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Abstract 49 

Changes in synaptic strength and connectivity are thought to be a major mechanism through which 50 

many gene variants cause neurological disease. Hyperactivation of the PI3K-mTOR signaling network, via 51 

loss of function of repressors such as PTEN, causes epilepsy in humans and animal models, and altered 52 

mTOR signaling may contribute to a broad range of neurological diseases. Changes in synaptic 53 

transmission have been reported in animal models of PTEN loss; however, the full extent of these 54 

changes, and their effect on network function, is still unknown. To better understand the scope of these 55 

changes, we recorded from pairs of mouse hippocampal neurons cultured in a two-neuron microcircuit 56 

configuration that allowed us to characterize all four major connection types within the hippocampus. 57 

Loss of PTEN caused changes in excitatory and inhibitory connectivity, and these changes were 58 

postsynaptic, presynaptic, and transynsaptic, suggesting that disruption of PTEN has the potential to 59 

affect most connection types in the hippocampal circuit. Given the complexity of the changes at the 60 

synaptic level, we measured changes in network behavior after deleting Pten from neurons in an 61 

organotypic hippocampal slice network. Slices containing Pten-deleted neurons showed increased 62 

recruitment of neurons into network bursts. Importantly, these changes were not confined to Pten-63 

deleted neurons, but involved the entire network, suggesting that the extensive changes in synaptic 64 

connectivity rewire the entire network in such a way that promotes a widespread increase in functional 65 

connectivity.  66 

 67 

 68 

Significance Statement 69 

Homozygous deletion of the Pten gene in neuronal subpopulations in the mouse serves as a valuable 70 

model of epilepsy caused by mTOR hyperactivation. To better understand how gene deletions lead to 71 

altered neuronal activity, we investigated the synaptic and network effects that occur one week after 72 
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Pten deletion. PTEN loss increased the connectivity of all four types of hippocampal synaptic 73 

connections, including two forms of increased inhibition of inhibition, and increased network functional 74 

connectivity. These data suggest that single gene mutations that cause neurological diseases such as 75 

epilepsy may affect a surprising range of connection types. Moreover, given the robustness of 76 

homeostatic plasticity, these diverse effects on connection types may be necessary to cause network 77 

phenotypes such as increased synchrony.  78 

 79 

 80 

 81 

 82 

 83 

 84 

 85 

 86 

 87 

 88 

 89 

 90 

 91 

 92 

 93 

 94 

 95 

 96 



 

5 
 

Introduction 97 

 Neurons that release glutamate or GABA send and receive the majority of synapses in the 98 

mammalian brain. The fast excitation and inhibition provided by these synapses are the building blocks 99 

of circuits throughout the brain, and the relative strength and timing of neurotransmission at these 100 

synapses regulate information flow through the circuits. Pathological changes in synaptic transmission 101 

are thought to underlie a range of neurological diseases, from epilepsy (Casillas-Espinosa et al., 2012; 102 

Euro et al., 2014) and autism (Zoghbi and Bear, 2012) to schizophrenia (Sigurdsson, 2016); however, it is 103 

currently unknown how many disease phenotypes can be assigned to dysfunction at specific synapses, 104 

or whether distributed dysfunction over many synaptic motifs combine to cause an emergent network 105 

pathology (Nelson and Valakh, 2015). 106 

 Although glutamatergic and GABAergic neurons can be further subdivided into numerous 107 

specialized types, at a more basic level, there are four types of connections: 1) excitatory synapses onto 108 

other excitatory neurons, 2) excitatory synapses onto inhibitory neurons, 3) inhibitory synapses onto 109 

excitatory neurons, and 4) inhibitory synapses onto other inhibitory neurons. These synaptic motifs form 110 

the basis for microcircuit elements such as feedforward, feedback, and lateral inhibition, which in turn, 111 

underlie network operations such as rate and population coding. Gene variants that cause neurological 112 

disease potentially affect all of these connection motifs, and their ultimate consequences are likely a 113 

summation of the additive effects of these changes (Nelson and Valakh, 2015). However, studies of 114 

synaptic transmission in neurological disease models usually focus on one or two specific connections, 115 

due to both the difficulty of recording from multiple connection types or pairs in ex vivo preparations, as 116 

well as the quest to establish sufficiency for causing disease phenotypes.  117 

 Variants in the PTEN gene are associated with autism, hemi- and megaencaphaly, and epilepsy 118 

in humans (Butler et al., 2005; Crino, 2011; Mirzaa and Poduri, 2014), and numerous animal models with 119 

Cre-mediated Pten deletion in various neuronal subpopulations have been shown to recapitulate the 120 
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phenotypes of these diseases (Lasarge and Danzer, 2014; Switon et al., 2016). In animal models, the 121 

effects of homozygous Pten deletion have been most intensely studied at excitatory-excitatory 122 

connections, where postsynaptic PTEN loss has been shown to increase synaptic strength (Weston et al., 123 

2012; Xiong et al., 2012; Williams et al., 2015). However, the effects of homozygous Pten deletion on 124 

synaptic connections involving GABAergic neurons, and the effects of presynaptic PTEN loss, are not well 125 

understood (Weston et al., 2012; Vogt et al., 2015). Furthermore, most animal models of epilepsy due to 126 

mTOR hyperactivation use selective Pten deletion, and many human epilepsy patients have somatic 127 

PTEN mutations (Lee et al., 2012); therefore, these epileptic brains are comprised of a mixture of 128 

genetically normal and mutant neurons, and many synapses will be genetically abnormal only on either 129 

the pre- or postsynaptic side. Thus, how mosaic PTEN loss affects the diversity of fast connections found 130 

in the brain, how it affects pre- and postsynaptic transmission, and how these changes sum to affect the 131 

activity of the neurons and the function of the circuits in which they operate are key questions that do 132 

not have sufficient answers.  133 

 To better understand how genetic mutations that cause neurological disease affect synaptic and 134 

network function, and to dissect the pre- and postsynaptic mechanisms that dictate the altered 135 

neuronal behaviors downstream of these mutations, we adapted a two-neuron culture preparation that 136 

allowed us to test excitatory-excitatory, excitatory-inhibitory, inhibitory-excitatory, and inhibitory-137 

inhibitory synaptic motif functions. Using Pten-deleted neurons as a model, we showed that the 138 

postsynaptic effects of Pten deletion were independent of the connection type, whereas other effects 139 

were connection-specific. Furthermore, using multicellular calcium imaging of hippocampal slice 140 

cultures in which Pten was deleted in a mosaic manner, we explored the effects on the spontaneous 141 

activity of neurons and their interactions, and found that PTEN loss led to an increase in functional 142 

connectivity that involved both genetically normal and mutant neurons.  143 

 144 
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Materials and Methods 145 

Mice and Cell Culture 146 

 Animal housing and use were in compliance with the National Institutes of Health (NIH) 147 

Guidelines for the Care and Use of Laboratory Animals and were approved by the institutional animal 148 

care committees at Baylor College of Medicine and the University of Vermont. Experiments utilized 149 

Ptentm1Hwu/J mice that possess loxP sites on either side of exon 5 of the Pten gene (The Jackson 150 

Laboratory). The mice were crossed to C57BL/6 wild-type mice to generate Ptenwt/loxp mice, which were 151 

then bred to generate the Ptenwt/wt and Ptenloxp/loxp genotypes used for the study. 152 

 Microisland astrocyte cultures were prepared according to published procedures (Burgalossi et 153 

al., 2012; Weston et al., 2012). Microislands were made by stamping collagen (0.7 mg/ml) and poly-D-154 

lysine (0.1 mg/ml) on agarose-coated glass coverslips with a custom-built stamp to achieve uniform size 155 

(200 μm diameter). Astrocytes derived from wild-type neonatal cortices were grown on microislands for 156 

1 week before plating the neurons. For the primary culture, the entire hippocampi from postnatal day 0-157 

1 (P0-P1) mice of both sexes from a litter from Ptenwt/loxp x Ptenwt/loxp parents were removed and 158 

maintained in Neurobasal-A media (NBA, Thermo Fisher Scientific) while DNA was isolated from their 159 

cortices and used for genotyping to identify Ptenwt/wt and Ptenloxp/loxp pups. Once identified, the 160 

hippocampi from these genotypes were digested with papain (Worthington) for 45 min and then 161 

dissociated into cell suspensions containing 500 - 1000 neurons/μl. For mass cultures used to generate 162 

Figure 1F, neurons were plated directly into 6-well culture plates on a confluent layer of astrocytes at a 163 

density of 1 x 105 neurons per well. For two–neuron cultures, the cell suspensions were split into two 164 

tubes of 500 μl each. To one of these tubes, 2 μl of AAV8-hsyn-mCherry-Cre (titer: 2 × 1013 GC/mL, UNC 165 

Vector Core) was added, and the virus was left on for 3 hr while the cell suspensions were gently shaken 166 

(500 r.p.m.) at 37°C on a Thermomixer (Eppendorf). After 3 hr, the tubes were centrifuged three times 167 

at 1500 r.p.m. for 5 min on a benchtop centrifuge and resuspended in fresh NBA each time.  After the 168 
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third resuspension, the cells were counted. Neurons (2000–4000) were then added to the wells of a six-169 

well plate to generate the Control pairs, which included the Ptenwt/wt and Ptenwt/wt plus virus groups, and 170 

the Mutant pairs, which included the Ptenwt/wt and Ptenloxp/loxp plus virus groups. The neurons were 171 

cultured in NBA medium supplemented with Glutamax and B-27 (Invitrogen).  172 

Electrophysiology 173 

 Paired whole-cell voltage-clamp recordings were performed with a patch-clamp amplifier 174 

