatergic neurons also increases inhibition of in-
hibition via a transsynaptic mechanism.

The increase in glutamatergic and GABAergic synaptic
strength input in I-E pairs is due to increased synaptic
connectivity

In contrast to the E-E pairs, in which only the sum of the two
inputs onto a neuron can be assayed, in I-E pairs the synaptic
connectivity of each of the four synapses can be tested separately
using glutamate or GABA receptor antagonists. We first assayed
the number of synaptic vesicles available for release at each con-
nection by combining 500 mM sucrose with 3 mm KYN to block
glutamate receptors, or 20 um BIC to block GABA receptors (Fig.
3D). The number of available vesicles was increased in Mutant
pairs at each of the three synapses that showed increased strength,
but not at the one that did not (Fig. 3E). Next, we combined the
synaptic blockers with TTX and measured the miniature current
frequencies for each connection. The mIPSC (Fig. 3F, G, gray
symbols) and mEPSC frequencies (Fig. 3 F, G, orange symbols)
onto the glutamatergic Pten-KO neuron were both increased
compared with those onto the Pten-WT neuron. The mean
mIPSC frequency of the GABAergic self-synapses (Fig. 3F,G,
green symbols), though elevated, was not significantly greater
in Mutant pairs than in Control pairs (Control: 1.15 *+ 0.22 Hz
vs Mutant: 1.57 = 0.22 Hz, p = 0.20).

To test whether changes in synapse number cause the ob-
served changes in synaptic strength, we simultaneously visualized
glutamatergic and GABAergic synapses by immunostaining with
antibodies against VGLUT1 and VGAT, respectively, and MAP2.
We reconstructed the dendrites of each neuron in Control and
Mutant pairs and quantified the number of VGLUT1 and VGAT
punctae along dendrites that could be definitively assigned to either
the Con or Pten-WT neuron in Control pairs, or the Con or
Pten-KO neuron in Mutant pairs (Fig. 3H). There was an increase
in the number of glutamatergic and GABAergic synapses onto
Pten-KO neurons (Fig. 31, gray and orange bars). Also, in agreement
with the change in vesicle number, the number of GABAergic syn-
apses onto Con neurons when they were paired with a Pten-KO
neuron was significantly greater (p = 0.027) than when paired with
a Pten-WT neuron (Fig. 31, green bar). Thus, postsynaptic loss of
PTEN in hippocampal excitatory neurons is sufficient to increase
glutamatergic and GABAergic synaptic connectivity onto these neu-
rons, and the increase in the number of GABAergic synapses is not
limited to those made onto the Pten-KO neuron.
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Figure 2.  Loss of PTEN in E-E pairs leads to increased synaptic strength onto the postsynaptic neuron only. 4, Schematic of an E-E pair shows the four synaptic connections tested (color-coded
arrowheads). B, Representative traces and mean == SEM values for Control (left traces and circles) and Mutant (right traces and circles) pairs are shown for each of the four connections. Color code
matches the connections shown in A. A summary of all values, numbers of neurons tested, and statistical results are in Table 1. , Bar graph represents the normalized mean == SEM EPSC peak
amplitude values for each of the four connections [Mutant pair relative to Control pair (dotted line)]. D, Representative traces indicate the current response to the 500 mm sucrose application used
to assay the size of the readily releasable pool of synaptic vesicles onto each neuron in Control (black traces) and Mutant (red traces) pairs. E, Bar graphs represent the increase in the number of
available synaptic vesicles onto the Pten-KO neurons (numbers on bars indicate the number of neurons analyzed). Bars represent color-matched traces directly above them. F, Representative traces
indicate the mEPSC activity recorded in each neuron in Control (black traces) and Mutant (red traces) pairs. G, Bar graphs represent the increase in the mEPSC frequency recorded in the Pten-KO
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Loss of PTEN in I-I pairs increases GABAergic input onto the
Pten-KO cell but does not increase its output

