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Abstract

Mutations in genes regulating mTOR pathway signaling are now recognized as a significant cause 

of epilepsy. Interestingly, these mTORopathies are often caused by somatic mutations, affecting 

variable numbers of neurons. To better understand how this variability affects disease phenotype, 

we developed a mouse model in which the mTOR pathway inhibitor Pten can be deleted from 0 to 

40% of hippocampal granule cells. In vivo, low numbers of knockout cells caused focal seizures, 

while higher numbers led to generalized seizures. Generalized seizures coincided with the loss of 

local circuit interneurons. In hippocampal slices, low knockout cell loads produced abrupt 

reductions in population spike threshold, while spontaneous excitatory postsynaptic currents and 

circuit level recurrent activity increased gradually with rising knockout cell load. Findings 

demonstrate that knockout cells load is a critical variable regulating disease phenotype, 

progressing from subclinical circuit abnormalities to electrobehavioral seizures with secondary 

involvement of downstream neuronal populations.
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1. Introduction

Over the last decade, mutations in genes regulating the mechanistic target of rapamycin 

(mTOR) pathway have been identified as a significant cause of epilepsy, intellectual 

disability, and autism. To date, 14 genes have been identified, including tuberous sclerosis 

complex (TSC), phosphatase and tensin homologue (PTEN) and mTOR itself (Crino, 2020). 

In many of these conditions, mutations are the result of somatic mutations (Koh et al., 2018), 

producing pathological findings ranging from discrete regions of cortex characterized by 

dysplastic neurons (focal cortical dysplasia) to involvement of an entire brain hemisphere 

(hemimegaloencephaly). While gross lesion size correlates well with disease severity 

(Marsan and Baulac, 2018), exactly how lesions produce epilepsy - particularly lesions of 

smaller size - is not known. Understanding how focal mTORopathies produce epilepsy, 

establishing the lower bound for disease-producing lesion size and determining whether 

pathology is restricted to mutant neurons are all important questions (Nguyen et al., 2019) 

that remain to be fully addressed. In addition, excessive mTOR signaling is implicated in 

acquired epilepsies without an identified genetic cause (Macias et al., 2013; Okamoto et al., 

2010; Sun et al., 2013; Talos et al., 2012; Zhang and Wong, 2012; Talos et al., 2018), so 

findings are likely to have relevance to these conditions as well.

To begin to elucidate the mechanisms of mTOR-driven pathology and dysfunction, we 

developed a tamoxifen-inducible Gli1-CreERT2, Ptenflox/flox mouse model of epilepsy. Gli1 

is a transcription factor in the sonic hedgehog pathway that regulates neuronal progenitor 

cell proliferation. In postnatal brain, Gli1 expression is restricted to small numbers of 

astrocytes (<1%), neural progenitors in the subventricular zone, which produces olfactory 

neurons and neural progenitors in the hippocampal subgranular zone, which produces 

granule cells (Pun et al., 2012). Tamoxifen treatment of these animals activates CreERT2, 

leading to cre-mediated recombination of floxed target sequences in the progenitor cells and 

all subsequent daughter cells. Neurogenesis declines with age, so the number of recombined 

cells can be increased or decreased by injecting younger or older animals, respectively, and 

by altering tamoxifen dose. By manipulating these variables, we have been able to generate 

animals with variable percentages or “loads” of hippocampal granule cells lacking Pten. 

Pten KO granule cells exhibit somatic hypertrophy, excess axonal and dendritic growth and 

increased excitatory synaptic drive (LaSarge et al., 2015; 2016; 2019; Santos et al., 2017). 

The animals develop seizures, which originate from the hippocampus and can be inhibited 

with the mTOR antagonist rapamycin (Pun et al., 2012). For the present study, the load of 

abnormal, Pten knockout (KO) granule cells was modulated from 0–40%. Findings 

demonstrate that low KO cell loads produce a pre-clinical epileptic state characterized by 

behaviorally occult focal seizures and network hyperexcitability. Higher loads further 

enhance network excitability, lead to the onset of behavioral seizures and induce cell loss.
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2. Methods and Materials

2.1. Mice

All animal studies were in accordance with the NIH Guide for the Care and Use of 
Laboratory Animals and were approved by the CCHMC Institutional Animal Care and Use 

Committee (IACUC).

Gli1-CreERT2-expressing mice (RRID: IMSR_ JAX STRAIN#007913; (Ahn and Joyner, 

2004; Ahn and Joyner, 2005)) were crossed with Ptentm1Hwu/J mice (RRID: IMSR_JAX 

STRAIN #006440) which contain loxP sites on either side of exon 5 of the Pten gene (Pten 
“floxed” mice). Study animals were generated by crossing Gli1-CreERT2 hemizygous, 

Ptenflox/wt male mice with Ptenflox/wt female mice. Mice carrying the 129S-
Gt(ROSA)26Sortm35.1(CAG-aop3/GFP)Hze/J gene for Archaerhodopsin with a GFP fusion 

protein (Arch; RRID: IMSR_JAX STRAIN #012735) were crossed with the Gli1-CreERT2, 

Ptenflox/wt line to create mice that selectively expressed Arch on dentate granule cells born 

following tamoxifen administration. In addition, a subset of mice carried a single copy of 

either a Cre inducible eGFP reporter (CAG-CAT-EGFP, (Nakamura et al., 2006)) or a 

tdTomato reporter (RRID: IMSR_JAX STRAIN #007914). Three mice used for EEG 

analysis carried the DREADD receptor (HA-hM4Di-pta-mCitrine, RRID: IMSR_JAX 

STRAIN #026219). These animals were controls for another study, and no animals in the 

present study received the DREADD receptor ligand (clozapine N-oxide [CNO]). Animal 

genotype data is provided in supplemental tables 1–5. All mice were maintained on a 

C57BL/6 background, and littermate controls were used when possible. All data collection 

and analyses were conducted with investigators blind to animal treatment and genotype.

2.2. EEG analysis

Animals for hippocampal and cortical seizure monitoring experiments ranged in age from 2–

5 months, with an average age of 2.9 ± 0.53 months for hippocampal controls, 3.9 ± 0.37 for 

cortical controls, 4.3 ± 0.35 for hippocampal-recorded KOs and 3.9 ± 0.29 for cortical-

recorded KOs (two way ANOVA for recording site [p=0.510] and group [p=0.106]). All 

hippocampal-recorded animals received a single subcutaneous 250 mg/kg dose of tamoxifen 

on P21. To generate a larger range of KO cell loads, animals implanted with cortical 

electrodes received either a single 250 mg/kg dose on P21 or two doses (one each on P21 

and P23), except for Gli1-CreERT2 controls. Pooling data from hippocampal and cortical-

recorded animals, single P21 injections (n=17) produced a mean KO cell load of 6.9 ± 1.3% 

of granule cells, while double injections (n=5) produced a mean load of 19.4 ± 1.2% 

(p<0.0001). Animal genotype and sex are provided in supplemental tables 1 and 2.

Control and Pten KO mice were implanted with cortical surface electrodes or hippocampal 

depth electrodes connected to wireless EEG transmitters (TA11ETA-F10, Data Sciences 

International, St. Paul, MN). Cortical electrodes were placed under the skull above the dura, 

bilaterally (1.5 mm lateral and 2.7 mm posterior to bregma). Hippocampal depth electrodes 

(2.2 mm in depth from skull) were implanted at 1.7 mm lateral and 1.8 – 2.0 mm posterior to 

bregma (Paxinos and Franklin, 2001). Mice were provided with Carprofen (40 mg/kg) for 

pain post-surgery, and antibacterial ointment was applied to the wound for 3 days. 24/7 
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video-EEG data was reviewed using Neuroscore software (Version 2.1.0, Data Sciences 

International) to identify seizures. EEG events scored as seizures were characterized by the 

sudden onset of high amplitude (>2x background) activity, signal progression (a change in 

amplitude and frequency over the course of the event) and a duration greater than 10 s. At 

the end of recording, mice were overdosed with pentobarbital (100 mg/kg) and perfused 

with phosphate buffered saline (PBS) +1U/ml heparin, followed by 2.5% paraformaldehyde 

with 4% sucrose in PBS (pH 7.4). Brains were post-fixed overnight, cryoprotected, frozen 

and stored at −80°C. Frozen brains were sectioned sagittally on a cryostat at 40 μm. Sections 

were mounted to gelatin-coated slides and stored at −80°C until use.