(MultiClamp 700B amplifier; Molecular Devices) under the control of Clampex 10.3 or 10.5 (Molecular 175 

Devices, pClamp, RRID:SCR_011323). Data were acquired at 10 kHz and low-pass filtered at 4 kHz. The 176 

series resistance was compensated at 70%, and only cells with series resistances less than 15 MΩ were 177 

analyzed. The pipette resistance was between 2 and 4 MΩ. Standard extracellular solution contained the 178 

following (in mM): 140 NaCl, 2.4 KCl, 10 HEPES, 10 glucose, 4 MgCl2, and 2 CaCl2, pH 7.3 (305 mOsm). 179 

Internal solution contained the following: 136 mM KCl, 17.8 mM HEPES, 1 mM EGTA, 0.6 mM MgCl2, 4 180 

mM ATP, 0.3 mM GTP, 12 mM creatine phosphate, and 50 U/ml phosphocreatine kinase. These 181 

concentrations set the chloride reversal potential high enough that GABA receptor-mediated synaptic 182 

responses resulted in an inward current. All experiments were performed at room temperature (22–183 

23°C). Dual whole-cell recordings were performed on neuron pairs from control and mutant groups in 184 

parallel on the same day (day 7–10 in vitro). Only neuron pairs in which red fluorescence expression was 185 

visually identified in the nuclear region of one of the two neurons were targeted for patching. No effort 186 

was made to target specific subpopulations of glutamatergic or GABAergic neurons for recording, thus, 187 

our dataset likely includes glutamatergic pyramidal and granule cells, as well as the various classes of 188 

GABAergic interneurons that are found in the hippocampus. 189 

 For voltage-clamp experiments, neurons were held at -70 mV unless noted. Action potential-190 

evoked EPSCs or IPSCs were triggered by a 2 ms somatic depolarization to 0 mV. The shape of the 191 

evoked response and the effect of receptor antagonists [3 mM kynurenic acid (KYN, Tocris Bioscience) or 192 
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20 μM bicuculline (BIC, Tocris Bioscience)] were applied to verify the glutamatergic or GABAergic 193 

identities of the neurons. Neurons were stimulated at 0.2 Hz (for EPSCs) or 0.1 Hz (for IPSCs) in standard 194 

external solution to measure basal-evoked synaptic responses. To determine the number of releasable 195 

synaptic vesicles onto each neuron in the glutamatergic-glutamatergic and GABAergic-GABAergic pairs, 196 

we measured the charge transfer of the transient synaptic current induced by a 4 s application of 197 

hypertonic sucrose solution directly onto the neuron pair and then divided the sucrose charge by the 198 

charge of the average miniature event onto the same neuron. To determine the number of releasable 199 

synaptic vesicles at each synaptic connection in the glutamatergic-GABAergic pairs, solutions of sucrose 200 

plus 3 mM KYN and sucrose plus 20 μM BIC were sequentially applied. The charge transfer recorded in 201 

the sucrose/KYN solution was then divided by the charge of the average miniature IPSC (mIPSC) onto 202 

that neuron to calculate the number of GABAergic synaptic vesicles for that connection, and the charge 203 

transfer recorded in the sucrose/BIC solution was divided by the charge of the average miniature EPSC 204 

(mEPSC) onto that neuron to calculate the number of GABAergic synaptic vesicles for the connection. 205 

Miniature event detection 206 

 Miniature synaptic potentials were recorded for 60–80 s in 3 mM KYN or 20 μM BIC to isolate 207 

GABAergic and glutamatergic events, respectively, with 500 nM tetrodotoxin (TTX). For each cell, data 208 

were filtered at 1 kHz and analyzed using template-based miniature event detection algorithms 209 

implemented in the AxoGraph X 1.4 analysis software. The threshold for detection was set at three 210 

times the baseline SD from a template of 0.5 ms rise time and 3 ms decay for glutamatergic events and 211 

0.5 and 20 ms for GABAergic events. 212 

Immunocytochemistry 213 

 Neurons were rinsed three times with PBS, fixed with 4% paraformaldehyde for 30 min, and 214 

then washed with PBS three times again. Neurons were then placed in blocking solution (10% natural 215 

goat serum, 0.1% Triton X-100, and PBS) at room temperature for 1 hr. The following primary antibodies 216 
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in blocking solution were then applied to the neurons at 4°C overnight: MAP2 (mouse monoclonal, 217 

1:1000 dilution, Synaptic Systems, Cat# 188 011, RRID:AB_2147096), phospho-S6 Ribosomal Protein 218 

Ser240/244 (rabbit monoclonal, 1:1000 dilution, Cell Signaling Technology, Cat# 5364, 219 

RRID:AB_10694233), phospho-AKT Ser473 (rabbit monoclonal, 1:1000 dilution, Cell Signaling 220 

Technology, Cat# 4060, RRID:AB_2315049), phospho-4E-BP1 Thr37/46 (rabbit monoclonal, 1:1000 221 

dilution, Cell Signaling Technology, Cat# 2855, RRID:AB_560835), VGLUT1 (rabbit polyclonal, 1:5000 222 

dilution, Synaptic Systems, Cat# 135 302, RRID:AB_887877), VGAT (guinea pig polyclonal, 1:1000 223 

dilution, Synaptic Systems, Cat# 131 004, RRID:AB_887873), and PTEN (rabbit polyclonal 1:500 dilution, 224 

Cell Signaling Technology, Cat# 9559, RRID: AB_390810.) Following primary antibody application, cells 225 

were washed again three times in PBS and then incubated in the following Alexa Fluor secondary 226 

antibodies (Invitrogen/Molecular Probes) for 1 hr at room temperature: goat anti-mouse 488 (1:1000, 227 

Cat # A-11017, RRID:AB_143160), goat anti-rabbit 647 (1:1000, Cat# A-21244, RRID:AB_141663), goat 228 

anti-mouse 555 (1:1000, Cat# A-21422, RRID:AB_141822), and goat anti-guinea pig 488 (1:1000 Cat# A-229 

11073, RRID:AB_142018). Cells were then mounted to slides with Prolong Gold Antifade (Life 230 

Technologies) and were allowed to cure for 24 hr.  231 

 Images (1024 × 1024 pixels) were obtained using a DeltaVision automated upright 232 

epifluorescent imaging system (Applied Precision/GE Life Sciences) attached to an Olympus IX70 233 

microscope with a 20× oil objective, SoftWoRx software, and a CoolsnapHQ charge-coupled device 234 

digital camera (Photometrics) by an investigator blinded to the genotypes of the imaged groups. Images 235 

were acquired using equal exposure times between groups in stacks of 8–12 planes at 0.5 μm depth 236 

intervals and then deconvolved. Stacks were processed using Fiji software (Schindelin et al., 2012) to 237 

create maximum intensity projections. For neuron pair reconstructions, the MAP2 fluorescence in the 238 

cell bodies and dendritic trees was traced using the NeuronJ plugin for Fiji (Meijering et al., 2004). 239 

Dendritic branches that could not be definitively assigned to a Cre- (red fluorescence) or non-Cre-240 
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expressing neuron were excluded from the tracing. Glutamatergic and GABAergic neurons in each pair 241 

were identified based on VGLUT1 and VGAT expression, respectively, at the cell soma (Hartman et al., 242 

2006; Chang et al., 2014).  The total number of glutamatergic and GABAergic synapses was quantified by 243 

manually counting the punctae from the fluorescence signals for VGLUT1 and VGAT, respectively. Only 244 

punctae with areas less than 2 μm2 and within 5 μm of an assigned dendrite were counted.  245 

 For analysis of the levels of mTOR effectors, image exposure times and settings were kept the 246 

same between groups in a culture and were optimized to ensure there were no saturated pixels. 247 

Maximum intensity projections were created using Fiji, and the background was subtracted using the 248 

rolling ball method with a radius of 50 μm. Regions of interest (ROIs) were drawn around the cell body 249 

using the MAP2 channel, and then the mean fluorescence intensity and cell body area were measured 250 

for phospho-S6, phospho-AKT and phospho-4E-BP for each neuron imaged. Because the absolute values 251 

of the fluorescence intensity varied between cultures, the values were normalized to the mean value of 252 

the Pten-WT neurons for each culture. 253 

Hippocampal Slice Preparation 254 

 Slice cultures of the hippocampus were made from P4-P5 Ptenwt/wt and Ptenloxp/loxp pups. The 255 

hippocampi were dissected free of adhering tissue and placed on a Teflon stage of a custom-built 256 

mechanical tissue chopper covered with filter paper and a small amount of L-15 media (Invitrogen). 257 

Transverse (375 μm) slices were cut and placed on prewarmed Millicell membrane inserts (Millipore) 258 

sitting in 35-mm petri dishes filled with 1 mL of NBA medium supplemented with Glutamax and B-27 259 