The increase in autaptic inhibition observed in the I-E pairs raises
the possibility that PTEN loss may also increase the synaptic strength
of connections between GABAergic neurons. Although regula-
tion of principal cell activity is the more studied function of
GABAergic neurons in the hippocampus, GABAergic neurons
also form extensive contacts with each other to regulate the flow
of information through hippocampal and cortical circuits
(Chamberland and Topolnik, 2012; Jiang et al., 2015). We there-
fore tested the effects of PTEN loss on evoked synaptic strength
between pairs of inhibitory hippocampal neurons (I-1) (Fig. 4A).
We evoked action potentials in each of the two neurons and
found, similar to the E-E pairs, that the response amplitudes of
the two synapses onto the Pten-KO neurons in Mutant I-I pairs
were increased compared with the response amplitudes onto the
Pten-WT neurons in Control pairs (Fig. 4 B, C, orange and gray
symbols). Also, similar to E-E pairs, the response amplitudes of
the two synapses onto the Con neurons were not different in
Control versus Mutant pairs (Fig. 4 B, C, green and blue symbols).
These data indicate that, in the two-neuron culture system, post-
synaptic loss of PTEN is sufficient to increase synaptic strength
onto the Pten-KO neuron, but does not increase Pten-KO neu-
ron output, and that these effects are not dependent on the neu-
rotransmitter phenotype of the Pten-KO neurons. Moreover,
these data suggest that the increased GABAergic self-inhibition
seen in the I-E pairs (Fig. 3 B, C, green symbols) requires that the
Pten-KO neuron be a glutamatergic neuron.

The increase in GABAergic input in I-I pairs is due to an
increased number of synapses

To test whether an increase in synaptic connectivity also causes
the increased GABAergic synaptic strength in I-I pairs, we measured
synaptic vesicle numbers and mIPSC frequencies. The number of
vesicles released by sucrose application onto the Pten-KO neurons in
Mutant I-I pairs was increased by twofold over the number released
onto Pten-WT neurons in Control pairs (Fig. 4D, E, right bars).
The number of vesicles released onto Con neurons was not sig-
nificantly different in Mutant versus Control pairs (Fig. 4D, E,
left bars). The mIPSC frequency recorded in the Pten-KO neu-
rons in Mutant pairs was increased by 2.05-fold over the fre-
quency recorded in Pten-WT neurons in Control pairs (Fig.
4F, G, right bars), whereas the frequency recorded in Con neu-
rons was not significantly different in Mutant versus Control
pairs (Fig. 4 F, G, left bars).

To visualize GABAergic synapses, we immunostained with anti-
bodies against VGAT and MAP2. We then quantified the number of
VGAT punctae along dendrites that could be definitively assigned to
either the Con or Pten-WT neuron in Control pairs, or the Con or
Pten-KO neuron in Mutant pairs (Fig. 4H ). The number of GABAe-
rgic synapses onto Con neurons was not different in Control versus
Mutant pairs (Fig. 41, left bars), whereas the number of GABAergic
synapses onto Pten-KO neurons was increased 1.79-fold over the

<«

(Figure legend continued.) Control pair data (n = 20) are indicated by clear bars and Mutant pair
data (n = 23) by colored bars to match the schematic in A. H, Representative tracing of a Con
GABA (blue) and Pten-KO glutamate (yellow) I-E Mutant pair shows VGLUT1 (green punctae)
and VGAT (red punctae) immunofluorescence. Scale bar, 25 wm. , Bar graph represents the
increase in the number of VGLUTT and VGAT punctae on the Pten-KO neurons, and an increase
in VGAT punctae on the Con neurons, in I-E pairs. Control pair data (n = 17) are indicated by
clearbars and Mutant pair data (n = 19) by colored bars to match the schematicin 4. *p < 0.05
(Mann-Whitney test). **p << 0.01 (Mann-Whitney test).
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number onto Pten-WT neurons (Fig. 41, right bars). Thus, postsyn-
apticloss of PTEN in hippocampal inhibitory neurons s sufficient to
increase GABAergic synaptic connectivity onto these neurons.

