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Abstract

Deletion of the mTOR pathway inhibitor PTEN from postnatally-generated hippocampal
dentate granule cells causes epilepsy. Here, we conducted field potential, whole cell recording
and single cell morphology studies to begin to elucidate the mechanisms by which granule cell-
specific PTEN-loss produces disease. Cells from both male and female mice were recorded to
identify sex-specific effects. PTEN knockout granule cells showed altered intrinsic excitability,
evident as a tendency to fire in bursts. PTEN knockout granule cells also exhibited increased
frequency of spontaneous excitatory synaptic currents (SEPSCs) and decreased frequency of
inhibitory currents (sIPSCs), further indicative of a shift towards hyperexcitability.
Morphological studies of PTEN knockout granule cells revealed larger dendritic trees, more
dendritic branches and an impairment of dendrite self-avoidance. Finally, cells from both female
control and female knockout mice received more SEPSCs and more sIPSCs than corresponding
male cells. Despite the difference, the net effect produced statistically equivalent EPSC/IPSC
ratios. Consistent with this latter observation, extracellularly evoked responses in hippocampal
slices were similar between male and female knockouts. Both groups of knockouts were
abnormal relative to controls. Together, these studies reveal a host of physiological and

morphological changes among PTEN knockout cells likely to underlie epileptogenic activity.



Significance Statement

Hyperactivation of the mTOR pathway is associated with numerous neurological
diseases, including autism and epilepsy. Here, we demonstrate that deletion of the mTOR
negative regulator, PTEN, from a subset of hippocampal dentate granule impairs dendritic
patterning, increases excitatory input and decreases inhibitory input. We further demonstrate that
while granule cells from female mice receive more excitatory and inhibitory input than males,
PTEN deletion produces mostly similar changes in both sexes. Together, these studies provide
new insights into how the relatively small number (=200,000) of PTEN knockout granule cells
instigates the development of the profound epilepsy syndrome evident in both male and female

animals in this model.



Introduction

During the development of temporal lobe epilepsy, adult-generated dentate granule cells
integrate abnormally into the hippocampus (Shapiro et al., 2007; Walter et al., 2007; Jessberger
and Parent, 2015; Singh et al., 2016; Althaus et al., 2016). Abnormal granule cells are
hypothesized to mediate epileptogenesis by impairing the “dentate gate”, a property of the
hippocampal circuit that normally limits excess excitation (Krook-Magnuson et al., 2015;
Scharfman and Bernstein, 2015). Supporting this hypothesis, genetic ablation of abnormal,
newborn granule cells reduces epilepsy severity (Cho et al., 2015; Hosford et al., 2016). To
further test the hypothesis, we deleted the mechanistic target of rapamycin (mTOR) pathway
inhibitor phosphatase and tensin homologue (PTEN) from a subset of postnatally-generated
granule cells. PTEN deletion from granule cells produces axonal and dendritic abnormalities
reminiscent of those seen in epilepsy (Kwon et al., 2006; Murphy et al., 2012; LaSarge and
Danzer, 2014; LaSarge et al., 2015) and leads to the development of spontaneous seizures;

demonstrating that abnormal granule cells can cause epilepsy (Pun et al., 2012).

PTEN mutations are associated with a number of neurological conditions, including
megalocephaly, autism spectrum disorder and epilepsy (O’Roak et al., 2012; Garcia-Junco-
Clemente and Golshani, 2014; Jansen et al., 2015). PTEN-induced hyperactivation of the mTOR
pathway mediates many of the abnormalities evident in animal models (Kwon et al., 2003; Zhou
et al., 2009; Nguyen et al., 2015; Matsushida et al., 2016). mTOR is a major target of the PI3K-
Akt pathway, activating signaling cascades that regulate neuronal proliferation, survival, growth
and plasticity (Switon et al., 2017). Aptly-named mTORopathies — diseases associated with

altered mTOR signaling — cover an even broader range of neurological conditions, including



neurocognitive and neurodegenerative disorders (Lipton & Sahin 2014; Crino, 2016). In addition
to genetic mutations which dysregulate mTOR signaling, the mTOR pathway is also
hyperactivated in granule cells following neuronal injuries associated with acquired epilepsies,
and blocking mTOR signaling is anti-epileptogenic in most (Zeng et al., 2009; Huang et al.,
2010; Butler et al., 2015) but not all (Heng et al., 2013) epilepsy models that have been

examined.