2.3. Hippocampal slice preparation for intracellular and extracellular recordings

Hippocampal slices were prepared for physiological recordings and histology as follows. 

Mice were anesthetized with pentobarbital (i.p., 0.05 ml, 100 mg/ml), perfused intracardially 

with ice-cold modified ACSF of the following composition (mM): NaCl (92); KCl (2.5); 

NaH2PO4 (1.25); NaHCO3 (30); MgSO4 (10); CaCl2 (0.5); sodium pyruvate (3); Thiourea 

(2); sodium ascorbate (5); Glucose (25); HEPES (20). The brain was removed and bisected. 

The right hemisphere was used for physiological recordings, while the left hemisphere was 

immediately put into fixative (2.5% formaldehyde in 4% sucrose with 0.1M PBS) for 

histological studies. Left hemispheres were fixed overnight, cryo-protected, frozen, and 

stored at −80°C.

For physiological recordings, 350 μm thick transverse slices were made from the right 

hemisphere as described by Jones and Heinemann (1988). Sections were prepared on a 

tissue slicer (Campden/Lafayette Instrument, IN). Individual slices were transferred to an 

oxygenated N-methyl-D-glutamine (NMDG)-based medium (similar to modified ACSF, 

except NaCl was substituted with NMDG (92mM)) and equilibrated for 60 minutes at room 

temperature (Ting et al., 2014). Slices were transferred into oxygenated recording ACSF for 

60 minutes. Recording ACSF was of the following composition and concentration (mM): 

NaCl (124); KCl (3.5); MgSO4 (2); CaCl2 (2); NaH2PO4 (1.25); glucose (10); NaHCO3 

(26).

2.4. Intracellular recordings

Animals used for intracellular recordings of spontaneous excitatory synaptic currents 

(sEPSCs) are described in detail in supplemental table 3. This experiment included 20 cells 

from 13 control mice (1–3 cells/mouse), and 38 cells from 28 KO mice (1–3 cells/mouse). 

Separate portions of this data set have been published previously (Santos et al., 2017). 

Animals were treated with 250 mg/kg tamoxifen on P14 or P21 (except for Gli1-CreERT2 +/

− controls). Control mice were 4.1 ± 0.42 months old, while Pten KO mice were 3.38 ± 0.26 

months (p=0.191, M-W RST) at the time of recordings. For intracellular experiments, 

individual slices were placed in a chamber on the stage of an upright microscope (Nikon, 

Eclipse FNI) and continuously perfused with ACSF oxygenated with 95% O2:5% CO2 at a 

rate of 3–4 ml/minute at room temperature. Recording electrodes were fabricated from thin-

walled borosilicate glass pipettes with an outer diameter of 1.5 mm using a computer-

controlled BB-CH-PC micropipette puller (Mecanex, Switzerland). Electrodes were filled 

with a solution composed (in mM) of K gluconate (135); KCl (5); NaCl (5); EGTA (5); 
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HEPES (10); MgCl2 (2); glucose (10); supplemented with 2 mM ATP and 200 μM GTP 

(free Ca2+ level is estimated to be below 10nM). This solution had a pH of 7.2 and an 

osmolarity between 290–295 mOs. Whole cell (patch clamp) recording was conducted using 

a “blind” approach in which a blunt-tipped patch electrode (Pinault, 1996) was placed over 

the granule cell body layer. The electrode was then lowered into the cell body layer without 

the use of optics. The first cell for which a stable membrane seal was obtained was recorded 

at −70 mV to capture sEPSCs. Electrode resistance was 6–7 Mohms. Recordings were made 

with an Axopatch 200B amplifier (Molecular Devices) controlled by Clampex software 

(version 10.3) with a Digidata interface (Model 1440, Molecular Devices).

Following physiological recordings, cells were filled with 0.2% biocytin. Slices were fixed 

overnight in a solution of 2.5% paraformaldehyde with 4% sucrose in PBS. Biocytin 

labeling was revealed by incubating the slices for 2 hours at 25°C in 1:300 streptavidin-

Alexa Fluor 488 conjugate (Molecular Probes Cat# S32354, RRID: AB_2315383). Slices 

were cover-slipped with ProLong Gold Antifade mounting media (Molecular Probes, Life 

Technologies, Cat# P10144) and stored at 4°C until imaging. Biocytin-filled cells were 

imaged using a Nikon A1Rsi inverted microscope (software RRID:SCR_014329) equipped 

with a 40X Plan Apo water immersion objective (NA=1.15; field size 317 × 317 μm; 0.5 μm 

z-step) to determine soma area. Pten KO cells were identified as cells with soma areas 

greater than two standard deviations above the mean soma area for control (Pten-expressing) 

cells. This criterion has been validated by Pten-immunohistochemistry in prior work 

(LaSarge et al., 2019).

The amplitude and frequency of sEPSCs was obtained using the Template Search program 

in Clampfit (Molecular Devices, version 10.7). Briefly, a template for the EPSC for each cell 

was generated by averaging many individual synaptic currents of similar time course from 

the first file. The method is based on the template search approach as described in Clements 

and Bekkers (Clements and Bekkers, 1997). This template was then used to screen for 

events in the remaining files from that cell (3–6 files/cell, 30 secs duration each). Events 

were manually selected to ensure that they were indeed of the appropriate fit (to the time 

course). The detection level was set at 2 pA. All the events from each cell were collected. 

The histogram was plotted and fit with Gaussian function to obtain the amplitude for that 

cell. Amplitudes from a total of 3101 sEPSCs were measured from control cells, and 6744 

from KO cells. Measurements for each cell were then averaged, and averages were used for 

statistical analysis.

2.5. Extracellular recordings for optogenetic cell-silencing experiments

To silence Pten KO cells using optogenetics, Gli1-CreERT2, Ptenflox/flox, Archflox/flox mice 

were generated (Arch+ KO). Control groups included Gli1-CreERT2, Ptenwt/wt, Archflox/flox 

with Arch expression in a subset of wildtype (Pten+/+) granule cells (Arch+ control), and 

Gli1-CreERT2, Ptenflox/flox KO mice with no Arch expression (No Arch KO) to control for 

non-specific laser effects (Supplemental Table 4). All animals were treated with a single 

dose of 250 mg/kg tamoxifen on P14 or P21 to generate a range of KO cell loads. Animals 

for optogenetic studies ranged in age from 2 – 5.5 months, with mean ages of 4.79 ± 0.27 

months for Arch+ controls, 4.33 ± 0.20 for no Arch KOs, and 3.46 ± 0.21 for Arch+ KOs 
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(F=7.56, p=0.003, ANOVA). Arch+ KOs were significantly younger than Arch+ controls 

(p=0.005) and no Arch KOs (p=0.032). However, high KOs were previously shown to have a 

mean age of mortality around 2.2 months (Pun et al., 2012), and the younger ages of the 

Arch+ KOs are correlated with high KO percentages (R= −0.592, p=0.0123, Pearson 

Correlation with Arch+ KOs).