(Invitrogen). Two slices were put on each insert and arranged such that they did not contact one 260 

another. The culture media were changed at 2-day intervals. Approximately 4–5 hr after slice 261 

preparation, AAV8-hsyn-mCherry-Cre and AAV9.Syn.GCaMP6m.WPRE.SV40 (titer: 4-5 × 1013 GC/mL, 262 

Penn Vector Core) were mixed in equal volumes and injected (three injection sites per slice, 25 nL per 263 
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site) into slice cultures using a Nanoject II (Drummond Scientific). Expression of the fluorescent proteins 264 

was monitored daily and was usually apparent 2–3 days post-transduction.  265 

Two-photon Imaging 266 

 After 7–10 days in vitro, the membrane inserts with the slices were transferred from the 267 

incubator to a custom-made chamber constantly perfused with oxygenated ACSF containing (in mM): 268 

125 NaCl, 1.25 NaH2PO4, 2.5 KCl, 25 NaHCO3, 2 CaCl2, 1 MgCl2 and 15 glucose, and maintained at a 269 

temperature of 32–34°C with an automatic temperature controller (Warner Instruments). This chamber 270 

was mounted on the stage of a Zeiss 710 two-photon microscope (Carl Zeiss) equipped with a 271 

Chameleon Ti-Sapphire laser (Coherent).  After 45 min recovery time, each slice was scanned using a 272 

750-nM wavelength laser to identify regions with robust expression of both GCaMP and mCherry 273 

fluorescence. High resolution Z-stacks of these regions were acquired to generate images as shown in 274 

Figure 6B. The laser wavelength was then adjusted to 920 nM, and time-lapse images of the CA1 or CA3 275 

regions of the slices were acquired with a 20× (NA 1.0) water-immersion objective at 20 frames/s for 10 276 

min using the Zen 2010 software. For loose-patch recordings, pipettes of 4-6 MΩ resistance were filled 277 

with ACSF and Alexa 594 (1:2000, Invitrogen). Pipettes were guided to GCaMP-expressing cells, and a 278 

low-resistance seal was established (≈100 MΩ) in voltage-clamp mode using a MultiClamp 700B 279 

amplifier. The holding potential was adjusted to achieve zero current at the resting potential.   280 

Multicellular Calcium Imaging Data Analysis 281 

 Imaging files were opened with Fiji, and the ROIs were manually drawn around all identifiable 282 

cell bodies. In cases of mild drift in the x-y plane, the StackReg plugin (Thevenaz et al., 1998) was used to 283 

align ROIs, and a Kallman Stack Filter was applied. The fluorescence change versus time for each cell was 284 

measured by averaging all pixels within the ROI, and these values were exported to Axograph X 1.4 for 285 

further analysis. Calcium events were detected via a template-based event detection algorithm. The 286 

threshold for event detection was set at 4–5 times the baseline SD from a template of 0.2 s rise time and 287 



 

13 
 

1.5 s decay time. Large amplitude events that were sometimes missed because of slower decay or rise 288 

times were manually detected, and the cells with no detected events were considered not active. ΔF/F0 289 

was calculated as (F-F0)/F0, where F0 is the baseline fluorescence signal averaged over a 1 s period 290 

immediately prior to the event onset. To detect network events, the total number of event onsets 291 

within a sliding 1 s window was calculated for each set of images. A network event was considered to 292 

occur when the number of event onsets within a given window was significantly greater (p < 0.001) than 293 

expected by chance based on the number of active neurons in the slice and their spontaneous event 294 

frequency. The number of neurons participating in the network event was the number of neurons that 295 

had an event onset within that window. To find significantly correlated cell pairs, time series were 296 

exported to MATLAB and analyzed using the Mic2net software package (Smedler et al., 2014).  297 

Experimental Design and Statistical Analysis 298 

Data were analyzed offline with AxoGraph X 1.4 (AxoGraph Scientific, RRID:SCR_014284), KaleidaGraph 299 

4.5 (Synergy Software) and Prism 7 (GraphPad Prism, RRID:SCR_002798). Values for electrophysiological 300 

analysis were always pooled from at least four independent cultures and ranged from 18 – 27 cells per 301 

group per connection type. The n used to calculate means and errors for both electrophysiological 302 

analysis and immunostaining analysis was the number of neurons. The n used to calculate means and 303 

errors for the multicellular calcium imaging experiments are the number of slices. All numbers for each 304 

experiment are indicated in corresponding figures, figure legends, and in Table 1.  Normality was tested 305 

by the D'Agostino & Pearson normality test; however, because values from the electrophysiological 306 

analysis were often not normally distributed, the non-parametric Mann-Whitney test was used to assess 307 

statistical significance. For other experiments the statistical test used is stated in the figure legend that 308 

corresponds to each experiment.  309 

 310 

 311 
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Results 312 

Loss of PTEN in two-neuron cultures leads to selective hyperactivation of PI3K-mTOR signaling. 313 

To test for changes in synaptic connectivity and strength due to PTEN loss, we used a two-314 

neuron microcircuit culture in which we systematically varied the neuron type (glutamatergic or 315 

GABAergic) and the genetic identity (Pten-KO or WT) of each neuron (Figure 1A and 1B). This system 316 

allowed us to test the effects of PTEN loss in the pre- or postsynaptic compartment, and whether they 317 

were unique to specific synaptic motifs. Control neuron pairs consisted of one untransduced Ptenwt/wt 318 

neuron (Con) and one Ptenwt/wt neuron transduced with an adeno-associated virus (AAV) expressing the 319 

mCherry-Cre fusion protein (Pten-WT) (Figure 1A). We compared these Control pairs to Mutant pairs, 320 

which consisted of one untransduced Ptenwt/wt neuron (Con) and one Ptenloxp/loxp neuron transduced with 321 

an AAV expressing the mCherry-Cre fusion protein (Pten-KO) (Figure 1B). 322 

To confirm that Pten-KO neurons show selective increases in PI3K-mTOR activity, we performed 323 

quantitative immunofluorescence analysis for three markers of the pathway’s activity: phospho-S6 324 

(S240/244), phospho-AKT (S473), and phospho-4E-BP (T37/46). The mean fluorescence intensities of all 325 

three markers in the cell bodies were increased in Pten-KO neurons relative to Pten-WT neurons (Figure 326 

1C and 1D). In addition to biochemical markers, increased cell size is a reliable readout of mTOR 327 

pathway hyperactivation. We therefore measured cell body area in the two-neuron cultures and found 328 

that the mean area of Pten-KO neurons was approximately 1.6-fold larger than that of Pten-WT and 329 

both groups of Con neurons, a change qualitatively similar to previous findings in brain slices (1.5 - 2-fold 330 

increases) (Ljungberg et al., 2009; Vogt et al., 2015; Williams et al., 2015). (Figure 1E). These 331 

experiments demonstrate that loss of PTEN in the two-neuron cultures causes an increase in PI3K-mTOR 332 

signaling that is specific to Ptenloxp/loxp neurons expressing the mCherry-Cre fusion protein. Finally, to 333 

assess whether expression of mCherry-Cre was sufficient to cause recombination in the majority of 334 

neurons in which it was visible, we performed immunostaining against the PTEN protein in dissociated 335 
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cultures of Pten-WT and Pten-KO neurons. Plotting the values of PTEN fluorescence intensity for each 336 

neuron on a histogram (Figure 1F) demonstrated a strong leftward shift in the distribution of PTEN 337 

fluorescence intensity in the Pten-KO group and a lack of a second peak to the right, suggesting that 338 

recombination of the Pten gene by the mCherry-Cre fusion protein is very efficient. 339 

 340 

Loss of PTEN in E-E two-neuron microcircuits increases glutamatergic input onto the Pten-KO cell, but 341 

does not increase its output. 342 

Synapses originating from excitatory neurons onto other excitatory neurons form the basis of 343 

the canonical hippocampal circuit. We therefore first tested the effects of PTEN loss on evoked synaptic 344 

strength between pairs of excitatory hippocampal neurons (E-E). In these E-E pairs, each neuron forms a 345 

synaptic connection with its partner, as well as with itself, meaning four distinct synaptic connections 346 

are present in each pair (Figure 2A). We evoked action potentials in each of the two neurons, recorded 347 

the peak amplitude of the responses in voltage-clamp mode, and compared the amplitudes recorded 348 

from Control pairs with those from Mutant pairs (Figure 2B, Table 1). The response amplitudes of the 349 

two synapses onto the Pten-KO neurons in Mutant pairs were increased compared with those onto the 350 