Loss of PTEN in the GABAergic neuron in E-I pairs increases
glutamatergic and GABAergic input onto the Pten-KO cell
but decreases its output onto the glutamatergic cell

Finally, we tested the effects of PTEN loss in GABAergic neurons
on synaptic strength and connectivity between pairs of glutama-
tergic and GABAergic neurons, in which Pten was deleted selec-
tively in the GABAergic neuron (E-I) (Fig. 5A). Similar to PTEN
loss in glutamatergic neurons in the I-E pairs, postsynaptic loss of
PTEN in the GABAergic neuron was sufficient to increase both
excitation and inhibition onto that neuron (Fig. 5B, C, gray and
orange symbols). The strength of the control neuron’s self-input
was unchanged (Fig. 5B, C, green symbols). We observed a unique
effect on the output of the Pten-KO GABAergic neuron, however, as
the strength of this connection was decreased by >50% (Fig. 5B, C,
blue symbols), indicating that PTEN loss in GABAergic neurons
can cause a decrease in inhibitory output onto glutamatergic
neurons.

The changes in glutamatergic and GABAergic synaptic
strength input in E-I pairs are due to changes in synaptic
connectivity
We assayed the number of synaptic vesicles available for release at
each connection in the E-I pairs by combining 500 mm sucrose
with 3 mM KYN to block glutamate receptors, or 20 uM BIC to
block GABA receptors (Fig. 5D). Consistent with the alterations
in synaptic strength observed in the E-I pairs, the number of avail-
able vesicles was increased in Mutant pairs at the two synapses onto
the Pten-KO (Fig. 5D, E, gray and orange bars), whereas the number
of vesicles available at the output of the Pten-KO neuron onto its
partner (Fig. 5D, E, blue symbols) was significantly decreased.
Next, we measured the miniature current frequencies for each
connection. The mEPSC (Fig. 5F, G, gray symbols) frequency
onto the GABAergic Pten-KO neurons was increased compared
with those onto Pten-WT neurons, although we did not detect an
increase in mIPSC frequency in the Pten-KO neurons (Fig. 5F, G,
orange symbols). The mEPSC frequency of the glutamatergic
self-synapses was also unchanged (Fig. 5F, G, green symbols),
and the mIPSC frequency at the Pten-KO output synapses was
significantly lower in Mutant pairs (Fig. 5F, G, blue symbols).
To determine whether these changes in synaptic strength and
vesicle number are due to changes in synapse number, we visual-
ized glutamatergic and GABAergic synapses with immunostain-
ing against VGLUT1, VGAT, and MAP2 (Fig. 5H). There was a
significant increase in the number of glutamatergic and GABAe-
rgic synapses onto the GABAergic Pten-KO neurons (Fig. 51, gray
and orange bars) and a significant decrease in the number of
GABAergic synapses onto glutamatergic neurons paired with
Pten-KO neurons (Fig. 51, blue bar). Thus, postsynaptic loss of
PTEN in hippocampal inhibitory neurons is sufficient to increase
glutamatergic and GABAergic synaptic connectivity onto these
neurons but decreases the number of synapses that they make
onto glutamatergic neurons.

Loss of PTEN in hippocampal slice cultures increases
functional connectivity and synchrony

Previous studies have shown that increased synaptic connectivity
predicts an increase in synchronous network activity and func-
tional connectivity (Lillis et al., 2015; Okun et al., 2015). To test
whether this is true for loss of PTEN, we prepared hippocampal
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Figure 4. Loss of PTEN in I-I pairs leads to increased synaptic strength onto the postsynaptic neuron only. A, Schematic of an I- pair shows the four synaptic connections tested (color-coded
arrowheads). B, Representative traces and mean == SEM values for Control (left traces and circles) and Mutant (right traces and circles) pairs are shown for each of the four connections. Color code
matches the connections shown in A. A summary of all values, numbers of neurons tested, and statistical results are in Table 1. €, Bar graph represents the normalized mean = SEM IPSC peak
amplitude values for each of the four connections [Mutant pair relative to Control pair (dotted line)]. D, Representative traces indicate the current response to the 500 mm sucrose application used
to assay the size of the readily releasable pool of synaptic vesicles onto each neuron in Control (black traces) and Mutant (red traces) pairs. E, Bar graphs represent the increase in the number of
available synaptic vesicles onto the Pten-KO neurons (numbers on bars indicate the number of neurons analyzed). Bars represent color-matched traces directly above them. F, Representative traces
indicate the mEPSC activity recorded in each neuron in Control (black traces) and Mutant (red traces) pairs. G, Bar graphs represent the increase in the mEPSC frequency recorded in the Pten-KO
neurons (numbers on bars indicate the number of neurons analyzed). Bars represent color-matched traces directly above them. H, Representative tracing of a Con (blue) and Pten-KO (yellow) I-I
Mutant pair showing VGAT staining (red punctae). Scale bar, 25 wm. I, Bar graphs represent the increase in the number of VGAT punctae on Pten-KO neurons in I-I pairs (numbers on bars indicate
the number of neurons analyzed). *p << 0.05 (Mann-Whitney test). **p << 0.01 (Mann-Whitney test).