Hippocampal slices transferred to an interface chamber were maintained at 32–33°C with a 

1.5 ml/min flow of oxygenated ACSF. A bipolar stimulating electrode connected to a 

constant current source was placed in the outer dentate molecular layer to activate the lateral 

perforant path. Evoked potentials were recorded with a ~1 mOhm ACSF-filled glass 

electrode placed in the dentate granule cell layer. Glass pipettes were fabricated from 

capillary tubing (external diameter, 1.5 mm) by a Mecanex-BB-CH puller. Evoked potentials 

were digitized with a Digidata 1400A A/D-D/A converter controlled by Clampex software 

(pClamp, RRID:SCR_011323; version 10.3, Molecular Devices, Sunnyvale, CA). For 

optogenetic light stimulation, a fiber optic cable (400μm diameter) attached to a TTL pulse 

controlled 100 mW 589nm yellow diode-pumped solid-state laser (Opto Engine, Midvale, 

UT) was positioned 2 cm above the dentate gyrus of the slice with laser power adjusted to 12 

mW. The laser was controlled by the Clampex software. During the “laser on” condition the 

laser would turn on for one second prior to lateral perforant path stimulation, and it would 

remain on throughout the recording duration. Field potential response characteristics were 

obtained for each slice using increasing current stimulation, with 15 stimulations separated 

by 10 seconds, for each intensity (20 to 100 μA in 20 μA increments, followed by 100 to 600 

μA in 100 μA increments). These 15 stimulations were separated into an initial 5 

stimulations without the laser light (baseline), 5 stimulations with the light on, and a final 5 

stimulations without the laser light (recovery).

fEPSPs were defined as an initial peak occurring within 5 msec of the stimulus artifact, with 

an exponential decay. The minimum intensity to evoke a fEPSP in the baseline condition 

was considered fEPSP threshold. Population spikes were defined as negative deflections 

following the EPSP of at least 200 μV (which was always greater than 5 times baseline), 

followed by a positive going signal. Population spike threshold was defined as the lowest 

amount of current necessary to evoke a population spike in the baseline condition. To 

calculate line length, the response from each stimulation was downloaded from pClamp into 

a Microsoft Excel file (v 2013, Microsoft Corp., RRID:SCR_016137), beginning from 20% 

into the fEPSP and for the following 100 msec. Line lengths were calculated from the 

baseline, laser on, and recovery responses for 100 and 400 μA of stimulation in MATLAB 

(v. 9.2; RRID:SCR_001622) using the time (sec) and signal (μV) variables.

2.6. Studies of inhibitory interneuron numbers

For stereological quantification of inhibitory interneurons, Gli1-CreERT2, Ptenflox/flox mice 

were compared to Gli1-CreERT2 negative, Ptenflox/flox (flox controls) mice. Both groups 

were injected with 250 mg/Kg tamoxifen on P14 (supplemental table 5). As an additional 

control group, Gli1-CreERT2, Ptenflox/flox that did not receive tamoxifen were also included. 

Within controls, tamoxifen injection did not significantly impact any measure presented here 
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(data not shown), so groups were merged. Groups did not differ by age (Control, 11.04 ± 

0.93 weeks; Pten KOs; 11.91 ± 0.84 weeks).

Somatostatin (SST), neuropeptide Y (NPY), and parvalbumin (PV) triple-immunostaining 

was performed on immersion fixed tissue. Tissue was selected from a 1:4 series of brain 

sections cut sagittally throughout dorsal hippocampus (approximately 0.36 – 2.28 mm lateral 

to the midline; (Paxinos and Franklin, 2001)). A complete series in each animal consisted of 

approximately twelve 40 μm thick tissue sections. Tissue was incubated overnight with rat 

anti-SST (1:200; Millipore Cat# MAB354, RRID:AB_2255365), rabbit anti-NPY (1:300; 

Sigma-Aldrich Cat# N9528, RRID:AB_260814), and guinea pig anti-PV (1:1000; Synaptic 

Systems Cat# 195 004, RRID:AB_2156476) antibodies in a 5% normal goat serum and 

1.5% Triton-100 PBS solution. Tissue was washed and incubated for 4 hours in Alexa Fluor 

488 goat anti-rat (Thermo Fisher Scientific Cat# A-11006, RRID:AB_2534074), 568 goat 

anti-rabbit (Thermo Fisher Scientific Cat# A-11011, RRID:AB_143157), and 647 goat anti-

guinea pig (all 1:750, Thermo Fisher Scientific Cat# A-21450, RRID:AB_2735091) 

antibodies before coverslipping with ProLong Glass containing NucBlue (Thermo Fisher 

Scientific Cat #P36981).

The correlations between inhibitory interneurons and PTEN knockout cell percentages were 

investigated using tissue collected from mice in the optogenetic silencing physiology 

experiments (mouse details available in supplemental table 4). Sagittal cut sections (40 μm 

thick) that included the dorsal hippocampus were selected from a region located 

approximately 0.64 to 1.36 mm lateral to the midline. Tissue was incubated overnight in rat 

anti-SST, rabbit anti-NPY, and guinea pig anti-PV antibodies, as described earlier. Tissue 

was washed and incubated for 4 hours in Alexa Fluor 568 goat anti-rat (1:750, Thermo 

Fisher Scientific Cat# A-11077, RRID:AB_141874), Alexa Fluor 647 goat anti-rabbit 

(1:750, Thermo Fisher Scientific Cat# A-21244, RRID:AB_2535812) and DyLight 405 goat 

anti-guinea pig (1:750, Jackson Immuno Cat# 106-475-003, RRID: AB_2337432) 

antibodies. Tissue was counterstained with NeuroTrace 500/525 (1:750, Thermo Fisher 

Scientific Cat# N21480). Slides were coverslipped with ProLong Glass (Thermo Fisher 

Scientific Cat #P36980).

SST/ NPY/ PV triple-immunostaining in the dentate gyrus was imaged at a 0.5 μm step 

through the z-axis using a Nikon A1+ inverted microscope equipped with 10X (NA 0.45) 

and 60X (NA 1.27) water-immersion objectives (Nikon Instruments Inc.). Scanning began 3 

μm below the tissue surface to exclude damaged areas. Image resolution was 0.21 μm/px. 

For analysis, image stacks were loaded into Neurolucida using the serial section manager. 

SST-, NPY- and PV-immunoreactive neurons were counted in each section throughout the 

dentate. Contours were used to distinguish the granule cell layer and hilus from the 

molecular layer. Data was exported into Microsoft Excel (v 2013, Microsoft Corp., 

RRID:SCR_016137), where cell counts were combined for each individual animal.

2.7. Immunohistochemistry to establish Pten KO cell loads

To establish Pten KO cell percentages in the dentate gyrus, brain sections were 

immunostained with rabbit anti-Pten (Phosphatase and tensin homolog, 1:250, Cell 

Signaling Technology Cat# 9559 RRID:AB_390810) followed by Alexa Fluor 594 goat anti-
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rabbit secondary antibodies (1:750, Thermo Fisher Scientific Cat# A11012 RRID: 

AB_10562717). Sections were counterstained with NeuroTrace 640/660 (1:300, Thermo 

Fisher Scientific Cat# N21483: AB_2572212). Between two and four 40 μm slide-mounted 

brain sections from each animal were examined. Brain sections corresponded to medial-

lateral coordinates 1.3 – 1.7 mm (Paxinos and Franklin, 2001).

Pten/NeuroTrace imaging was used to estimate the percentage of knockout cells in each 

mouse. Pten/NeuroTrace immunostained sections were imaged with a Leica SP5 inverted 

microscope (software RRID: SCR_013673) equipped with 63X oil objective (NA=1.4, field 

size 248 × 248 μm) or a Nikon A1R inverted microscope (software RRID:SCR_014329) 

equipped with a 60X water objective (NA=1.27, field size 215 × 215 μm). Confocal z-series 

image stacks were collected through 11 μm of tissue at a 0.5 μm step, excluding the top 1–2 

μm of tissue to avoid sectioning artifacts. Image stacks were imported into Neurolucida 

software (Microbrightfield Inc., RRID: SCR_001775) and a modification of the optical 

dissector method was used to determine the percentage Pten negative granule cells stained 

with NeuroTrace over the total number of NeuroTrace stained cells (Pun et al., 2012).

2.8. Statistics

Analysis of epilepsy phenotype by sex showed no differences (data not shown); therefore, 

males and females were added together in control and Pten KO groups. There were also no 

sex differences between control and Pten KOs for inhibitory cell densities (t=−0.228, n.s.), 

and males and females were grouped for all subsequent analyses. Due to low n’s, however, 

the lack of a sex effect should be interpreted cautiously. All results are presented as mean ± 

SEM or medians [range]. Statistical tests were performed using Sigma Plot software 

(version 14.0, Systat Software, Inc., RRID: SCR_003210). Parametric tests were used for 

data that met assumptions of normality and equal variance, and nonparametric equivalents 

were used for data that did not meet these assumptions. Specific tests were used as noted in 

the results. Results were considered significant if p <0.05.