Pten-WT neurons in Control pairs (Figure 2B and 2C, orange and gray symbols). However, the response 351 

amplitudes of the two synapses onto the Con neurons in Mutant pairs were not different from those 352 

onto Con neurons in Control pairs (Figure 2B and 2C, green and blue symbols). These data suggest two 353 

things: (1) postsynaptic loss of PTEN in glutamatergic neurons is sufficient to increase excitatory synaptic 354 

input, and (2) presynaptic loss of PTEN does not increase glutamatergic output, at least onto other 355 

excitatory neurons that are Pten-WT. 356 

 357 

The increase in glutamatergic input in E-E pairs is due to increased synaptic connectivity.    358 
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Previous studies of glutamatergic connections onto glutamatergic Pten-KO neurons, both in 359 

brain slice and culture preparations, have found increases in synaptic strength, and indicate that the 360 

primary driver of these increases is an increase in the number of synapses formed. To test for an 361 

increase in synaptic connectivity, we used three measures, two physiological and one morphological. For 362 

the first physiological assay, we applied 500 mM sucrose to the pairs, which causes the neurons to 363 

release their full complement of fusion-competent synaptic vesicles (Figure 2D). The number of vesicles 364 

released onto the Pten-KO neurons in Mutant pairs was increased by 1.84-fold over the number 365 

released onto Pten-WT neurons in Control pairs (Figure 2E, right bars). The number of vesicles released 366 

onto Con neurons was not significantly different in Mutant versus Control pairs (Figure 2E, left bars). For 367 

the second physiological assay, we recorded miniature EPSC (mEPSC) frequencies (Figure 2F). The 368 

mEPSC frequency recorded in the Pten-KO neurons in Mutant pairs was increased by 1.81-fold over the 369 

frequency recorded in Pten-WT neurons in Control pairs (Figure 2G, right bars), whereas the frequency 370 

recorded in Con neurons was not significantly different in Mutant versus Control pairs (Figure 2G, left 371 

bars). 372 

 The results from the two physiological assays indicate an increase in the number of synaptic 373 

vesicles available for release, which could be caused by two possibilities: 1) more vesicles per synapse, 374 

or 2) more synapses. To distinguish between these possibilities, we analyzed two-neuron cultures 375 

immunostained with antibodies against VGLUT1 to mark glutamatergic synapses, and MAP2 to visualize 376 

dendrites. We then quantified the number of VGLUT1 punctae along dendrites that could be definitely 377 

assigned to either the Con or Pten-WT neuron in Control pairs, or the Con or Pten-KO neuron in Mutant 378 

pairs (Figure 2H). The number of glutamatergic synapses onto Con neurons was not different in Control 379 

versus Mutant pairs (Figure 2I, left bars), whereas the number of glutamatergic synapses onto Pten-KO 380 

neurons was increased 1.65-fold over the number onto Pten-WT neurons (Figure 2I, right bars). This 381 

result indicates that the increased synaptic strength and vesicle number at synaptic connections onto 382 
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Pten-KO neurons is largely due to an increase in the number of synapses, and that postsynaptic loss of 383 

PTEN is sufficient to cause this increase. 384 

 385 

Loss of PTEN in the glutamatergic neuron in I-E pairs increases glutamatergic and GABAergic input 386 

onto the Pten-KO cell, as well as self-innervation by the GABAergic neuron. 387 

 Because principal neurons in the hippocampus are strongly regulated by local GABAergic 388 

interneurons, we next tested how interactions between excitatory and inhibitory neurons are affected 389 

by PTEN loss. To do this, we assayed synaptic strength in pairs consisting of one GABAergic and one 390 

glutamatergic hippocampal neuron, in which Pten was deleted specifically in the glutamatergic neuron 391 

(I-E) (Figure 3A). Similar to the E-E pairs, loss of PTEN in the postsynaptic glutamatergic neuron was 392 

sufficient to increase the strength of both synaptic connections onto that neuron. The peak amplitude of 393 

the glutamatergic synapse onto the Pten-KO neuron was increased 2.31-fold over the same connection 394 

onto the Pten-WT neuron (Figure 3B and 3C, orange symbols), whereas the peak amplitude of the 395 

GABAergic synaptic connection was increased 2.13-fold (Figure 3B and 3C, gray symbols), providing 396 

evidence that postsynaptic loss of PTEN can increase both glutamatergic and GABAergic synaptic 397 

strength. 398 

 The strength of the glutamatergic synapses originating from the Pten-KO cell was again 399 

unchanged compared with that originating from the Pten-WT cell (Figure 3B and 3C, blue symbols), 400 

suggesting that presynaptic loss of PTEN does not affect baseline synaptic output. In contrast to the 401 

results from E-E pairs, in which only the synaptic strength onto the Pten-KO neuron was increased, loss 402 

of PTEN in the glutamatergic neuron in the I-E pairs also increased the strength of the GABAergic 403 

synapses that the GABAergic neuron made with itself in Mutant pairs (Figure 3B and 3C, green symbols). 404 

This result suggests that loss of PTEN in hippocampal glutamatergic neurons also increases inhibition of 405 

inhibition via a transsynaptic mechanism.  406 
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 407 

The increase in glutamatergic and GABAergic synaptic strength input in I-E pairs is due to increased 408 

synaptic connectivity. 409 

 In contrast to the E-E pairs, in which only the sum of the two inputs onto a neuron can be 410 

assayed, in I-E pairs the synaptic connectivity of each of the four synapses can be tested separately using 411 

glutamate or GABA receptor antagonists. We first assayed the number of synaptic vesicles available for 412 

release at each connection by combining 500 mM sucrose with 3 mM kynurenic acid (KYN) to block 413 

glutamate receptors, or 20 μM bicuculline (BIC) to block GABA receptors (Figure 3D). The number of 414 

available vesicles was increased in Mutant pairs at each of the three synapses that showed increased 415 

strength, but not at the one that did not (Figure 3E). Next, we combined the synaptic blockers with 416 

tetrodotoxin (TTX) and measured the miniature current frequencies for each connection. The mIPSC 417 

(Figure 3F and 3G, gray symbols) and mEPSC frequencies (Figure 3F and 3G, orange symbols) onto the 418 

glutamatergic Pten-KO neuron were both increased compared with those onto the Pten-WT neuron. The 419 

mean mIPSC frequency of the GABAergic self-synapses (Figure 3F and 3G, green symbols), though 420 

elevated, was not significantly greater in Mutant pairs than in Control pairs (Control: 1.15 ± 0.22 Hz 421 

versus Mutant: 1.57 ± 0.22 Hz, p = 0.20) 422 

 To test whether changes in synapse number cause the observed changes in synaptic strength, 423 

we simultaneously visualized glutamatergic and GABAergic synapses by immunostaining with antibodies 424 

against VGLUT1 and VGAT, respectively, and MAP2. We reconstructed the dendrites of each neuron in 425 

Control and Mutant pairs, and quantified the number of VGLUT1 and VGAT punctae along dendrites that 426 

could be definitively assigned to either the Con or Pten-WT neuron in Control pairs, or the Con or Pten-427 

KO neuron in Mutant pairs (Figure 3H). There was an increase in the number of glutamatergic and 428 

GABAergic synapses onto Pten-KO neurons (Figure 3I, gray and orange bars). Also, in agreement with 429 

the change in vesicle number, the number of GABAergic synapses onto Con neurons when they were 430 
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paired with a Pten-KO neuron was significantly greater (p = 0.027) than when paired with a Pten-WT 431 

neuron (Figure 3I, green bar). Thus, postsynaptic loss of PTEN in hippocampal excitatory neurons is 432 

sufficient to increase glutamatergic and GABAergic synaptic connectivity onto these neurons, and the 433 

increase in the number of GABAergic synapses is not limited to those made onto the Pten-KO neuron. 434 

 435 

Loss of PTEN in I-I pairs increases GABAergic input onto the Pten-KO cell, but does not increase its 436 

output. 437 

 The increase in autaptic inhibition observed in the I-E pairs raises the possibility that PTEN loss 438 

may also increase the synaptic strength of connections between GABAergic neurons. Although 439 

regulation of principal cell activity is the more studied function of GABAergic neurons in the 440 

hippocampus, GABAergic neurons also form extensive contacts with each other to regulate the flow of 441 

information through hippocampal and cortical circuits (Chamberland and Topolnik, 2012; Jiang et al., 442 

2015). We therefore tested the effects of PTEN loss on evoked synaptic strength between pairs of 443 

inhibitory hippocampal neurons (I-I) (Figure 4A). We evoked action potentials in each of the two neurons 444 

and found, similar to the E-E pairs, that the response amplitudes of the two synapses onto the Pten-KO 445 

neurons in Mutant I-I pairs were increased compared with the response amplitudes onto the Pten-WT 446 

neurons in Control pairs (Figure 4B and 4C, orange and gray symbols). Also, similar to E-E pairs, the 447 

response amplitudes of the two synapses onto the Con neurons were not different in Control versus 448 

Mutant pairs (Figure 4B and 4C, green and blue symbols). These data indicate that, in the two-neuron 449 

culture system, postsynaptic loss of PTEN is sufficient to increase synaptic strength onto the Pten-KO 450 

neuron, but does not increase Pten-KO neuron output, and that these effects are not dependent on the 451 

neurotransmitter phenotype of the Pten-KO neurons. Moreover, these data suggest that the increased 452 

GABAergic self-inhibition seen in the I-E pairs (Figure 3B and 3C, green symbols) requires that the Pten-453 

KO neuron be a glutamatergic neuron.  454 
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 455 

The increase in GABAergic input in I-I pairs is due to an increased number of synapses. 456 

To test whether an increase in synaptic connectivity also causes the increased GABAergic 457 

synaptic strength in I-I pairs, we measured synaptic vesicle numbers and mIPSC frequencies. The 458 

number of vesicles released by sucrose application onto the Pten-KO neurons in Mutant I-I pairs was 459 

increased by 2-fold over the number released onto Pten-WT neurons in Control pairs (Figures 4D and 4E, 460 

right bars). The number of vesicles released onto Con neurons was not significantly different in Mutant 461 

versus Control pairs (Figures 4D and 4E, left bars). The mIPSC frequency recorded in the Pten-KO 462 

neurons in Mutant pairs was increased by 2.05-fold over the frequency recorded in Pten-WT neurons in 463 