slice cultures from P4-P5 Pten™"™" and Pten'®'*P pups and  preparation resulted in Control slices that, analogous to Control
injected two AAVs: one expressing GCaMP6m, a fluorescent cal-  neuron pairs, contained a mixture of non—cre-expressing (Con)
cium indicator that is widely used to image neural activity, and  and cre-expressing (Pten-WT) neurons, and Mutant slices that,
one expressing the mCherry-Cre fusion protein (Fig. 6A,B). This  analogous to Mutant neuron pairs, contained a mixture of non—
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cre-expressing neurons (Con) and cre-expressing (Pten-KO)
neurons (Fig. 6B). After 7-10 d, we imaged spontaneous fluores-
cence changes of neurons in the pyramidal cell layer of the slice
cultures with two-photon microscopy and tested whether loss of
PTEN in this preparation leads to increases in neuronal activity,
synchronous activity, and functional connectivity.

As in the two-neuron cultures (Fig. 1E), Pten-KO neurons
showed an increase in cell body size compared with those of
Pten-WT and Con neurons, providing evidence of mTOR path-
way activation in the infected hippocampal slices (Fig. 6C). To
assess the ability of the GCaMPém calcium indicator to accu-
rately report action potentials, we first performed cell-attached
recordings of individual neurons in the slices and confirmed that
increases in GCaMP6m fluorescence were due to action potential
firing (Fig. 6D). Next, we monitored GCaMP6m fluorescence
changes in groups of 20—60 neurons from Control (mean: 50.9 *
4.5 neurons, n = 11 slices, 6 mice) and Mutant slices (mean:
47.8 = 3.5 neurons, n = 12 slices, 6 mice). The number of active
cells per slice was not significantly different between Control and
Mutant slices (Control: 39.5 = 4.6 neurons vs Mutant 43.0 * 3.7
neurons, p = 0.56). To test for changes in neuronal activity, we
recorded the frequency and amplitude of spontaneous calcium
events. The mean frequency of cellular events was not signifi-
cantly different between Control and Mutant slices (Control:
1.18 * 0.2 events/min vs Mutant: 1.34 £ 0.3 events/min, p =
0.98) (Fig. 6 E,F). However, the mean amplitude of the calcium
events was greater in neurons from Mutant slices than in neurons
from Control slices (Control: 0.32 * 0.07 AF/F vs Mutant: 0.65 =
0.10 AF/F, p = 0.019) (Fig. 6G,H). This increased amplitude
could be due to an increase in the amount of calcium influx per
action potential or to an increase in the number of action poten-
tials. To distinguish between these possibilities, we measured the
mean amplitude of the calcium events accompanying individual
action potentials in neurons from each slice group using loose-
patch recordings, and found that they were not significantly dif-
ferent between Pten-WT and Pten-KO neurons (Pten-WT:
0.042 = 0.002 AF/F vs Pten-KO: 0.040 * 0.002 AF/F, p = 0.82),
indicating that calcium influx due to action potentials is not al-
tered by PTEN loss. Together, these data suggest that neurons in
Mutant slices are not more likely to be active than neurons in
Control slices; however, when Mutant slice neurons are active,
they fire more action potentials than neurons in Control slices.