2.9. Figure preparation

Microscopy images are either single confocal optical sections or confocal maximum 

projections, except for neuron images shown in Figure 1A. These are neuronal 

reconstructions generated using a process developed by Walter and colleagues (Walter et al., 
2007). Graphs were prepared using GraphPad Prism (version 8.0.1, GraphPad Software, 

RRID:SCR_002798) and SigmaPlot Software. Figures were prepared using Adobe 

Photoshop (version 12.0.1, Adobe Photoshop, RRID:SCR_014199). Figures created using 

BioRender are specified in the legend. Some images were adjusted using Nikon NIS-

Elements (NIS-Elements, RRID:SCR_014329) with a median filter (radius = 3) to reduce 

background artifact. Brightness and contrast of digital images were adjusted to optimize 

cellular detail. Identical adjustments were made to all images meant for comparison.
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3. Results

3.1. Linear regulation of an epileptogenic brain insult

To explore the impact of increasing the load of mTOR hyperactive neurons on hippocampal 

function and epileptogenesis, we utilized conditional, inducible Gli1CreERT2, Ptenflox/flox 

mice to delete Pten from quantifiable numbers of hippocampal granule cells. Consistent with 

prior studies, Pten immunohistochemistry and reporter gene expression (GFP, Arch-GFP, 

tdTomato) revealed Gli1-driven Pten deletion among olfactory neurons, hippocampal 

granule cells and small numbers (<1%) of glial cells (Pun et al., 2012; data not shown).

In the hippocampus, Pten deletion produced grossly abnormal granule cells, with enlarged 

somas, apical dendrites with impaired branch self-avoidance and aberrant hilar-projecting 

basal dendrites (Fig.1A; (Arafa et al., 2019; LaSarge et al., 2015; Pun et al., 2012)). Pten KO 

granule cells tended to be found in close proximity to the subgranular zone, where Gli1-

expressing progenitors reside, but smaller numbers were also found close to the dentate 

molecular layer, consistent with reports showing that the KO cells migrate deeper into the 

granule cell body layer (Fig.1B) (Getz et al., 2016). Deletion rates were broadly controlled 

by varying the timing or dose of tamoxifen, while actual Pten knockout (KO) cell loads were 

determined histologically (Fig.1B). Deletion rates ranged from 0–40% of granule cells, with 

the maximum corresponding to the established time course of granule cell production during 

development. Specifically, granule cell production peaks by P7 in rodents (Mathews et al., 

2010), so tamoxifen treatment after this age, as done here, can only lead to recombination 

among a minority of granule cells. The variable deletion rates produced by the approach 

allowed us to experimentally assess how increasing KO cell loads impact epilepsy severity 

and hippocampal physiology.

3.2. Increasing KO cell load regulates disease phenotype

We first defined the relationship between KO cell load and epileptiform brain activity. 

Animals were implanted with either a bipolar hippocampal depth electrode to capture focal 

seizures or cortical electrodes to capture generalized seizures (Fig.1C).

Hippocampal depth electrode recordings were made from four control (0% KO) and nine 

Pten KO (3.2 to 17.5% KO) mice. Mice were monitored 24/7 by video-EEG for at least two 

weeks (control, 19.8 ± 1.7 days; KO, 14.2 ± 1.0 days). Epileptiform activity and seizures 

were absent from control mice. Among KO mice, 22% (2 of 9) exhibited epileptiform 

activity without overt seizures, 56% (5 of 9) had sporadic hippocampal seizures, and one 

mouse had frequent periods of non-convulsive status epilepticus (seizures > 5 minutes). 

Only one KO mouse had a normal EEG (3.8% KO). Correlation analyses revealed a positive 

relationship between KO cell load and epilepsy phenotype when control animals were 

included (Fig.1D; R=0.769, p=0.001, Spearman rank order correlation), but not when only 

KO animals were examined (R=0.378, p=0.285). Behaviorally, seizures were typically 

associated with freezing or subtle head movements. Freezing behavior would begin abruptly 

at the onset of the electrographic seizure, and mice would resume normal movement 

following electrographic seizure termination. Most seizures were brief, except for the animal 
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exhibiting non-convulsive status epilepticus. Among animals with seizures, seizure 

frequency was 2.3 ± 1.6 seizures/day.

Cortical ECoG recordings were made from eight control and 13 Pten KO (0.1–22.2% KO) 

mice. Mice were monitored 24/7 by video-EEG (control, 23.4 ± 7.5 days; KO, 21.5 ± 4.9 

days). Epileptiform activity and seizures were absent from control mice. Among KO mice, 

15% (2 of 13) exhibited epileptiform activity without overt seizures and 38% (5 of 13) had 

sporadic cortical seizures (0.9 ± 0.4 seizures/day). Spike frequency was 1.2 ± 0.4/hour in 

controls and 9.0 ± 4.5/hour in KOs, although the groups did not differ significantly 

(p=0.387, M-W RST). No animals developed status epilepticus, and epileptiform activity 

was absent from six animals. Epilepsy phenotype in the animals was positively correlated 

with KO cell load, with control animals included (Fig.1D; R=0.785, p<0.0001, Spearman 

rank order correlation) or only KO animals included (R=0.792, p=0.0003). Since Pten KO 

neurons are absent from cortex in this model (Pun et al., 2012), the presence of cortical 

seizures indicates that epilepsy has progressed to include the recruitment of normal tissue.

Analysis of the combined data sets indicates that hippocampal seizures and epileptiform 

changes were evident in animals with KO cell loads of 4 to 5%, while cortical seizures were 

not observed until loads reached 15% (Fig.1D, arrows). These observations support the 

conclusion that low KO cell loads are sufficient to cause focal seizures, while higher loads 

are required for generalized seizures.

3.3. Spontaneous excitatory activity and KO cell load

To determine whether synaptic inputs to KO cells change with increasing KO cell load, 

spontaneous excitatory postsynaptic currents (sEPSCs) were quantified during whole cell 

recordings of dentate granule cells in acute hippocampal slices from control and KO mice 

(Fig.2A). We first queried whether the frequency of sEPSCs recorded from granule cells was 

altered in slices from mice with KO cell loads >15% (above the threshold for cortical 

seizures). Consistent with previous studies (Santos et al., 2017), sEPSCs recorded from Pten 

KO cells were increased by 83% in high KO slices (Fig.2B; control, n=18 cells; KO, n=30 

cells [KO cell load 15.3–36.5%]; F= 22.04, p<0.001, Two-way ANOVA with genotype and 

sex, no interaction [F=0.08, p= n.s.]). We also found a significant difference between males 

and females, with sEPSCs in females being more frequent (F= 11.47, p=0.002). Results 

were similar with the one outlier (>1.5x the interquartile range) in the KO data set removed 

(KO vs. control, F=20.09, p<0.001; male vs. female, F=8.05, p=0.007). We next conducted 

correlation analyses to determine the relationship between sEPSC frequency and KO cell 

load. To isolate KO cell load effects from changes resulting from Pten deletion, only Pten 

KO cells were included in correlation analyses. Correlation analysis revealed a significant 

positive relationship between KO cell load and sEPSC frequency (Fig.2C; n=37 KO cells, 

KO cell load 7.6–36.5%, R=0.391, p=0.017, Pearson product-moment correlation [PPM]). 

In this case, however, the single outlier drove the effect, which disappeared when the outlier 

was removed (R=0.246, p=0.147). The apparent increase in excitatory network activity with 

increasing KO cell load, therefore, should be interpreted cautiously. Finally, we examined 

the amplitude of sEPSCs. Amplitude did not differ significantly between slices from high 

KO animals and controls (Fig.2D; control, n=20 cells; KO, n=22 cells [KO cell load 15.3–
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36.5%]; F= 2.52, p=0.121, Two-way ANOVA with genotype and sex, no interaction 

[F=0.04, p= n.s.])). Males and females did not differ from each other (F=0.154, p=0.697). A 

correlation analysis of just cells from KO animals, however, did reveal a significant positive 

relationship between KO cell load and sEPSC amplitude (Fig.2E; n=26 KO cells, KO cell 

load 7.6–36.5%, R=0.474, p=0.015, PPM). This effect was also driven by a couple outliers, 

again justifying a cautious interpretation (R=0.337, p=0.107 with 2 outliers removed).