Control pairs (Figures 4F and 4G, right bars), whereas the frequency recorded in Con neurons was not 464 

significantly different in Mutant versus Control pairs (Figure 4F and 4G, left bars). 465 

 To visualize GABAergic synapses, we immunostained with antibodies against VGAT and MAP2. 466 

We then quantified the number of VGAT punctae along dendrites that could be definitively assigned to 467 

either the Con or Pten-WT neuron in Control pairs, or the Con or Pten-KO neuron in Mutant pairs (Figure 468 

4H). The number of GABAergic synapses onto Con neurons was not different in Control versus Mutant 469 

pairs (Figure 4I, left bars), whereas the number of GABAergic synapses onto Pten-KO neurons was 470 

increased 1.79-fold over the number onto Pten-WT neurons (Figure 4I, right bars). Thus, postsynaptic 471 

loss of PTEN in hippocampal inhibitory neurons is sufficient to increase GABAergic synaptic connectivity 472 

onto these neurons. 473 

 474 

Loss of PTEN in the GABAergic neuron in E-I pairs increases glutamatergic and GABAergic input onto 475 

the Pten-KO cell, but decreases its output onto the glutamatergic cell. 476 

 Finally, we tested the effects of PTEN loss in GABAergic neurons on synaptic strength and 477 

connectivity between pairs of glutamatergic and GABAergic neurons, in which Pten was deleted 478 
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selectively in the GABAergic neuron (E-I) (Figure 5A). Similar to PTEN loss in glutamatergic neurons in the 479 

I-E pairs, postsynaptic loss of PTEN in the GABAergic neuron was sufficient to increase both excitation 480 

and inhibition onto that neuron (Figure 5B and 5C, gray and orange symbols). The strength of the control 481 

neuron’s self-input was unchanged (Figure 5B and 5C, green symbols). We observed a unique effect on 482 

the output of the Pten-KO GABAergic neuron, however, as the strength of this connection was 483 

decreased by over 50% (Figure 5B and 5C, blue symbols), indicating that PTEN loss in GABAergic neurons 484 

can cause a decrease in inhibitory output onto glutamatergic neurons. 485 

 486 

The changes in glutamatergic and GABAergic synaptic strength input in E-I pairs are due to changes in 487 

synaptic connectivity. 488 

 We assayed the number of synaptic vesicles available for release at each connection in the E-I 489 

pairs by combining 500 mM sucrose with 3 mM KYN to block glutamate receptors, or 20 μM BIC to block 490 

GABA receptors (Figure 5D). Consistent with the alterations in synaptic strength observed in the E-I 491 

pairs, the number of available vesicles was increased in Mutant pairs at the two synapses onto the Pten-492 

KO (Figure 5D and 5E, gray and orange bars), whereas the number of vesicles available at the output of 493 

the Pten-KO neuron onto its partner (Figure 5D and 5E, blue symbols) was significantly decreased. Next, 494 

we measured the miniature current frequencies for each connection. The mEPSC (Figure 5F and 5G, gray 495 

symbols) frequency onto the GABAergic Pten-KO neurons was increased compared with those onto 496 

Pten-WT neurons, although we did not detect an increase in mIPSC frequency in the Pten-KO neurons 497 

(Figure 5F and 5G, orange symbols). The mEPSC frequency of the glutamatergic self-synapses was also 498 

unchanged (Figure 5F and 5G, green symbols), and the mIPSC frequency at the Pten-KO output synapses 499 

was significantly lower in Mutant pairs (Figure 5F and 5G, blue symbols). 500 

 To determine whether these changes in synaptic strength and vesicle number are due to 501 

changes in synapse number, we visualized glutamatergic and GABAergic synapses with immunostaining 502 
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against VGLUT1, VGAT, and MAP2 (Figure 5H). There was a significant increase in the number of 503 

glutamatergic and GABAergic synapses onto the GABAergic Pten-KO neurons (Figure 5I, gray and orange 504 

bars), and a significant decrease in the number of GABAergic synapses onto glutamatergic neurons 505 

paired with Pten-KO neurons (Figure 5I, blue bar). Thus, postsynaptic loss of PTEN in hippocampal 506 

inhibitory neurons is sufficient to increase glutamatergic and GABAergic synaptic connectivity onto 507 

these neurons, but decreases the number of synapses that they make onto glutamatergic neurons. 508 

 509 

Loss of PTEN in hippocampal slice cultures increases functional connectivity and synchrony.  510 

 Previous studies have shown that increased synaptic connectivity predicts an increase in 511 

synchronous network activity and functional connectivity (Lillis et al., 2015; Okun et al., 2015). To test 512 

whether this is true for loss of PTEN, we prepared hippocampal slice cultures from P4-P5 Ptenwt/wt and 513 

Ptenloxp/loxp pups and injected two AAVs: one expressing GCaMP6m, a fluorescent calcium indicator that 514 

is widely used to image neural activity, and one expressing the mCherry-Cre fusion protein (Figure 6A 515 

and 6B). This preparation resulted in Control slices that, analogous to Control neuron pairs, contained a 516 

mixture of non-cre-expressing (Con) and cre-expressing (Pten-WT) neurons, and Mutant slices that, 517 

analogous to Mutant neuron pairs, contained a mixture of non-cre-expressing neurons (Con) and cre-518 

expressing (Pten-KO) neurons (Figure 6B). After 7–10 days, we imaged spontaneous fluorescence 519 

changes of neurons in the pyramidal cell layer of the slice cultures with two-photon microscopy and 520 

tested whether loss of PTEN in this preparation leads to increases in neuronal activity, synchronous 521 

activity, and functional connectivity.  522 

 As in the two-neuron cultures (Figure 1E), Pten-KO neurons showed an increase in cell body size 523 

compared with those of Pten-WT and Con neurons, providing evidence of mTOR pathway activation in 524 

the infected hippocampal slices (Figure 6C). To assess the ability of the GCaMP6m calcium indicator to 525 

accurately report action potentials, we first performed cell-attached recordings of individual neurons in 526 
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the slices and confirmed that increases in GCaMP6m fluorescence were due to action potential firing 527 

(Figure 6D). Next, we monitored GCaMP6m fluorescence changes in groups of 20-60 neurons from 528 

Control (mean: 50.9 ± 4.5 neurons, n = 11 slices, 6 mice) and Mutant slices (mean: 47.8 ± 3.5 neurons, n= 529 

12 slices, 6 mice). The number of active cells per slice was not significantly different between Control 530 

and Mutant slices (Control: 39.5 ± 4.6 neurons versus Mutant 43.0 ± 3.7 neurons, p = 0.56). To test for 531 

changes in neuronal activity, we recorded the frequency and amplitude of spontaneous calcium events. 532 

The mean frequency of cellular events was not significantly different between Control and Mutant slices 533 

(Control: 1.18 ± 0.2 events/min versus Mutant: 1.34 ± 0.3 events/min, p = 0.98) (Figure 6E and 6F). 534 

However, the mean amplitude of the calcium events was greater in neurons from Mutant slices than in 535 

neurons from Control slices (Control: 0.32 ± 0.07 ΔF/F versus Mutant: 0.65 ± 0.10 ΔF/F, p = 0.019) 536 

(Figure 6G and 6H). This increased amplitude could be due to an increase in the amount of calcium influx 537 

per action potential or to an increase in the number of action potentials. To distinguish between these 538 

possibilities, we measured the mean amplitude of the calcium events accompanying individual action 539 

potentials in neurons from each slice group using loose-patch recordings, and found that they were not 540 

significantly different between Pten-WT and Pten-KO neurons (Pten-WT: 0.042 ± 0.002 ΔF/F versus 541 

Pten-KO: 0.040 ± 0.002 ΔF/F, p = 0.82), indicating that calcium influx due to action potentials is not 542 

altered by PTEN loss. Taken together, these data suggest that neurons in Mutant slices are not more 543 

likely to be active than neurons in Control slices; however, when Mutant slice neurons are active, they 544 

fire more action potentials than neurons in Control slices. 545 

 546 

 To examine the occurrence of synchronous activity, we searched for network events, which we 547 

defined as periods in which a significant number of neurons were simultaneously active based on the 548 

total number of calcium activations of all active neurons within a sliding 1 s window (Figure 7A and 7B). 549 

The mean frequency of network events was not significantly different in Control slices (1.20 ± 0.23 550 
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events/min) and Mutant slices (1.43 ± 0.25 events/min, p = 0.61) (Figure 7C, left graph). However, the 551 

number of neurons that participated in network events was greater in Mutant slices than in Control 552 

slices. This was true both when expressed as the absolute number of neurons participating in the 553 

network event (Control: 15.2 ± 2.8 neurons versus Mutant: 26.2 ± 2.8 neurons, p = 0.015), as well as the 554 

fraction of the active neurons that participated in the events (Control: 0.37 ± 0.04 neurons versus 555 