To examine the occurrence of synchronous activity, we
searched for network events, which we defined as periods in
which a significant number of neurons were simultaneously ac-
tive based on the total number of calcium activations of all active
neurons within a sliding 1 s window (Fig. 7A, B). The mean fre-
quency of network events was not significantly different in Con-
trol slices (1.20 = 0.23 events/min) and Mutant slices (1.43 *

<«

(Figure legend continued.) to match the schematicin A. F, Representative traces indicate mEPSC
and mIPSC activity. The traces from Control pairs are in black and those from Mutant pairs are
colored to match the schematic in A. G, Bar graph represents the increase in the mEPSC fre-
quency onto the Pten-KO GABAergic neuron and the decrease in the mIPSC frequency onto the
Con neuron in Mutant pairs. Control pair data (n = 21) are indicated by clear bars and Mutant
pair data (n = 18) by colored bars to match the schematic in A. H, Representative tracing of a
Con glutamate (blue) and Pten-KO GABA (yellow) E-I Mutant pair showing VGLUT1 (green
punctae) and VGAT (red punctae) immunofluorescence. Scale bar, 25 pm. I, Bar graph repre-
sents the changes in the number of VGLUT1 or VGAT punctae at each of the four connections.
Control pair data (n = 15) are indicated by clear bars and Mutant pair data (n = 17) by colored
bars to match the schematicin 4. *p << 0.05 (Mann-Whitney test). **p << 0.01 (Mann-Whitney
test).
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0.25 events/min, p = 0.61) (Fig. 7C, left). However, the number
of neurons that participated in network events was greater in
Mutant slices than in Control slices. This was true both when
expressed as the absolute number of neurons participating in the
network event (Control: 15.2 = 2.8 neurons vs Mutant: 26.2 *=
2.8 neurons, p = 0.015), as well as the fraction of the active
neurons that participated in the events (Control: 0.37 * 0.04
neurons vs Mutant: 0.62 * 0.06 neurons, p = 0.002) (Fig. 7C,
middle), indicating an increased recruitment of neurons into net-
work events in Mutant slices. As another measure of network
synchronization and functional connectivity, we calculated the
fraction of active cells in each image that were significantly cor-
related (p < 0.01 vs scrambled data). The fraction of significantly
correlated neurons was greater in Mutant slices (0.74 = 0.05)
than in Control slices (0.53 * 0.04) (Fig. 7C, right), indicating
that the increased synaptic connectivity, which we observed in
the two-neuron culture system, leads to an increase in functional
connectivity and synchrony.

The changes in functional connectivity and synchrony involve
the entire network, not just Pten-KO neurons

Finally, to determine whether the increases in neuron recruit-
ment and functional connectivity that we observed in the Mutant
slices are due to selective increases in Pten-KO neurons, or
whether the changes are distributed throughout the network, we
compared the neuronal activity of cre-expressing (Pten-WT or
Pten-KO) to non—cre-expressing (Con) neurons in Control and
Mutant slices (Fig. 8). In Control slices, there were no significant
differences between Con and Pten-WT neurons in any of the
parameters measured (Fig. 8B--E, left columns), verifying that
the cre-expressing viruses had no effect on neuronal activity.
Moreover, in Mutant slices, the mean frequency of cellular events
was not different between Pten-KO and Con neurons (Con:
1.36 * 0.28 events/min vs Pten-KO: 1.38 * 0.26 events/min, p =
1; Fig. 8B), indicating that the Con neurons are behaving simi-
larly to the Pten-KO neurons in the Mutant slices. Surprisingly,
the mean event amplitude was significantly increased in the Con
neurons compared with that of the Pten-KO neurons (Con:
0.68 = 0.12 AF/F vs Pten-KO: 0.57 = 0.09 AF/F, p = 0.01; Fig.
8C), indicating that Con neurons fired more action potentials
than Pten-KO neurons in the Mutant slices. Together, these data
suggest that Con neurons participate in the increased neural ac-
tivity of the Mutant slices, and that the increase in event ampli-
tude seen in Mutant slices versus Control slices is not solely due to
increases in Pten-KO neurons.