3.4. Relationship between hippocampal circuit physiology and Pten KO cell load

To better understand how the accumulation of Pten KO cells promotes epileptogenesis, we 

conducted field potential recordings from acute hippocampal slices (1 slice per mouse; n=5 

control mice and 24 KO mice [KO cell load 3.6–38.4%]). For these experiments, lateral 

perforant path was stimulated, targeting the projections from lateral entorhinal cortex that 

innervate the outer segments of granule cell dendrites (Fig.3A). Stimulation produces an 

excitatory postsynaptic field potential (fEPSP), followed by a population spike if above 

threshold (Fig.3B). To further define the role of Pten KO cells, the light-activated proton 

pump archaerhodopsin (Arch) was expressed in these neurons such that they could be 

selectively silenced. In each slice, the following parameters were quantified: 1) fEPSP 

threshold, 2) sEPSP slope, 3) population spike threshold, 4) population spike amplitude and 

5) population spike dynamics.

3.5. Excitatory postsynaptic potential (fEPSP) threshold is unchanged in Pten KO mice

We first examined whether the current required to induce a fEPSP was altered by comparing 

control slices to slices from animals with KO cell loads >15% (Fig.3C). fEPSP threshold 

was identical in control (n=5; 64.0 ± 4.0 μA) and high KO (n=8; 57.5 ± 4.5 μA; p= n.s., t-

test) slices. Subsequent analyses showed no relationship between fEPSP threshold and KO 

cell load among KO slices (Fig.3D, blue triangles); n=24 mice; R=−0.29, p=0.18). Finally, 

the effect of optogenetic silencing of Arch-expressing control (Arch+ Control, n=5 mice, 

baseline = 64.0 ± 4.0 μA, laser on = 64.0 ± 4.0 μA) and Arch+ KO (Arch+ KO, n=17 mice, 

baseline = 62.4 ± 3.4 μA, laser on = 62.4 ± 3.4 μA) cells on fEPSP threshold was examined 

(Fig.3D, E, compare blue triangles to yellow circles). To control for laser exposure, Arch-

negative (No Arch) KO cells were also included (n=7 mice, baseline = 68.6 ± 7.4 μA, laser 

on = 68.6 ± 7.4 μA). Neither optogenetic silencing of Arch+ cells or laser exposure of No 

Arch cells had any effect on the fEPSP threshold (Group F=0.44, Light Stimulation F=0.00; 

p’s = n.s.; RM ANOVA, Fig.3E).

We next examined the slope of the fEPSP induced by perforant path stimulation. Arch+ 

PTEN knockouts slices were placed into high (>15%) or low (<15%) KO groups and 

compared to controls and Arch-negative knockouts. As expected, analyses revealed an 

interaction between increasing current and fEPSP slope (Supplemental Figure 1A; F=3.321, 

p<0.001; Two-Way RM ANOVA); all groups showed increasing slope with increasing 

current (F=33.220, p<0.001; 500μA vs 100μA p’s<0.05 for all groups). Replicating previous 

work (LaSarge et al., 2016), the high knockout slices had larger slopes than all other groups 

at 400μA (p’s<0.05) and 500μA (p’s<0.001), whereas responses at lower stimulation 

intensities did not differ. Perforant path stimulation during laser exposure produced the same 

fEPSP results, with an interaction between groups and increasing current (Supplemental 
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Figure 1B; F=1.985, p=0.033; Two-Way RM ANOVA), increased slope with increased 

current (F=3.278, p=0.038, 500μA vs 100μA p’s<0.05 for all groups), and high knockout 

slices with greater slopes at 400 and 500 μA (p’s<0.05). A comparison between the laser on 

and baseline conditions showed no changes in the fEPSP slope while silencing granule cells 

(Supplemental Figure 1C; Current, F=1.188, p=0.321; Group, F=0.626, p=0.605; interaction, 

F=1.670, p=0.085). Further comparison between fEPSP slope ratios with increasing 

knockout cell load showed no laser effects on the fEPSP slopes (Supplemental Figure 1D; 

Pearson Correlations, R’s = −0.231 to 0.382, p’s>0.127).

3.6. Pten KO cells produce a reduction in population spike threshold

Perforant path stimulation of sufficient intensity induces an action potential among the 

granule cells, evident as a population spike. Population spike threshold was significantly 

reduced in slices from high KO animals (Fig.3F; n=8 mice; 60 [40–80] μA) relative to 

controls (n=5 mice; 400 [200–400] μA; p=0.002, MW RST). Correlation analysis among 

KO animals revealed a significant negative relationship between KO cell load and threshold 

(Fig.3G; n=24 mice; R= −0.46, p=0.023). Gross examination of the data (Fig.3G, blue 

triangles) suggests that population spike threshold drops abruptly, and levels off once even 

small numbers of KO cells are present.

Optogenetic inhibition of Arch+ KO cells significantly increased population spike thresholds 

(Fig.3G, compare blue triangles to yellow circles). Specifically, analyses of slices from 

control, Arch+ KO and No Arch KO mice revealed a significant interaction between group 

and light stimulation (Fig.3H; F=12.553, p<0.001, RM Two-way ANOVA). Among Arch+ 

KO slices, inhibition significantly increased threshold (213 ± 16 μA) relative to the no light 

condition in the same slices (80 ± 16 μA; t=7.79, p<0.001, t-test with Bonferroni 

corrections). KO cell inhibition did not, however, completely restore threshold to control 

levels (340 ± 30 μA, t=7.57, p<0.001). Silencing had no effect on Arch+ control slices, and 

laser exposure had no effect on No Arch KO slices (p’s = n.s.). Examination of individual 

Arch+ KO slice responses revealed that silencing increased thresholds to within the control 

range (>200 μA) in all but three high KO slices (Fig.3G).

Increasing perforant path stimulation led to increased population spike amplitude, without 

(Supplemental Figure 1E; current, F= 14.111, p<0.001; Group, F=2.118, p=0.123; Two-Way 

RM ANOVA) and with laser exposures (Supplemental Figure 1F; current, F= 14.244, 

p<0.001; Group, F=1.587, p=0.217) for all groups. However, the ratio of the population 

spike amplitude, with and without laser exposure, showed an interaction between the amount 

of current and group (Supplemental Figure 1G; F=2.603, p=0.005). Control slices (with 

Arch) and PTEN knockout slices without Arch showed no difference between current 

amounts, whereas low and high PTEN knockouts with Arch exhibited a reduction in the 

population spike with laser exposure at 100 μA of current (low Arch knockouts compared to 

200–500 μA, p’s< 0.001; high knockouts compared to 300–500 μA, p≤ 0.002). Correlation 

analysis of the Arch PTEN knockout percentage and population spike ratio at 100 μA of 

current stimulation showed a positive relationship (Supplemental Figure 1H; R=0.324, 

p=0.017; Pearson Correlation), demonstrating that slices with low amounts of PTEN 
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knockout cells had the greatest reductions in the population spike amplitude with laser 

exposure at low stimulation.

Together, these findings support several key conclusions. Firstly, only low numbers of Pten 

KO cells are required to reduce population spike threshold. Secondly, cell silencing 

experiments confirm that KO cells are driving this effect. When KO cells are optogenetically 

removed from the circuit, presumptive Arch negative, Pten+ cells with higher population 

spike thresholds dominate the response. Finally, the failure of cell silencing to restore the 

normal response in some high KO animals suggests secondary changes may be occurring.