Mutant: 0.62 ± 0.06 neurons, p = 0.002) (Figure 7C, middle graph), indicating an increased recruitment 556 

of neurons into network events in Mutant slices. As another measure of network synchronization and 557 

functional connectivity, we calculated the fraction of active cells in each image that were significantly 558 

correlated (p < 0.01 versus scrambled data). The fraction of significantly correlated neurons was greater 559 

in Mutant slices (0.74 ± 0.05) than in Control slices (0.53 ± 0.04) (Figure 7C, right graph), indicating that 560 

the increased synaptic connectivity, which we observed in the two-neuron culture system, leads to an 561 

increase in functional connectivity and synchrony. 562 

 563 

The changes in functional connectivity and synchrony involve the entire network, not just Pten-KO 564 

neurons. 565 

Finally, to determine whether the increases in neuron recruitment and functional connectivity 566 

that we observed in the Mutant slices are due to selective increases in Pten-KO neurons, or whether the 567 

changes are distributed throughout the network, we compared the neuronal activity of cre-expressing 568 

(Pten-WT or Pten-KO) to non-cre-expressing (Con) neurons in Control and Mutant slices (Figure 8). In 569 

Control slices, there were no significant differences between Con and Pten-WT neurons in any of the 570 

parameters measured (Figures 8B-E, left columns), verifying that the cre-expressing viruses had no 571 

effect on neuronal activity. Moreover, in Mutant slices, the mean frequency of cellular events was not 572 

different between Pten-KO and Con neurons (Con: 1.36 ± 0.28 events/min versus Pten-KO: 1.38 ± 0.26 573 

events/min, p = 1, Figure 8B), indicating that the Con neurons are behaving similarly to the Pten-KO 574 
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neurons in the Mutant slices. Surprisingly, the mean event amplitude was significantly increased in the 575 

Con neurons compared with that of the Pten-KO neurons (Con: 0.68 ± 0.12 ΔF/F versus Pten-KO: 0.57 ± 576 

0.09 ΔF/F, p = 0.01, Figure 8C), indicating that Con neurons fired more action potentials than Pten-KO 577 

neurons in the Mutant slices.  Together, these data suggest that Con neurons participate in the 578 

increased neural activity of the Mutant slices, and that the increase in event amplitude seen in Mutant 579 

slices versus Control slices is not solely due to increases in Pten-KO neurons.  580 

We next asked whether the increase in the number of neurons that participated in the network 581 

events that we observed in Mutant slices is likewise due to increased participation by both Con and 582 

Pten-KO neurons. Indeed, the fraction of Con neurons that participated in the network events was not 583 

significantly different from the fraction of Pten-KO neurons that participated in network events in the 584 

Mutant slices (Con: 0.61 ± 0.06 fraction of neurons versus Pten-KO: 0.59 ± 0.06 fraction of neurons, p = 585 

0.53, Figure 8D). Similarly, there was no significant difference between the fraction of Con and Pten-KO 586 

neurons that displayed correlated activity in the Mutant slices (Con: 0.75 ± 0.05 fraction of neurons 587 

versus Pten-KO: 0.71 ± 0.04 fraction of neurons, p = 0.56). Thus, these data demonstrated that the 588 

changes that we observed in Mutant slices were manifest throughout the network and not confined to 589 

the Pten-KO neurons. 590 

 591 

Discussion 592 

 Here, we performed a comprehensive analysis of the effects of PTEN loss on the four synaptic 593 

motifs formed by the two major classes of neurons in the hippocampus. Loss of PTEN caused 594 

postsynaptic, presynaptic, and transsynaptic changes. The postsynaptic effect was independent of the 595 

connection type, as it always increased connectivity onto the Pten-KO neurons, but the pre- and 596 

transsynaptic effects were only evident at specific connections. We then deleted Pten in an ex vivo 597 

model of the developing hippocampus in a mosaic manner and found that it increased the number of 598 



 

26 
 

action potentials during periods of activity, and the number of neurons that participated in network 599 

activity. Importantly, these alterations occurred across the network in Con and Pten-KO neurons. Taken 600 

together, our data indicate that PTEN loss causes changes at multiple connection motifs that rewire the 601 

network and combine to induce the network pathology. 602 

 603 

 604 

Loss of PTEN increases connectivity via postsynaptic mechanisms, independent of the connection 605 

type. 606 

 In all four connection types studied, loss of PTEN in the postsynaptic neuron was sufficient to 607 

cause an increase in synaptic strength onto that neuron. Three distinct assays supported the conclusion 608 

that this was due to an increase in synapse number, and the effect persisted whether the input was 609 

GABAergic or glutamatergic. Although these changes were shown in vitro, hyperactivation of PI3K-mTOR 610 

signaling also potentially affects these connections in vivo. Whether it does or not may depend on many 611 

factors particular to each circuit, including anatomical constraints, homeostatic plasticity, activity-612 

dependent plasticity, and molecular heterogeneity. Previous studies in acute slices generally support the 613 

conclusion that postsynaptic PTEN loss increases excitatory-excitatory synaptic strength via increases in 614 

synapse formation (Xiong et al., 2012; Williams et al., 2015). Our model confirms these results, but 615 

further argues that this increase in synapse number occurs at GABAergic connections, both those onto 616 

glutamatergic neurons and those between GABAergic neurons. Thus, the mechanism involved in the 617 

increased synapse formation is likely to involve signaling molecules that are not unique to GABAergic or 618 

glutamatergic synapse formation.  619 

 The consistent increase in mPSC frequency when the postsynapse was PTEN-deficient supports 620 

our conclusion that the increased synaptic strength is due to an increase in synapse number. Previously, 621 

we reported that loss of PTEN in single-neuron cultures did not increase mPSC frequency, but did 622 
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increase synapse number and RRP size, which we interpreted as PTEN loss causing a decrease in the 623 

spontaneous release rate (SRR) via a presynaptic process (Weston et al., 2012). There at least are two 624 

possibilities for this discrepancy. First, it is probable that PTEN loss exerts two effects: a postsynaptic 625 

increase in synapse formation that leads to an increase in mPSC frequency, and a presynaptic decrease 626 

in SRR. In single-neuron cultures, where both the pre- and postsynapse are devoid of PTEN, these effects 627 

cancel each other out and produce no change. In two-neuron cultures, where many of the synapses 628 

onto a postsynaptic PTEN-KO are made by a Con presynaptic neuron, mEPSC frequency is increased. 629 

However, in two-neuron culture recordings where the presynapse is PTEN-KO and the postsynapse is 630 

Con (Figure 3G and Figure 5G), mPSC frequency is depressed. Second, it is possible that the lack of mPSC 631 

frequency increase due to PTEN loss in single-neuron cultures is due to the lack of heterogeneous 632 

connectivity in this preparation, similar to findings in synaptotagmin I-knockout neurons, and that this 633 

prevented us from detecting this increase in our previous study (Liu et al., 2009; Wierda and Sorensen, 634 

2014). 635 

 636 

Loss of PTEN in E-I and I-E pairs causes unique changes in synaptic strength and connectivity. 637 

 In addition to the general effects of postsynaptic PTEN loss, we found two additional 638 

connection-specific effects. The first was a transsynaptic effect, where PTEN loss in the glutamatergic 639 

neuron caused an increase in the connection that the partner GABAergic neuron made with itself (Figure 640 

3). GABAergic neurons in the cortex (Tamas et al., 1997; Bacci et al., 2003), cerebellum (Pouzat and 641 

Marty, 1998), and amygdala use autaptic connections to regulate their firing; thus, loss of PTEN in 642 

glutamatergic neurons in these areas could alter the activity of inhibitory neurons. In more intact 643 

circuits, this transsynaptic effect may not be limited to autaptic connections, and it may serve to 644 

increase global GABAergic interconnectivity. This effect, in combination with the strengthening of I-I 645 
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connections due to PTEN loss in GABAergic neurons themselves (Figure 4), could lead to disinhibition 646 

and contribute to the hypersynchronization that we observed in the slice experiments (Figure 7). 647 

 The second unique effect of PTEN loss was a presynaptic effect in which Pten deletion in the 648 

GABAergic neuron decreased its output onto the glutamatergic partner (Figure 5). Heterozygous Pten 649 

deletion in parvalbumin-expressing interneurons results in loss of GABAergic connectivity onto 650 

pyramidal neurons (Baohan et al., 2016), suggesting that even a modest reduction in PTEN activity may 651 

reduce inhibitory output. However, more widespread homozygous Pten deletion in interneurons using 652 

the Nkx2.1 promoter increases spontaneous IPSC frequency onto layer 2/3 pyramidal neurons (Vogt et 653 

al., 2015). Our results support the interpretation that the initial effect of Pten deletion in inhibitory 654 

neurons is a reduction in output connectivity, which may contribute to the increase in action potential 655 

firing that we observed in the Mutant slices (Figure 6G and 6H). 656 

 657 

Loss of PTEN in hippocampal slice cultures increases synchrony. 658 

 In the hippocampal slice culture model, Pten deletion increased the amplitude, but not 659 

frequency, of the calcium events. Because we determined that Pten-KO neurons did not show a greater 660 

increase in fluorescence per action potential, we interpret this increase as the neurons in Pten-KO slices 661 

firing more action potentials when active, although they were not more likely to enter into a period of 662 

activity. This change could be due to increased afferent excitation, weakened local inhibition, or even 663 

changes in membrane excitability. Previous studies have not generally found increases in membrane 664 

excitability due to PTEN loss (Garcia-Junco-Clemente et al., 2013; Weston et al., 2014; Williams et al., 665 