We next asked whether the increase in the number of neurons
that participated in the network events that we observed in Mu-
tant slices is likewise due to increased participation by both Con
and Pten-KO neurons. Indeed, the fraction of Con neurons that
participated in the network events was not significantly different
from the fraction of Pten-KO neurons that participated in net-
work events in the Mutant slices (Con: 0.61 = 0.06 fraction of
neurons vs Pten-KO: 0.59 = 0.06 fraction of neurons, p = 0.53;
Fig. 8D). Similarly, there was no significant difference between
the fraction of Con and Pten-KO neurons that displayed corre-
lated activity in the Mutant slices (Con: 0.75 * 0.05 fraction of
neurons vs Pten-KO: 0.71 * 0.04 fraction of neurons, p = 0.56).
Thus, these data demonstrated that the changes that we observed
in Mutant slices were manifest throughout the network and not
confined to the Pten-KO neurons.
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Figure 6.  Multicellular calcium imaging shows that neurons in Mutant slices have greater event amplitude but not frequency than those of Controls. 4, A stereoscope image shows GFP
fluorescence from GCaMP6 expression in a hippocampal slice culture. An outline of the slice is drawn for reference. Box indicates the representative area selected forimaging. B, A two-photonimage
represents the fluorescence from GCaMP6 (green) and mCherry-Cre (red) coexpression in the principal cell layer of the hippocampal slice culture shown in 4. Scale bar, 25 wm. C, Bar graph represents
the increase in neuronal cell body area (mean == SEM) in Pten-KO neurons versus Pten-WT and Con neurons. p = 0.015 versus Pten-WT (one-way ANOVA with Tukey's post test). p = 0.012 versus
Con (one-way ANOVA with Tukey’s post test). Numbers on bars indicate the number of neurons analyzed. D, Representative traces from a loose-patch recording (top) with the corresponding
time-locked cellular GCaMP fluorescence from the patched neuron (bottom). E, Representative cellular fluorescence traces from a neuron from a Control (black) and Mutant (red) slice. F, Dot plot
represents the lack of a change in event frequency (events per minute) in Mutant slices. Each dot represents the average event frequency of all individual neurons in one slice. G, Representative
average event traces from Control (black) and Mutant (red) slices. H, A dot plot represents the increase in event amplitude (AF/F) in Mutant slices. Each dot represents the average event amplitude
of all individual neurons in one slice. *p << 0.05 (Mann-Whitney test).

Discussion postsynaptic, presynaptic, and transsynaptic changes. The post-
Here, we performed a comprehensive analysis of the effects of ~ synaptic effect was independent of the connection type, as it al-
PTEN loss on the four synaptic motifs formed by the two major ~ ways increased connectivity onto the Pten-KO neurons, but the
classes of neurons in the hippocampus. Loss of PTEN caused  presynaptic and transsynaptic effects were only evident at specific
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Figure7. Loss of PTEN increases synchrony in hippocampal slice cultures. 4, Representative fluorescence traces for 20 simultaneously recorded neurons from a Control (left) and a Mutant (right)
slice. Red boxes represent network events. B, Event histograms corresponding to the traces in A that illustrate the percentage of total active neurons that had event onsets within each 2 s time bin.
€, Dot plots show the frequency of network events (left), the fraction of active neurons that participated in network events (middle), and the fraction of cells displaying a significant correlation (right)

in Control (black) and Mutant (red) slices. **p << 0.01 (Mann-Whitney test).

connections. We then deleted Pten in an ex vivo model of the
developing hippocampus in a mosaic manner and found that it
increased the number of action potentials during periods of activity,
and the number of neurons that participated in network activity.
Importantly, these alterations occurred across the network in Con
and Pten-KO neurons. Together, our data indicate that PTEN loss
causes changes at multiple connection motifs that rewire the net-
work and combine to induce the network pathology.