The model used for the present study, therefore, allows us to explore the impact of
deleting an epilepsy-associated gene (PTEN) from a neuronal population (granule cells)
hypothesized to play a critical role in temporal lobe epilepsy. We also use this model to gain
insight into sex differences in epilepsy. Steroid hormones play a key role in the control of
neuronal excitability. Estradiol potentiates glutamatergic synaptic transmission, increases
presynaptic glutamate release probability and enhances postsynaptic sensitivity in both sexes
(Wong and Moss, 1992; Oberlander and Woolley, 2016). By contrast, exposure to estradiol can
suppress GABAergic inhibition of hippocampal neurons (Huang and Woolley, 2012). Consistent
with these findings, estradiol can impact seizure susceptibility (Scharfman and MacLusky, 2014;
Reddy, 2017). In addition, several studies have identified sex difference in mTOR signaling in

non-CNS tissues and functions (Gurgen et al., 2013; Miller et al., 2014; Baar et al., 2016).

Here, neuronal function was assessed using both extracellular and intracellular recording
techniques, combined with detailed cellular morphometry. Findings provide new insights into the

mechanisms by which a relatively small population of abnormal neurons, in the absence of a



precipitating injury producing widespread cell loss, lead to convulsive seizures affecting much of

the brain.

Methods

All animal procedures were conducted in accordance with NIH and CCHMC Institutional
Animal Care and Use Committee (IACUC) guidelines. To generate study animals, Glil-CreER ™
(RRID:IMSR_JAX:007913) hemizygous::PTEN"" (RRID:IMSR_JAX:006440) mice were
crossed to PTEN"" mice to generate Gli1-CreER" hemizygous::PTEN"™"* mice (male
PTEN KO, n=24; female PTEN KO, n=15). Gli1-CreER"? hemizygous::PTEN""" and Gli1-
CreER ' negative::PTEN"W floxwtandflox/flox |54tarmates were used as controls (male control,
n=14; female control, n=10). PTEN KO mice were injected with tamoxifen on P14 (Sigma-
Aldrich, T5648; 250 mg/kg dissolved at 20 mg/ml in corn oil, subcutaneous). Thirteen of 24
control mice also received tamoxifen. Within controls, tamoxifen injection did not significantly
impact any measure presented (data not shown), so groups were merged. Animals ranged in age
from 2-6 months, with median ages of 3.4 (male controls), 3.6 (female controls), 3.0 (male KOs)
and 3.0 (female KOs) months (one-way ANOVA, p=0.783). Most seizures in these animals are
non-convulsive (Pun et al., 2012), so animals were not video-monitored to assess seizure
frequency. Power analyses to determine target “n’s” were not conducted due to a lack of pilot
data for most measures. Therefore, historical targets of 5-8 cells/groups were used, although

larger “n’s” were generated for most measures to offset experimental noise that might result from

variable seizure rates.



Slice preparation

Hippocampal slices were prepared for physiological recordings as follows. Mice were
anesthetized with pentobarbital (i.p., 0.05 ml, 100 mg/ml) and perfused intracardially with ice-
cold modified ACSF of the following composition (mM): NaCl, 92; KCl, 2.5; NaH2PO,, 1.25;
NaHCOsg, 30; MgSO,, 10; CaCl,, 0.5; Na-pyruvate, 3; Thiourea, 2; Na-ascorbate, 5; Glucose, 25;
HEPES, 20. ACSF was oxygenated with 95% O,/5% CO,. The brain was removed and bisected.
A tissue slicer (Campden/Lafayette Instrument, IN) was used to prepare 350 um thick transverse
slices from the right hemisphere for physiological recordings, as described by Jones and
Heinemann (1988). Individual slices were transferred to a N-methyl-D-glutamine (NMDG)-
based medium with the same composition as ACSF, except that NaCl was replaced with NMDG
(92 mM). Slices were equilibrated in oxygenated NMDG-based medium for 60 minutes at room
temperature. The modified ASCF and NMDG solutions better preserve physiological responses
from older animals (Zhao et al., 2011; Althaus et al., 2015). After the first incubation, the slices
were transferred into recording ACSF for another 60 minute incubation. Recording ACSF was of
the following composition and concentration (mM): NaCl, 124; KCI, 3.5; MgSQy, 2; CaCl,, 2;
NaH,PO,, 1.25; glucose, 10; NaHCO3, 26. Individual slices were placed in a chamber on the
stage of an upright microscope (Nikon, Eclipse FNI) equipped with a 10X bright field and a 40X
DIC objectives, and continuously perfused with oxygenated ACSF at a rate of 3-4 ml/minute at