3.7. Response pathology increases with KO cell load and stimulation intensity

In slices from control animals, granule cells fire only a single population spike (Andersen et 
al., 1966), as robust feedforward and feedback inhibition prevents further firing (Li et al., 
2013; Ribak and Seress, 1983; Sloviter, 1991a). In many models of epilepsy - including our 

Pten KO model - stimulation produces secondary population spikes, indicative of the de 
novo formation of recurrent excitatory pathways (Hardison et al., 2000; LaSarge et al., 2016; 

Patrylo et al., 1999). For the present study, field potential and optogenetic experiments were 

designed to reveal the role of KO cells in producing this recurrent activity. Each 

hippocampal slice was stimulated in blocks of three (baseline, laser on to silence Arch+ 

cells, and recovery). Each block consisted of 5 stimulations each at 100, 200, 300, 400, 500 

and 600 μA, for a total of 90 stimulations per slice. Slices were organized into 3 groups 

(control, n=5 mice; Arch+ Pten KO, n=17 mice [KO cell load 4 – 38%] and No Arch Pten 

KO, n=7 mice [KO cell load 4 – 14%]).

To capture the pertinent features, responses were closely examined at stimulation intensities 

of 100 and 400 μA (Fig.4). At 100 μA of current stimulation, 100% of slices from control 

animals (5 of 5) exhibited an EPSP-only (Fig.4A, B). At 400 μA, all five control slices 

transitioned to an EPSP plus a single population spike (Fig.4F, G). In slices from low KO 

animals (<15% KO), on the other hand, 100 μA stimulation produced an EPSP-only in 

12.5% (2/16) of mice and multiple population spikes in 87.5% (14/16) of mice (Fig.4C, D). 

Interestingly, in all cases, population spikes in low KOs were of brief duration (1–2 msec), 

appeared inconsistently at variable latencies among stimulations, and had low amplitudes. At 

400 μA, these responses became more robust, and slices from 25% of the low KO animals 

transitioned to larger amplitude, longer duration (2–4 msec) multiple population spike 

responses (Fig.4H). However, the majority of low KO slices (10/16) transitioned to a single 

large population spike, consistent with higher intensity stimulation, and maintained 

subsequent, occasional small spikes (Fig.4I). These results present the possibility that in 

many low KO slices, the dentate circuit can mitigate the impact from small KO cell groups 

and prevent them from influencing the larger hippocampal network - perhaps via activation 

of feedback inhibitory networks.

In slices from high KO animals, 100 μA stimulation produced multiple population spikes in 

100% (8 of 8) of the slices. Slices from half of the high KO animals exhibited multiple 

population spikes that were brief, appeared at variable latencies and had low amplitudes - 

similar to low KOs. The other half exhibited multiple spikes with consistent latencies, longer 

durations (2–4 msec) and larger amplitudes than low KOs at 100 μA (Fig.4E). Quantification 
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of low and high KO response amplitudes revealed a significant difference at 100 μA (low 

KO, n=16 mice, −737 ± 132 μV; high KO, n=8 mice, −1559 ± 339 μV; t=2.73, p=0.012). At 

400 μA, responses from high KOs simply became more robust (Fig.4J), and 62.5% (5 of 8) 

of slices had longer duration, higher amplitude spikes. Taken together, these findings 

demonstrate that as KO cell load increases, the secondary population spikes become larger, 

longer and more reliable.

3.8. KO cells mediate abnormal responses

To confirm that multiple population spikes were mediated by KO cells, data from 

optogenetic silencing experiments was examined. Gross examination of field potential traces 

revealed that optogenetic silencing consistently eliminated the lower amplitude, shorter 

duration population spikes predominant in slices from low KO animals (Fig.4C’, D’, pink 

traces). In high KOs, by contrast, silencing often (Fig.4E, E’, pink traces) but not always 

(Fig.4J, pink traces) eliminated the larger secondary spikes. The persistence of secondary 

spikes suggests circuit abnormalities extend beyond the KO cell population.

3.9. Quantitative analyses confirm that circuit pathology increases with KO cell load

To quantitatively assess our observations at 100 μA stimulation intensities, the first 100 msec 

of each field response was converted to line length. Line length is increased by population 

spike number and amplitude, so the approach provides an unbiased measure of response 

severity. Line length was significantly longer for high KOs (>15%) relative to controls at 

100 μA (Fig.5A; controls: 24224 ± 2882; Pten KO: 36698 ± 2773; t=−2.97, p=0.013; t-test). 

Correlation analysis of slices from KO animals revealed a significant, positive relationship 

between line length and KO cell load (Fig. 5B; R=0.64, p<0.001). This increase in line 

length validates qualitative observations that population spikes increase in number, size and 

duration with increasing KO cell load.

Optogenetic silencing of KO cells significantly reduced line length at 100 μA. Effects of 

silencing are shown graphically in figure 5C, in which baseline responses are depicted as 

blue triangles, and silenced responses as yellow circles. Comparing baseline and silenced 

responses for each slice reveals that reductions were more pronounced in high KOs. 

Although elimination of secondary spikes was grossly more effective in low KOs 

(Fig.4C,D), the small size of these spikes produced only modest reductions in line length, 

while even partial elimination of larger secondary spikes in high KOs produced appreciable 

reductions in line length in 7/8 high KO animals (Fig.5C). Quantification of line length 

ratios (laser on [KO cells silenced]/laser off [baseline]) revealed a significant interaction 

(Fig.5D; F=7.48, p=0.003), such that KO slices had a significant reduction in line length 

when KO cells were silenced (t=5.768, p<0.001). No differences in light on and recovery 

line lengths ratios were evident in Arch+ controls, or No Arch KOs (all t’s<0.80, p’s= n.s.). 

There was also no difference between recovery (laser off) and baseline traces for any group 

(all t’s<0.77, p’s=n.s.), indicating that laser stimulation did not non-specifically reduce 

responses by injuring the slices. Finally, when silenced (laser on) responses are expressed as 

a percentage of the baseline or recovery responses, such that values of 1 indicate no change, 

while values less than 1 indicate reductions in line length, the resulting ratios show a 

pronounced negative relationship between line length and KO cell load relative to recovery 
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(Fig.5F; R= −0.59, p=0.0126) and a similar trend relative to baseline (Fig.5E; R= −0.19, 

p=n.s.). These data confirm that KO cells are mediating the increase in line length, and that 

increasing KO cell load produces larger effects.

3.10. Interneurons loss in high KO mice

Cortical seizures appeared in animals with KO cell loads of 15% or more. The appearance of 

cortical seizures could be driven by secondary changes in the network. The reduced efficacy 

of optogenetic silencing in high KO slices also suggests secondary changes are present 

(Fig.4J, pink trace). A key change that could contribute to the change in phenotype is the 

loss of GABAergic hilar interneurons. Although hilar interneurons do not undergo Pten 
deletion in our model, they are directly innervated by granule cells. The occurrence of 

hippocampal seizures in KO animals, therefore, could provoke the loss of these local circuit 

neurons.

Triple-immunolabeling for parvalbumin (PV), somatostatin (SST), and neuropeptide Y 

(NPY) was stereologically quantified in the dentate hilus in control and high KO (>15%) 

animals (Fig.6A). We first established the overall number of interneurons immunoreactive 

for PV, SST or NPY. To avoid double-counting, for this measure cells were only counted 

once regardless of whether they expressed single or multiple markers. Overall interneuron 

number was decreased by 19% in Pten KOs (Fig.6B; 4,473 ± 339 cells) compared to 

controls (5,525 ± 340 cells; t= 2.19, p=0.0452, student’s t-test). Granule cell layer/hilar 

volume was not different between control (0.441 ± 0.02 mm3) and Pten KO tissue (0.498 ± 

0.026 mm3; t= −1.73, p=0.105, t-test).

We next queried whether interneuron loss was evenly distributed among PV-, SST-, or NPY-

expressing cells, or whether specific subtypes were more vulnerable. Analyses revealed a 

vulnerability of SST interneurons (Control, 3,529±237; PTEN KO, 2,673±293; t=2.235, 

p=0.041; Student’s t-test), while PV- and NPY-immunoreactive neurons exhibited reductions 

that did not reach the level of significance (PV: Control, 1,873±103; PTEN KO, 1,603±130; 

t=1.593, p=0.132; NPY: Control, 4,151±296; PTEN KO, 3,528±300; t=1.469, p=0.162).