Loss of PTEN increases connectivity via postsynaptic
mechanisms, independent of the connection type

In all four connection types studied, loss of PTEN in the postsyn-
aptic neuron was sufficient to cause an increase in synaptic
strength onto that neuron. Three distinct assays supported the
conclusion that this was due to an increase in synapse number,
and the effect persisted whether the input was GABAergic or
glutamatergic. Although these changes were shown in vitro, hy-

peractivation of PI3K-mTOR signaling also potentially affects
these connections in vivo. Whether it does or not may depend
on many factors particular to each circuit, including anatomical
constraints, homeostatic plasticity, activity-dependent plasticity,
and molecular heterogeneity. Previous studies in acute slices gen-
erally support the conclusion that postsynaptic PTEN loss in-
creases excitatory-excitatory synaptic strength via increases in
synapse formation (Xiong et al., 2012; Williams et al., 2015). Our
model confirms these results but further argues that this increase
in synapse number occurs at GABAergic connections, both those
onto glutamatergic neurons and those between GABAergic neu-
rons. Thus, the mechanism involved in the increased synapse
formation is likely to involve signaling molecules that are not
unique to GABAergic or glutamatergic synapse formation.

The consistent increase in mPSC frequency when the postsyn-
apse was PTEN-deficient supports our conclusion that the in-
creased synaptic strength is due to an increase in synapse number.
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Figure8. The changes observed in Mutant slices cannot be accounted for by changes in the
activity of Pten-KO neurons alone. 4, Fluorescence traces from Con (black traces) and Pten-KO
(red traces) neurons during an identified network event in a Mutant slice. B—E, Dot plots show-
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E, the fraction of significantly correlated active neurons. All comparisons were made with the
Wilcoxon matched-pairs signed ranks test. *p << 0.05 (Wilcoxon matched-pairs signed ranks
test).

Previously, we reported that loss of PTEN in single-neuron cul-
tures did not increase mPSC frequency but did increase synapse
number and RRP size, which we interpreted as PTEN loss causing
a decrease in the spontaneous release rate via a presynaptic pro-
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cess (Weston et al., 2012). There are at least two possibilities for
this discrepancy. First, it is probable that PTEN loss exerts two
effects: a postsynaptic increase in synapse formation that leads
to an increase in mPSC frequency and a presynaptic decrease in
spontaneous release rate. In single-neuron cultures, where both
the presynapse and postsynapse are devoid of PTEN, these effects
cancel each other out and produce no change. In two-neuron cul-
tures, where many of the synapses onto a postsynaptic PTEN-KO are
made by a Con presynaptic neuron, mEPSC frequency is increased.
However, in two-neuron culture recordings where the presyn-
apse is PTEN-KO and the postsynapse is Con (Figs. 3G; 5G),
mPSC frequency is depressed. Second, it is possible that the lack
of mPSC frequency increase due to PTEN loss in single-neuron
cultures is due to the lack of heterogeneous connectivity in this
preparation, similar to findings in synaptotagmin I-knock-out
neurons, and that this prevented us from detecting this increase
in our previous study (Liu et al., 2009; Wierda and Serensen,
2014).

Loss of PTEN in E-I and I-E pairs causes unique changes in
synaptic strength and connectivity

In addition to the general effects of postsynaptic PTEN loss, we
found two additional connection-specific effects. The first was a
transsynaptic effect, where PTEN loss in the glutamatergic neuron
caused an increase in the connection that the partner GABAergic
neuron made with itself (Fig. 3). GABAergic neurons in the cortex
(Tamas et al., 1997; Bacci et al., 2003), cerebellum (Pouzat and
Marty, 1998), and amygdala use autaptic connections to regulate
their firing; thus, loss of PTEN in glutamatergic neurons in these
areas could alter the activity of inhibitory neurons. In more intact
circuits, this transsynaptic effect may not be limited to autaptic
connections, and it may serve to increase global GABAergic in-
terconnectivity. This effect, in combination with the strengthen-
ing of I-I connections due to PTEN loss in GABAergic neurons
themselves (Fig. 4), could lead to disinhibition and contribute to
the hypersynchronization that we observed in the slice experi-
ments (Fig. 7).