room temperature.

Extracellular recordings
A stimulating electrode, mounted on the stage of the microscope, was used to activate the

perforant pathway. The electrode was constructed from a sharp-tipped tungsten wire (impedance



approximately 1-2 Mohm; FHC, Maine) and a stainless steel wire -- each placed through one
barrel of a 6 cm long double-barreled glass pipette. The pipette was sealed at the end with
Sylgard, with the exposed wire tips separated by 50-75 um. Responses were elicited by a 200
psec 4-8 V step, generated by the D/A interface and timed by Clampex software (version 10.3;
Molecular Devices).

To provide a measure of excitability in slices, extracellular evoked potentials were
classified as consisting of 1) isolated excitatory postsynaptic potentials (EPSPs), 2) an EPSP + a
single population spike, 3) an EPSP + multiple asynchronous population spikes and 4) an EPSP
+ multiple synchronous population spikes. EPSPs were defined as an initial peak occurring
within 5 msec of the stimulus artifact, with an exponential decay. Population spikes were defined
as negative deflections following the EPSP with an amplitude at least five times greater than
baseline. Multiple, asynchronous population spikes were defined as occurring when two or more
secondary spikes appeared with variable latency (> 10 ms) following a single stimulation of the
perforant path. Multiple, synchronous population spikes were defined as two or more spikes
which occurred with identical latencies between trials. A minimum of four stimulation trials at
6V was used to assess responses. Responses were assigned scores of 1-4 (as above), providing a
semi-quantitative measure of excitability for statistical comparisons. Higher scores suggest

increased excitability.

Intracellular recordings
Intracellular recording electrodes were fabricated from thin-walled borosilicate glass
pipettes (O.D., 1.5 mm; 1.D., 1.12 mm) using a computer controlled BB-CH-PC micropipette

puller (Mecanex, Switzerland). Electrodes were filled with a solution composed (in mM) of



Kgluconate, 135; KClI, 5; NaCl, 5; EGTA, 5; HEPES, 10, MgCl,, 2; glucose, 10 supplemented
with 2 mM ATP and 200 uM GTP (free Ca*" level is estimated to be below 10 nM). This
solution had a pH of 7.2 and an osmolarity between 290-295 mOs. Electrode resistance was 6-7
Mohms. Current and voltage 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). Results were analyzed with Clampfit (version 10.3). All extracellular
solutions used had a pH between 7.3 and 7.4, osmolarity of 295-305 mOs (adjusted by addition
of sucrose) and were continuously aerated with a mixture of 95% Q,/5% CO,. All experiments

were carried out at room temperature unless otherwise stated.

Voltage clamp experiments were conducted at a holding potential of -70 mV. Voltage
ramps from -100 mV to +40 mV, duration 1 sec at 0.1-0.2 Hz were used to generate ramp
currents unless otherwise stated. At least 6 ramps were used for each run. The current recorded
during the voltage ramp reflects the I-V relationship of the cells and allows for the estimation of
the input resistance (Pun and Kleene; 2003, 2004). Several membrane parameters were
determined from the ramp, including: 1) the input resistance of the cell, obtained from the slope
of the linear regression fit to the “subthreshold” region of the I-V relation (between -80 and -50
mV and prior to the generation of the rapidly inactivating inward or action potential current
(spike)); 2) the spike (or activation) threshold, which is the voltage at which the first spike is
generated; 3) the peak inward amplitude of the 1% spike elicited and 4) the peak outward current
at the end of the 1° ramp. Membrane parameter measurements were excluded if there was a
positive shift in the activation potential and a reduction in peak spike currents between the first 2

runs (1 minute apart); changes likely reflecting a shift in access or series resistance. Access



resistance (range 6-16 mohm) was not compensated in our studies. Cells were excluded if the

holding current was larger than -100 pA.