2015; Cupolillo et al., 2016), suggesting that the increased firing is due to synaptic changes. Of the 666 

synaptic changes that we found, the increase in E-E pair connectivity and the decrease in GABAergic 667 

output in E-I pairs could both contribute to the increase. A previous study found increased evoked 668 
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population spike numbers in the dentate gyrus circuit containing Pten-knockout neurons (LaSarge et al., 669 

2016), which is in agreement with our finding of increased spikes in individual neurons. 670 

 We also found that the network bursts that occur in the developing hippocampus recruited a 671 

greater proportion of neurons in Mutant slices, and increased the number of significantly correlated 672 

neurons during spontaneous activity (Figure 7). Previous studies showed that synchronous network 673 

activity in the hippocampus evolves in parallel to increases in glutamatergic and GABAergic synaptic 674 

connectivity (Allene et al., 2012; Lillis et al., 2015), and that the activity could be blocked by 675 

pharmacological inhibition of PI3K and mTOR (Berdichevsky et al., 2013). Our results extend these 676 

findings by showing that PTEN loss increased synaptic connectivity in the two-neuron culture in the 677 

absence of network synchrony, supporting the idea that the enhanced synaptic connectivity 678 

downstream of mTOR hyperactivation drives abnormal network synchronization. Moreover, the fact 679 

that the synaptic and network changes appear within one week after Pten deletion suggests that these 680 

are early events following mTOR hyperactivation. Increases in neuronal synchrony have also been 681 

reported in mouse models of Fragile X and Rett syndromes (Goncalves et al., 2013; Lu et al., 2016), both 682 

of which also have high incidences of epilepsy and autism (Gatto and Broadie, 2010), and elevated 683 

synchrony is associated with epilepsy and autism in humans and animal models (Uhlhaas and Singer, 684 

2006; Tyler et al., 2012; Luongo et al., 2016).  685 

 On one end, the effects of PTEN loss on cell signaling, cellular and subcellular neuroanatomy, 686 

and synaptic physiology have been well studied (Backman et al., 2001; Kwon et al., 2001; Jaworski et al., 687 

2005; Fraser et al., 2008). On the other end, the effects of PTEN loss on behavior (Kwon et al., 2006; 688 

Lugo et al., 2014; Cupolillo et al., 2016) and the development of epilepsy (Ljungberg et al., 2009; Pun et 689 

al., 2012; Nguyen et al., 2015) have also been characterized. There is relatively little information, 690 

however, on how these changes at the cellular level manifest themselves in the activity of local circuits, 691 

and how these circuit changes predispose the brain to abnormal behavior and epilepsy. Our two-neuron 692 
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culture preparation allowed us to test the effects of PTEN loss on the most basic circuit elements, and 693 

we found widespread changes. It is likely that some of these changes are masked or compensated for in 694 

vivo, and we do not know how each change may relate to the increase in synchronous activity and 695 

functional connectivity. Future studies may link specific changes in synaptic function to altered network 696 

function in Pten and other models of neurological disease, or find that the relationships are non-linear. 697 

Either way, understanding the relationship between the two should lead to a better grasp of how gene 698 

variants lead to their neurological phenotypes. 699 
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Figure Legends 854 

 855 

Figure 1. Loss of PTEN in the two-neuron culture system leads to selective hyperactivation of PI3K-856 

mTOR signaling. A. A schematic of a “Control” pair (left), which consisted of a Ptenwt/wt neuron (Con) and 857 

a Ptenwt/wt neuron that expressed the mCherry-Cre protein in the nucleus (red circle) (Pten-WT). A 858 

representative image of a Control pair (right) shows the structure of the two neurons revealed by MAP2 859 

immunofluorescence (green) and selective expression of the mCherry fluorescence (red). Arrows point 860 

to the cell bodies. B. A schematic of a “Mutant” pair (left), which consisted of a Ptenwt/wt neuron (Con) 861 

and a Ptenloxp/loxp neuron that expressed the mCherry-Cre protein in the nucleus (red circle) (Pten-KO). A 862 

representative image of a Mutant pair (right) shows the structure of the two neurons revealed by MAP2 863 

immunofluorescence (green) and selective expression of the mCherry fluorescence (red). Arrows point 864 

to the cell bodies. C. Representative images of Mutant pairs (top row) show fluorescence from the 865 

mCherry-Cre protein (red) and MAP2 immunofluorescence (green), with corresponding images of pS6 866 

(left), pAKT473 (center), and p4E-BP (right) immunofluorescence (bottom row). Scale bar = 25 μm. D. A 867 

bar graph shows the normalized increases in fluorescence intensity for pS6 (p = 0.024), pAKT (p = 0.002) 868 

and p4E-BP (p = 0.011) in Pten-KO neurons versus Pten-WT neurons (mean ± s.e.m.). Black and red 869 

numbers indicate the number of Pten-KO and Pten-WT neurons analyzed, respectively. The values from 870 

these datasets were derived from three independent cultures, were normally distributed, and were 871 

compared using two-tailed Student’s t-tests (n.s. = not significant, * = p ,0.05, ** = p , 0.01). E. A bar 872 

graph shows the increase in neuronal cell body area in Pten-KO neurons versus Pten-WT neurons and 873 

Con neurons (mean ± s.e.m , p < 0.01; numbers on bars indicate the number of neurons analyzed). 874 

Kruskal-Wallis test followed by Dunn’s multiple comparisons test. F. Histogram showing the Pten 875 

immunofluorescence intensity in Pten-WT (n =  180 neurons, black bars) and Pten-KO (n = 176 neurons, 876 

red bars) neurons. 877 
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 878 

Figure 2. Loss of PTEN in E-E pairs leads to increased synaptic strength onto the postsynaptic neuron 879 

only. A. A schematic of an E-E pair shows the four synaptic connections tested (color-coded 880 

arrowheads). B. Representative traces and mean ± s.e.m. values for Control (left traces and circles) and 881 

Mutant (right traces and circles) pairs are shown for each of the four connections. Color code matches 882 

the connections shown in panel A. A summary of all values, numbers of neurons tested, and statistical 883 

results are in Table 1. C. A bar graph shows the normalized mean ± s.e.m. EPSC peak amplitude values 884 

for each of the four connections [Mutant pair relative to Control pair (dotted line)]. D. Representative 885 

traces show the current response to the 500 mM sucrose application used to assay the size of the 886 

readily releasable pool of synaptic vesicles onto each neuron in Control (black traces) and Mutant (red 887 

traces) pairs. E. Bar graphs show the increase in the number of available synaptic vesicles onto the Pten-888 

KO neurons (numbers on bars indicate the number of neurons analyzed) Bars correspond to color 889 

matched traces directly above them. F. Representative traces show the miniature EPSC activity recorded 890 

in each neuron in Control (black traces) and Mutant (red traces) pairs. G. Bar graphs show the increase 891 

in the mEPSC frequency recorded in the Pten-KO neurons (numbers on bars indicate the number of 892 

neurons analyzed) Bars correspond to color matched traces directly above them. H. Representative 893 

tracing of a Con (blue) and Pten-KO (yellow) E-E Mutant pair showing VGLUT1 staining (red punctae). 894 

Scale bar is 25 μm. I. Bar graphs show the increase in the number of VGLUT1 punctae on Pten-KO 895 

neurons in E-E pairs (numbers on bars indicate the number of neurons analyzed). 896 

 897 

Figure 3. Loss of PTEN in I-E pairs leads to increased synaptic strength at three of the four connections. 898 

A. A schematic of an I-E pair shows the four synaptic connections tested (color-coded arrowheads). B. 899 

Representative traces and mean ± s.e.m. values for Control (left traces and circles) and Mutant (right 900 

traces and circles) pairs are shown for each of the four connections. Color code matches the connections 901 
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shown in panel A. A summary of all values, numbers of neurons tested, and statistical results are in 902 

Table 1. C. A bar graph shows the normalized mean ± s.e.m. PSC peak amplitude values for each of the 903 

four connections [Mutant pair relative to Control pair (dotted line)]. D. Representative traces show the 904 

current response to the 500 mM sucrose application used to assay the size of the readily releasable pool 905 

of synaptic vesicles at each of the four connections. The traces from Control pairs are in black and those 906 

from Mutant pairs are colored to match the schematic in panel A. E. A bar graph shows the increase in 907 

the number of available synaptic vesicles in the three connections that showed increased synaptic 908 

strength (Control pair data (n = 20) are indicated by clear bars and Mutant pair data (n = 23) by colored 909 

bars to match the schematic in panel A). F. Representative traces of miniature EPSC and IPSC activity. 910 

The traces from Control pairs are in black and those from Mutant pairs are colored to match the 911 

schematic in A. G. A bar graph shows the increase in the mEPSC frequency at two of the four 912 

connections (Control pair data (n = 20) are indicated by clear bars and Mutant pair data (n = 23) by 913 

colored bars to match the schematic in panel A). H. Representative tracing of a Con GABA (blue) and 914 

Pten-KO glutamate (yellow) I-E Mutant pair shows VGLUT1 (green punctae) and VGAT (red punctae) 915 

immunofluorescence. Scale bar is 25 μm. I. A bar graph shows the increase in the number of VGLUT1 916 

and VGAT punctae on the Pten-KO neurons, and an increase in VGAT punctae on the Con neurons, in I-E 917 

pairs (Control pair data (n = 17) are indicated by clear bars and Mutant pair data (n = 19) by colored bars 918 

to match the schematic in panel A). 919 

 920 

Figure 4. Loss of PTEN in I-I pairs leads to increased synaptic strength onto the postsynaptic neuron 921 

only. A. A schematic of an I-I pair shows the four synaptic connections tested (color-coded arrowheads). 922 