3.11. Interneuron density declines with increasing KO cell load

Having demonstrated that interneuron loss occurs in high KO animals, we next sought to 

ascertain the relationship between Pten KO cell load and interneuron density using a new set 

of animals with a wide range of KO cells (supplemental table 4; Control, n=5; KO, n=23 

[3.63–38.36% KO]). Replicating the previous finding, mice in this dataset with greater than 

15% Pten KO cells loads had lower interneuron densities than controls (control: 10,913±580 

cells/mm3; Pten KO, n= 7: 8,302±553 cells/mm3; t=3.188, p=0.010; Student’s t-test). A 

correlational analysis between interneuron density and the full range of Pten KO cell loads 

revealed a significant negative relationship with (Fig. 6C; R = −0.559, p=0.002; Pearson 

Correlation) and without (R= −0.488, p=0.018) controls included. When examined by 

interneuron subtype, significant negative relationships between increasing KO cell load and 

density were found for SST (Fig. 6D; R= −0.426, p=0.024), PV (Fig. 6E; R= −0.378, 

p=0.048), and NPY (Fig. 6F; R= −0.526, p=0.004). Importantly, the overall decreases in 
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inhibitory interneuron number and density observed here demonstrate that Pten KO cells can 

induce secondary changes in the dentate network.

4. Discussion

To begin to reveal the mechanisms underlying the development of epilepsy in 

mTORopathies, we incrementally increased the load of Pten KO hippocampal granule cells 

and examined how this tightly controlled insult altered key disease measures. Pten KO cells 

produced changes in circuit physiology and focal seizures at levels (5% KO) well below the 

amount needed to produce cortical seizures (15% KO). Pten KO cells also created recurrent 

excitatory circuits, which increased in strength and synchrony with increasing KO cell load. 

Additionally, high KO animals (>15%) had reductions in interneuron number and density. 

These findings support the conclusions that 1) increasing KO cell load drives increasingly 

severe pathology, 2) low KO cell loads can drive subclinical circuit level pathology and 3) 

high KO cell loads can initiate secondary changes among initially normal neurons (Fig.7A).

An addition to manipulating KO cell load, we also introduced the optogenetic inhibitor 

archaerhodopsin into the KO cells so that they could be silenced in vitro. The combination 

of these approaches allowed us to simultaneously assess KO cell load effects and to 

distinguish direct from indirect effects of the KO cells on hippocampal circuit behavior. 

Elimination of abnormal physiological responses by silencing KO cells provides strong 

evidence that KO cell activity is required for these effects, while an inability to fully block 

abnormal responses in some high KOs implies that they are mediated by changes in 

surrounding circuits; presumably as a secondary consequence of PTEN loss among granule 

cells. A key caveat, however, should be noted. While positive effects are straightforward, 

incomplete elimination of a response should be interpreted more cautiously. This could 

indicate that KO cells are not required; however, it could also reflect technical limitations, 

such as incomplete silencing due to inadequate archaerhodopsin expression or poor 

membrane control of hypertrophied KO cells (Arafa et al., 2019; LaSarge et al., 2015; Pun et 
al., 2012).

The present findings paint a clearer picture of how Pten KO granule cells alter the dentate 

circuit. In the normal dentate, low intensity stimulation (100 μA; Fig.7B) of the perforant 

path produces an fEPSP, but no population spike, as healthy granule cells have a high firing 

threshold (McNaughton et al., 1981). With higher intensity stimulation (400 μA; Fig.7B), 

control granule cells fire a single population spike; however, recurrent firing is prevented by 

robust feedback inhibition mediated by local circuit interneurons (Sloviter, 1991a).

The addition of even small numbers of Pten KO granule cells changes the circuit behavior 

dramatically. Low intensity stimulation is sufficient to induce a population spike, even in 

low KO animals (Fig.7B). Consistent with the reduced firing threshold, Pten KO granule 

cells receive increased excitatory synaptic drive, are hyperexcitable, and can show bursting 

behavior (Santos et al., 2017; Skelton et al., 2019; 2020). Low KO animals also exhibit 

secondary spikes, which are low amplitude and short duration; these spikes are indicative of 

recurrent circuitry. The characteristics of these secondary spikes are consistent with only KO 

cells being activated by the low current. Supporting this interpretation, spikes were 
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consistently eliminated by silencing KO cells. More intense stimulation (>400 μA) usually 

produced more pronounced abnormal responses. Higher intensity stimulation is predicted to 

activate a mix of Pten-expressing and KO cells, and correspondingly, responses were more 

variable. Variable responses could reflect subtle differences that favor the dominance of 

either PTEN KO or PTEN-expressing cells. Taken together, these findings demonstrate that 

KO cells create a recurrent circuit that can be activated independently of adjacent Pten-

expressing cells, suggesting the presence of complex circuit dynamics that will be fruitful to 

explore in future work.

In contrast to low KOs, responses in high KOs were consistently abnormal at all stimulus 

intensities, manifesting as either small asynchronous or large synchronous recurrent spikes. 

Optogenetic silencing only eliminated secondary spikes in a subset of cases. This suggests 

that Pten-expressing cells have been recruited into the recurrent circuit, although incomplete 

silencing of KO cells could contribute as well. These findings indicate that in high KO mice, 

pathological responses dominate the circuit behavior.

In the normal dentate, feedback and feed-forward inhibition prevents granule cells from 

firing recurrent population spikes. By contrast, even low KO slices exhibited multiple 

recurrent spikes. An impaired inhibition/excitation balance likely contributes to the 

persistent activity. Pten KO cells are known to have increased synaptic connectivity and 

more presynaptic partners (Barrows et al., 2017; Skelton et al., 2019), as well as increased 

excitatory synaptic transmission (Weston et al., 2012). Cultured Pten KO cells were shown 

to have heightened presynaptic connections with inhibitory cells as well (Barrows et al., 
2017). While Pten KO cells in our model receive more excitatory input than normal granule 

cells, they have less inhibitory input (Santos et al., 2017). We suspect the difference in 

inhibitory input between cultured cells and our Pten KO cells is due to the decrease in 

inhibitory cell numbers in our model. Cell loss would result in weaker inhibitory feedback 

and feed-forward control of Pten KO cells and facilitate the appearance of secondary spikes.

In the present study we assessed the number and density of PV, SST and NPY-expressing 

interneurons. PV-expressing cells are responsible for both feed-forward and feedback 

inhibition onto granule cells, while SST cells provide feedback inhibition. NPY modulates 

transmission from mossy fiber axons and has anticonvulsive effects (Baraban et al., 1997; 

DePrato Primeaux et al., 2000; Marsh et al., 1999; Woldbye, 1998; Woldbye et al., 1997). 

Stereological counts in high KO animals (17–40%) revealed an overall 19% reduction when 

all three types were combined, while subtype-specific measures indicate that the SST 

subpopulation is most severely affected. The simplest explanation for the disappearance of 

these inhibitory cells is that they have died, although it is a formal possibility that relevant 

marker proteins have been downregulated, rendering them undetectable with these 

approaches. Dysfunction or loss of these cell populations has been shown to exacerbate 

dentate hyperexcitability (Andre et al., 2001; Buckmaster and Dudek, 1997; Ledri et al., 
2012; Sloviter, 1991b).

Hilar interneurons are directly innervated by granule cells (Acsády et al., 1998). A plausible 

scenario for the disappearance of these cells, therefore, is that Pten KO cells hyperexcite and 

kill their target interneurons. Significantly, this reverses the sequence of changes observed in 
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status epilepticus models of epilepsy, in which interneuron loss precedes granule cell 

dysmorphogenesis (Sloviter, 1992). The relevance of status epilepticus models to human 

epilepsy has been widely questioned (Klein et al., 2018), increasing the relevance of models 

that follow distinct trajectories. Indeed, if this sequence is recapitulated in human epilepsy, 

then strategies to prevent interneuron loss could be viable anti-epileptogenic approaches.

In conclusion, the present study demonstrates that increasing the load of Pten KO 

hippocampal granule cells drives a cascade of epileptogenic changes, evident as subtle shifts 

in circuit behavior in low KOs, progressing to convulsive seizures and cell loss in high KOs. 