Spontaneous excitatory synaptic currents (SEPSCs) were recorded at a holding potential
of -70 mV. At least three, 30-second data files (90 seconds total) were used to obtain the
frequency of excitatory synaptic currents for each cell; although for most cells a total of 6-10
files (3-5 minutes) were used for EPSCs. Spontaneous inhibitory currents (sIPSCs) were
obtained at -40 mV to -30 mV. At least six, 30 second data files (180 seconds total) were used
for IPSCs analyses. Longer recordings compensate for noisier baselines at more positive holding
potentials, and the presence of SEPSCs, which can obscure sIPSCs. SEPSC/sIPSC ratios were

obtained for individual cells when possible.

Reconstruction of cell morphology

To obtain the morphology of recorded cells 0.2% biocytin was included in the recording
pipette solution. At the end of a recording session, slices were put into fixative (2.5%
paraformaldehyde, 4% sucrose in 0.1M phosphate-buffered saline [PBS]) and left overnight. The
next day, slices were rinsed in PBS for 15 minutes, exposed to 0.5% Igepal in PBS for one hour,
followed by a 2 hour incubation in streptavidin-Alexa Fluor® 488 conjugate (Molecular Probes
Cat# S32354 also S32354 RRID:AB_2315383) at room temperature. Slices were mounted with
ProLong® Gold Antifade Mountant (Molecular Probes, Life Technologies, Cat# P10144). Cells
were imaged with a Nikon A1Rsi inverted microscope equipped with a 40x water objective
(NA=1.15). 3-dimensional stacks were collected through the z-depth of the tissue at 0.5 um

increments to capture cells in their entirety. Multiple image stacks were required to capture



neurons with sufficient resolution, so overlapped image stacks were three-dimensionally
montaged into a single image using Neurolucida software (Microbrightfield Inc.,
RRID:SCR_001775). These montages were used to digitally reconstruct the neurons by an
observer unaware of animal or cell groups. Reconstructions encoded soma area, apical and basal
dendrite length, and dendritic branch points. Image stacks were also used to encode the location
of the hilar-granule cell body layer border, the granule cell body layer—-molecular layer border,
and the location of the hippocampal fissure. The molecular layer was further subdivided into
inner (IML), middle (MML), and outer (OML) regions, with the inner region being the first 17%
of the molecular layer (West and Andersen, 1980; Deller et al., 1999; van Groen et al., 2003;
Danzer et al., 2004; Murphy et al., 2011), and the middle and outer being an equal split of the
remainder. These subdivisions are only approximate, however, because exact divisions between

layers are not clearly discernible.

Immunohistochemistry, cell counting and soma measurements

The right half of the brain was used to prepare slices for electrophysiological recordings.
After bisection of the brain, the left hemisphere was immediately put into fixative (2.5%
paraformaldehyde, 4% sucrose in PBS), fixed overnight, cryoprotected in 10%, 20%, 30%
sucrose in PBS each for a minimum of 24 h. Half-brains were snap-frozen in 2-methylbutane
chilled to -25 to -40°C with dry ice and stored at -80°C until sectioning. Half-brains were
sectioned sagittally at 60 um using a cryostat maintained at -20°C. Sections were mounted to

glass slides and air dried for <1 hour before storing at -80°C.