B. Representative traces and mean ± s.e.m. values for Control (left traces and circles) and Mutant (right 923 

traces and circles) pairs are shown for each of the four connections. Color code matches the connections 924 

shown in panel A. A summary of all values, numbers of neurons tested, and statistical results are in 925 
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Table 1. C. A bar graph shows the normalized mean ± s.e.m. IPSC peak amplitude values for each of the 926 

four connections [Mutant pair relative to Control pair (dotted line)]. D. Representative traces show the 927 

current response to the 500 mM sucrose application used to assay the size of the readily releasable pool 928 

of synaptic vesicles onto each neuron in Control (black traces) and Mutant (red traces) pairs. E. Bar 929 

graphs show the increase in the number of available synaptic vesicles onto the Pten-KO neurons 930 

(numbers on bars indicate the number of neurons analyzed) Bars correspond to color matched traces 931 

directly above them. F. Representative traces show the miniature EPSC activity recorded in each neuron 932 

in Control (black traces) and Mutant (red traces) pairs. G. Bar graphs show the increase in the mEPSC 933 

frequency recorded in the Pten-KO neurons (numbers on bars indicate the number of neurons analyzed) 934 

Bars correspond to color matched traces directly above them. H. Representative tracing of a Con (blue) 935 

and Pten-KO (yellow) I-I Mutant pair showing VGAT staining (red punctae). Scale bar is 25 μm. I. Bar 936 

graphs show the increase in the number of VGAT punctae on Pten-KO neurons in I-I pairs (numbers on 937 

bars indicate the number of neurons analyzed). 938 

 939 

Figure 5. Loss of PTEN in E-I pairs leads to increased synaptic strength onto the postsynaptic neuron 940 

but decreased GABAergic output. A. A schematic of an E-I pair showing the four synaptic connections 941 

tested (color-coded arrowheads). B. Representative traces and mean ± s.e.m. values for Control (left 942 

traces and circles) and Mutant (right traces and circles) pairs are shown for each of the four connections. 943 

Color code matches the connections shown in panel A. A summary of all values, numbers of neurons 944 

tested, and statistical results are in Table 1. C. A bar graph shows the normalized mean ± s.e.m. PSC peak 945 

amplitude values for each of the four connections [Mutant pair relative to Control pair (dotted line)]. D. 946 

Representative traces show the current response to the 500 mM sucrose application used to assay the 947 

size of the readily releasable pool of synaptic vesicles at each of the four connections. The traces from 948 

Control pairs are in black and those from Mutant pairs are colored to match the schematic in panel A. E. 949 
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A bar graph shows the increase in the number of available synaptic vesicles in the two connections that 950 

showed increased synaptic strength but the decrease at the GABAergic output synapse of Pten-KO 951 

neurons (Control pair data (n = 21) are indicated by clear bars and Mutant pair data (n = 18) by colored 952 

bars to match the schematic in panel A). F. Representative traces show miniature EPSC and IPSC activity. 953 

The traces from Control pairs are in black and those from Mutant pairs are colored to match the 954 

schematic in panel A. G. A bar graph shows the increase in the mEPSC frequency onto the Pten-KO 955 

GABAergic neuron and the decrease in the mIPSC frequency onto the Con neuron in Mutant pairs 956 

(Control pair data (n = 21) are indicated by clear bars and Mutant pair data (n = 18) by colored bars to 957 

match the schematic in panel A). H. Representative tracing of a Con glutamate (blue) and Pten-KO GABA 958 

(yellow) E-I Mutant pair showing VGLUT1 (green punctae) and VGAT (red punctae) immunofluorescence. 959 

Scale bar is 25 μm. I. A bar graph shows the changes in the number of VGLUT1 or VGAT punctae at each 960 

of the four connections (Control pair data (n = 15) are indicated by clear bars and Mutant pair data (n = 961 

17) by colored bars to match the schematic in panel A). 962 

 963 

Figure 6. Multicellular calcium imaging shows that neurons in Mutant slices have greater event 964 

amplitude but not frequency than those of Controls. A. A stereoscope image shows GFP fluorescence 965 

from GCaMP6 expression in a hippocampal slice culture. An outline of the slice is drawn for reference. 966 

The box indicates the representative area selected for imaging. B. A two-photon image shows the 967 

fluorescence from GCaMP6 (green) and mCherry-Cre (red) co-expression in the principal cell layer of the 968 

hippocampal slice culture shown in panel A. Scale bar is 25 μm. C. Bar graph showing the increase in 969 

neuronal cell body area (mean ± s.e.m) in Pten-KO neurons vs Pten-WT and Con neurons (p = 0.015 vs. 970 

Pten-WT, p = 0.012 vs Con, One-way ANOVA with Tukey’s post-test; numbers on bars indicate the 971 

number of neurons analyzed). D. Representative traces from a loose-patch recording (top trace) with 972 

the corresponding time-locked cellular GCaMP fluorescence from the patched neuron (bottom trace).  E. 973 
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Representative cellular fluorescence traces from a neuron from a Control (black) and Mutant (red) slice. 974 

F. A dot plot shows the lack of a change in event frequency (events per minute) in Mutant slices. Each 975 

dot represents the average event frequency of all individual neurons in one slice. G. Representative 976 

average event traces from Control (black) and Mutant (red) slices. H. A dot plot shows the increase in 977 

event amplitude (ΔF/F) in Mutant slices. Each dot represents the average event amplitude of all 978 

individual neurons in one slice. 979 

 980 

Figure 7.  Loss of PTEN increases synchrony in hippocampal slice cultures. A. Representative 981 

fluorescence traces for 20 simultaneously recorded neurons from a Control (left) and a Mutant (right) 982 

slice. Red boxes indicate network events. B. Event histograms corresponding to the traces in panel A 983 

that illustrate the percentage of total active neurons that had event onsets within each 2 s time bin. C. 984 

Dot plots show the frequency of network events (left), the fraction of active neurons that participated in 985 

network events (center), and the fraction of cells displaying a significant correlation(right) in Control 986 

(black) and Mutant (red) slices. 987 

 988 

Figure 8. The changes observed in Mutant slices cannot be accounted for by changes in the activity of 989 

Pten-KO neurons alone. A. Fluorescence traces from Con (black traces) and Pten-KO (red traces) 990 

neurons during an identified network event in a Mutant slice. B-E. Dot plots showing the measurements 991 

of Con and Pten-WT neurons in Control slices (left columns) and Con and Pten-KO neurons in Mutant 992 

slices (right columns), for B) the mean frequency of spontaneous events per cell (events per minute), C) 993 

the mean amplitude of the spontaneous events (ΔF/F), D) the fraction of the active neurons that 994 

participated in network events, and E) the fraction of significantly correlated active neurons. All 995 

comparisons were made with the Wilcoxon matched-pairs signed ranks test. 996 

 997 
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 998 
Table 1. 999 
                                                                                E1-E2 (Figure 2) 
 E1

self E1
partner E2

partner E2
self 

Control, n = 25 3.84 ± 0.71 2.28 ± 0.52 2.47 ± 0.43 3.32 ± 0.68 
Mutant, n = 27 4.37 ± 0.73 2.21 ± 0.64 4.43 ± 0.67 7.49 ± 1.41 
P value 0.637 0.353 0.016 0.008 
                                                                                  I-E (Figure 3) 
 Iself Ipartner Epartner Eself 
Control, n = 20 4.05 ± 0.69 1.72 ± 0.24 7.91 ± 1.48 3.37 ± 0.997 
Mutant, n = 23 8.84 ± 1.54 2.08 ± 0.33 16.48 ± 2.51 8.12 ± 1.71 
P value 0.029 0.436 0.005 0.044 
                                                                                 I1-I2 (Figure 4)  
 I1

self I1
partner I2

partner I2
self 

Control, n = 20 5.21 ± 1.25 2.49 ± 0.65 2.58 ± 0.56 5.22 ± 1.49 
Mutant, n = 20 5.33 ± 0.85 2.97 ± 0.77 4.54 ± 0.80 13.92 ± 2.07 
P value 0.414 0.705 0.033 0.002 
                                                                                 E-I (Figure 5) 
 Eself Epartner Ipartner Iself 
Control, n = 21 3.10 ± 0.97 8.71 ± 1.35 2.28 ± 0.32 4.42 ± 0.69 
Mutant, n = 18 2.35 ± 0.70 4.74 ± 0.81 4.81 ± 0.73 9.92 ± 2.01 
P value 0.278 0.024 0.007 0.014 
 1000 
 1001 
Table 1. Summary of the measurements of evoked synaptic strength in all pair types. Measurements are 1002 
means ± s.e.m. of the peak synaptic current (nA) in response to a 2 ms depolarization to 0 mV delivered 1003 
at 0.1- 0.2 Hz.  Measurements in the first column correspond to green traces, second column to blue 1004 
traces, third column to gray traces, and fourth column to orange traces in Figures 2-5. P values were 1005 
obtained from Mann-Whitney tests. 1006 


