Optogenetic silencing studies indicate that at least in low KOs, KO cells directly drive circuit 

pathology, while evidence of cell loss in high KOs suggests the cells can drive disease 

progression by disrupting initially healthy neighbors. This latter observation has important 

implication for translational therapies, as it implies that effective treatments for 

mTORopathies will need to address both direct effects of mTOR hyperactivation, and 

secondary impacts of the mutant neurons on the surrounding networks.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Low levels of Pten KO hippocampal granule cells produce subclinical brain 

hyperexcitability

• High Pten KO granule cell loads are associated with generalized seizures and 

interneuron loss

• Pten KO granule cells mediate the formation of recurrent excitatory circuits

• Pten KO cells initiate secondary changes in surrounding, initially normal 

neuronal circuits
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Figure 1. Increases in Pten KO cells are correlated with more severe epilepsy phenotype.
A: Examples of biocytin-filled control and Pten knockout (KO) cells. Scale bar = 100 μm. 

B: Micrographs show Pten immunoreactivity (red) and Nissl staining (blue) in the dentate 

granule cell body layer of a control mouse and two Pten KO mice. KO cells appear as dark 

holes in the Pten staining, and blue cells in the merged image. Scale bar = 50 μm. C: 
Hippocampal depth electrode recordings from each of the corresponding mice in panel B. 

The control animal shows a normal recording, the 7% KO shows epileptiform spikes and 

events, while the 17.5% KO has a seizure. D: Graphs show the correlation between the 

percentage of Pten KO granule cells and the animal’s phenotype (hippocampal: n=13; 

cortical n=21). Control animals (0% KO) are plotted in black, and KOs in red. Animals 

carrying the DREADD receptor, which was not activated in the present study, are denoted by 

“#”. Animals were categorized as normal, as having epileptiform activity (EA) only or 

seizures, as determined from hippocampal or cortical recordings.
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Figure 2. Pten KO cells have higher sEPSCs frequency.
A: Example whole cell recordings from a control and a Pten KO cell. B: Recordings from 

high KO animals (>15%) reveal an increase in sEPSC frequency among KO cells. C: 
Among cells from KO animals, sEPSC frequency was positively correlated with the 

percentage of hippocampal granule cells that lacked Pten. D: sEPSC amplitude was 

statistically similar between control and high KO animals. E: Among cells from KO 

animals, sEPSC amplitude was positively correlated with the percentage of granule cells that 

lacked PTEN. Bars in B and D indicate mean ± sem. For C and E, best-fit lines with 95% 

confidence bands are shown. Black and red circles indicate male mice, while grey and 

orange squares denote female mice. ***, p<0.001.
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Figure 3. Population spike thresholds, but not fEPSP thresholds, were lower in Pten KO slices.
A: Schematic of the acute hippocampal slice protocol. Field potentials were generated by 

stimulating the perforant path (PP) while recording from the granule cell body layer. Created 

with BioRender.com B: Example field potential response, color coded to highlight the 

stimulus artifact (yellow), the excitatory postsynaptic current (fEPSP; Cyan), and the granule 

cell population spike (red). Created with BioRender.com C & F: Graphs depict fEPSP (C), 

or population spike (F), threshold for individual slices from control (black; n=5) and high 

knockout (>15%; red; n=8) animals. D &G: Scatterplots correlating fEPSP (D), or 

population spike (G), threshold with the percentage of KO granule cells in each slice (n=24). 

For each slice, two points are given: Blue arrowheads give baseline (laser off) values, while 

yellow dots give values for the Arch+ control and Arch+ KO slices with Arch+ cells 

silenced (laser on). E & H: Bar graphs show fEPSP (E), or population spike (H), baseline 

responses and responses with KO cells silenced for Arch+ control (n=5), Arch+ KO (n=17) 

and Arch-negative (No Arch) KO slices (n= 7). *p≤0.05; **p≤0.01.
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Figure 4: Optogenetic silencing of granule cells during perforant path stimulation.
Representative field potential recordings from acute hippocampal slices from controls 

(A,B,F,G), or a 9.7% KO (C,H), a 12% KO (D, I) and a 38% KO (E,J) slice. Experiments 

were run sequentially, first capturing a baseline response (laser off, black trace), the response 

during optogenetic silencing of Arch+ control or KO cells (laser on, pink trace) and a 

recovery response (laser off, green trace). Shaded regions (A’ – E’) are expanded to the right 

of each panel.
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Figure 5. Responses from Pten KO slices were more complex compared to controls, and silencing 
Arch+ cells decreased their line length.
A: Field potential line lengths for the first 100 msec of baseline responses in slices from 

control (n=5) and high KO (>15%, n=8) animals. B: Baseline field response length and the 

percentage of Pten KO granule cells were positively correlated within KO animals (n=24), 

indicating responses become more abnormal with increasing KO cells. Control animals 

(n=5) were not included in statistics. C: Baseline length (blue triangles) and length 

following optogenetic silencing of Arch+ KO cells (n=17, yellow circles) for individual 

slices. D: Line length ratios for slices from Arch+ control (n=5), Arch+ KO (n=17), and 

Arch-negative (NO Arch) KO (n=7) mice. The response to optogenetic silencing was 

calculated by dividing laser-on by baseline response. Recovery/baseline responses show 

laser-induced changes or rebound effects. Bars denote mean ± SEM; dots show individual 

slice responses. E & F: Line lengths during optogenetic silencing were divided by either 

baseline (E) or recovery (F) line lengths to generate a ratio for each Arch+ KO slice (n=17). 

Greater reductions in line length correlated with higher KO cell loads relative to recovery (F) 
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but not baseline (E) lengths. *, p<0.05; **, p<0.001. For B, C, E and F, best-fit lines with 

95% confidence bands are shown.
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Figure 6. Inhibitory interneurons expressing neuropeptide Y (NPY), somatostatin (SST) and 
parvalbumin (PV) were quantified in the dentate hilus of control and KO mice.
A: Low power images of the dentate gyrus in a control mouse and a KO mouse are shown in 

the left panels (Scale = 500 μm). Right panels show expansions of the dentate hilus (Scale = 

50 μm). Immunolabeling for NPY (red), SST (green) and PV (blue) is shown individually 

and merged. B: Scatter plots show stereological estimates for SST, PV and NPY 

interneurons combined and individually in control vs. high KO (>15%) mice. *, p<0.05. C–
F: Hilar interneuron density measurements from a separate group of control and PTEN KO 

mice show a negative relationship between KO cell load and SST, PV and NPY interneuron 

density combined (C) and individually (D–F).

LaSarge et al. Page 29

Prog Neurobiol. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Modeling the impact of increasing Pten KO cell loads.
A: Increasing KO cell load (x axis) leads to the initial appearance of focal seizures followed 

by cortical seizures. Individual KO cells showed a progressive increase in sEPSC frequency 

(yellow arrow) with KO cell load. Population spike thresholds (black arrow) decreased 

abruptly in Pten KO slices, and population spike amplitude and recurrence (red arrow) 

became progressively more robust. Interneuron density shows a negative relationship with 

KO cell load (blue). B: Field potential responses become more abnormal with increasing 

Pten KO cells. B.1: Under control conditions, granule cells (black circles) have a high firing 

threshold, and do not generate a population spike (PS) with low stimulation. Red centers 

indicate cells firing a primary action potential, while red arrows indicate population spike 

size. Robust feedforward and feedback inhibition (large blue arrow) prevents secondary 

spikes. B.2: In slices from low KO animals, low current stimulation activates only KO cells 

due to their reduced firing threshold, producing a small population spike and multiple, small 

secondary spikes (cells with purple centers; purple arrows). Higher currents activate both 

KO and Pten-expressing cells, resulting in either (top) a single, large population spike with 

small, secondary spikes or (bottom) multiple large spikes. Inhibitory activation (large blue 

arrow, top) could account for the single population spike, versus a failure of inhibitory 

control in slices with multiple population spikes (small blue arrow, bottom). B.3: In slices 

from high KOs, interconnected pools of KO cells - combined with impaired inhibition - 

drive multiple population spikes with low current stimulation. Higher current stimulation 

strengthens these abnormal responses.
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