Sections were immunostained with 1:250 rabbit anti-PTEN (Cell Signaling Technology
Cat# 9559 also 9559L RRID:AB_390810) primary antibodies, followed by 1:750 goat anti-rabbit
Alexa Fluor 555 (Thermo Fisher Scientific Cat# A27039 RRID:AB_2536100) secondary
antibodies. Sections were counter stained with NeuroTrace® 640/660 Deep-Red Fluorescent
Nissl Stain (Thermo Fisher Scientific Cat# N21483 RRID:AB_2572212). After staining, sections
were dehydrated in serial alcohol washes, cleared in xylenes, and hard mounted with Krystalon
(EMD Millipore, Cat# 64969). Use of PTEN/Nissl co-staining was validated against our
previous protocol using PTEN/NeuN to identify knockout granule cells (Pun et al., 2012;

LaSarge et al., 2015; 2016), and found to be equally effective (data not shown).

Images of PTEN/Neurotrace-labelled sections were collected using a Nikon A1GaAsP
confocal microscope using a 40X water objective (Apo LWD 40X WI AS DIC N2, NA=1.15,
field dimension= 1024 X 1024, 0.31 um/px). Confocal image stacks (15 um depth, 1 um z-step)
were collected from upper and lower blades of the dentate gyrus from sections at the same
medial-lateral coordinates (Lateral 1.56; Paxinos and Franklin, 2001) for each animal. Image
stacks were imported into Neurolucida software and 100 X 100 um counting frames were placed
over the midpoints of the upper and lower blades of the dentate gyrus. Frames encompassed the
entire width (hilar to molecular layer border) of the dentate gyrus. The top section of the z-stack,
and the top and right sides of the frame were set as exclusion zones. Cells crossing any one of
these three planes were not counted. Remaining cells within the frame were identified as either
Neurotrace+, PTEN+ cells, or Neurotrace+, PTEN- cells. Neurotrace labels both neurons and
glia, but since the tightly packed granule cell layer contains almost exclusively granule cells, the

small number of glia and non-granule cell neurons included in the counts is negligible. The



percentage of PTEN knockout granule cells was obtained by dividing the number of PTEN- cells
by the total number of Neurotrace+ cells within the 2 squares. Neurolucida software was also
used to measure the soma area of PTEN+ granule cells from control animals, and PTEN- and

PTEN+ cells from knockout animals.

Statistics

All measurements were conducted by an investigator blind to treatment group and cell
genotype. Results are presented as mean + s.e.m. or medians [25-75% interquartile range].
Statistical tests were performed using Sigma Plot software (version 13.0, Systat Software, Inc.,
San Jose, CA, RRID:SCR_003210). Two-way ANOVA’s with Holm-Sidak post-tests were used
for data that met assumptions for normality and equal variance. Data that failed either test were
normalized using rank or square root transformations. Given the dependence between
observations from the same animal, analysis of repeated measures was carried out. Linear mixed
effect models were used for continuous outcomes; Poisson mixed effects model for count data
and logistic mixed effects model for binary outcome, with cell genotype and sex as predictors
and random animal effects. SAS software (version 9.3, SAS Institute Inc., Cary, N.C.;
RRID:SCR_008567) was used for these analyses. Specific tests were used as noted in the results.
Alpha was set at p <0.05. In many cases, it was not possible to collect every measure from every

cell recorded due to technical issues (e.g. patch electrode seal broke), so sample size “n” is

reported for each result.



Image preparation

Confocal images for figures were generated using NIS-Elements software (version
4.50.00, Nikon). Images in figures 4 and 5 are neuronal reconstructions (McAuliffe et al., 2011,
Santos et al., 2011; Singh et al., 2016). Figures were prepared using Adobe Photoshop CS5
(version 12.0, Adobe Photoshop; RRID:SCR_014199). Images were adjusted to enhance

brightness and contrast. ldentical adjustments were made to images meant for comparison.



Results
Identification of PTEN knockout cells in tissue with mosaic gene deletions

All PTEN knockout (KO) animals used in the present study are mosaics, with PTEN
knockout cells adjacent to cells with intact PTEN expression (Fig.1). We first ascertained the
percentage of KO cells in male and female mice. We have previously shown that the phenotype
increases in severity with more KO cells (Pun et al., 2012), so this is an important variable. The
percentage of granule cells lacking PTEN was identical between male and female PTEN KO
mice (male, n=15, 26.7£1.4% [range 19.1-34.1]; female, n=7, 26.7+2.7% [range 14.9-36.5], t-
test, p=0.989). Our prior work indicates that animals with >10% KO cells develop epilepsy in

this model (Pun et al., 2012), so animals in the present study are predicted to be epileptic.