The second unique effect of PTEN loss was a presynaptic effect
in which Pten deletion in the GABAergic neuron decreased its
output onto the glutamatergic partner (Fig. 5). Heterozygous
Pten deletion in parvalbumin-expressing interneurons results in
loss of GABAergic connectivity onto pyramidal neurons (Baohan
et al., 2016), suggesting that even a modest reduction in PTEN
activity may reduce inhibitory output. However, more wide-
spread homozygous Pfen deletion in interneurons using the
Nkx2.1 promoter increases spontaneous IPSC frequency onto
layer 2/3 pyramidal neurons (Vogt et al., 2015). Our results sup-
port the interpretation that the initial effect of Pten deletion in
inhibitory neurons is a reduction in output connectivity, which
may contribute to the increase in action potential firing that we
observed in the Mutant slices (Fig. 6G,H ).

Loss of PTEN in hippocampal slice cultures

increases synchrony

In the hippocampal slice culture model, Pten deletion increased
the amplitude, but not frequency, of the calcium events. Because
we determined that Pten-KO neurons did not show a greater
increase in fluorescence per action potential, we interpret this
increase as the neurons in Pten-KO slices firing more action po-
tentials when active, although they were not more likely to enter
into a period of activity. This change could be due to increased
afferent excitation, weakened local inhibition, or even changes in
membrane excitability. Previous studies have not generally found
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increases in membrane excitability due to PTEN loss (Garcia-
Junco-Clemente et al., 2013; Weston et al., 2014; Williams et al.,
2015; Cupolillo et al., 2016), suggesting that the increased firing is
due to synaptic changes. Of the synaptic changes that we found,
the increase in E-E pair connectivity and the decrease in GABAe-
rgic output in E-I pairs could both contribute to the increase. A
previous study found increased evoked population spike num-
bers in the dentate gyrus circuit containing Pten-knock-out neu-
rons (LaSarge etal., 2016), which is in agreement with our finding
of increased spikes in individual neurons.

We also found that the network bursts that occur in the devel-
oping hippocampus recruited a greater proportion of neurons in
Mutant slices and increased the number of significantly corre-
lated neurons during spontaneous activity (Fig. 7). Previous
studies showed that synchronous network activity in the hip-
pocampus evolves in parallel to increases in glutamatergic and
GABAergic synaptic connectivity (Allene et al., 2012; Lillis et al.,
2015), and that the activity could be blocked by pharmacological
inhibition of PI3K and mTOR (Berdichevsky et al., 2013). Our
results extend these findings by showing that PTEN loss increased
synaptic connectivity in the two-neuron culture in the absence of
network synchrony, supporting the idea that the enhanced syn-
aptic connectivity downstream of mTOR hyperactivation drives
abnormal network synchronization. Moreover, the fact that the
synaptic and network changes appear within 1 week after Pten
deletion suggests that these are early events following mTOR hy-
peractivation. Increases in neuronal synchrony have also been
reported in mouse models of Fragile X and Rett syndromes (Gon-
calves et al., 2013; Lu et al., 2016), both of which also have high
incidences of epilepsy and autism (Gatto and Broadie, 2010), and
elevated synchrony is associated with epilepsy and autism in hu-
mans and animal models (Uhlhaas and Singer, 2006; Tyler et al.,
2012; Luongo et al., 2016).

On one end, the effects of PTEN loss on cell signaling, cellular
and subcellular neuroanatomy, and synaptic physiology have
been well studied (Backman et al., 2001; Kwon et al., 2001; Jawor-
ski et al., 2005; Fraser et al., 2008). On the other end, the effects of
PTEN loss on behavior (Kwon et al., 2006; Lugo et al., 2014;
Cupolillo et al., 2016) and the development of epilepsy (Ljung-
berg et al., 2009; Pun et al., 2012; Nguyen et al., 2015) have also
been characterized. There is relativelylittle information, however, on
how these changes at the cellular level manifest themselves in the
activity of local circuits, and how these circuit changes predispose
the brain to abnormal behavior and epilepsy. Our two-neuron
culture preparation allowed us to test the effects of PTEN loss
on the most basic circuit elements, and we found widespread
changes. It is likely that some of these changes are masked or
compensated for in vivo, and we do not know how each change
may relate to the increase in synchronous activity and functional
connectivity. Future studies may link specific changes in synaptic
function to altered network function in Pten and other models
of neurological disease, or find that the relationships are non-
linear. Either way, understanding the relationship between the
two should lead to a better grasp of how gene variants lead to their
neurological phenotypes.
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