No attempt was made to distinguish between PTEN-expressing and PTEN KO cells
during whole cell recordings. Cells were identified and grouped only after histological analyses
were complete. Soma area of biocytin filled cells was used to distinguish PTEN KO from PTEN-
expressing cells. PTEN deletion has been consistently demonstrated to induce a dramatic
increase in soma area (Fig.1; Kwon et al 2001, 2003, 2006; Ljungberg et al., 2009; Amiri et al
2012; Williams et al 2015). For the present study, KO cells were defined as cells with soma areas
two standard deviations larger than the mean soma area of cells from male and female control
animals (male control, 114.8+11.3 um? [mean+SD]; female control, 101.8 + 20.0 um?). Studies
examining soma area in tissue double-immunostained for NeuN and PTEN confirmed that this
approach effectively segregates PTEN KO from PTEN-expressing cells with >95% sensitivity
and specificity (Fig.1, graph; n=30 cells from 3 control mice [10 cells/mouse], plus 80 PTEN-

immunonegative and 86 PTEN-immunopositive cells from 8 PTEN KO mice [>10 cells/mouse]).



For the present study, only PTEN KO cells and cells from control animals are included; PTEN-

immunopositive cells from KO mice are not included.

PTEN KO cells exhibit altered membrane properties

Median input resistance was decreased for PTEN KO cells from both male and female
mice relative to male and female controls (male control, n=21 cells, 422 Mohm [384-565]; male
KO, n=35, 213 Mohm [160-250]; female control, n=15, 439 Mohm [374-580]; female KO, n=19,
200 Mohm [153-238]; p<0.001, linear mixed effect model). Male and female control and KO
cells were statistically identical to each other, respectively (p=0.721). Decreased input resistance
likely reflects, at least in part, the increased soma area of KO cells, assuming the density of
channels responsible for the “resting” conductance is not changed. Action potential threshold
was similar in cells from male (control, n=19, -41.1 + 2.3 mV; KO, n=24, -42.0 £ 2.0 mV) and
female (control, n=14, -44.8 £ 2.7 mV; KO, n=18 -44.5 = 2.3 mV) mice for both cell genotype
(p=0.881) and sex (p=0.189, two way ANOVA). Peak inward currents (male control, n=21, -
1038 pA [-1770 to -722]; male KO, n=37, -691 pA [-1099 to -506]; female control, n=15, -1249
pA [-1533 to -498]; female KO, n=21, -1041 pA [-1536 to -659]; p=0.757 for genotype, p=0.578
for sex, linear mixed effects model) and peak outward currents measured at the end of the ramp
(male control, n=19, 972 pA [556-1587]; male KO, n=23, 807 pA [709-1095]; female control,
n=14, 800 pA [579-1103]; female KO, n=18, 856 pA [720-1287]; p=0.465 for genotype, p=0.283
for sex, linear mixed effects model) were indistinguishable among the groups. Similar inward
and outward currents suggest that sodium and potassium conductances at the soma, respectively,

are not dramatically altered.



PTEN KO cells exhibit a tendency towards burst firing

PTEN KO cells exhibited an unusual propensity to fire doublets or triplets during the
initial response to a voltage ramp (Fig.2). To quantify this effect, we measured the interval
between the first and second action potential currents (spikes) initiated by the ramp. Median
spike intervals were 34 [30-42] ms for male controls (n=21), 16 [12-49] ms for male KOs
(n=36), 33 [31-41] ms for female controls (n=15) and 13 [11-50] ms for female KOs (n=21). The
interspike interval was significantly shorter for KO cells relative to control cells (p=0.005, two-
way ANOVA on ranked data). No differences between male and female groups were found
(p=0.996).These data were also analyzed by categorizing cells as either firing doublets if the
interspike interval was 16 ms or less, or not firing doublets for longer interspike intervals. When
examined in this fashion, 0% of male and female control cells fired doublets (males, 0 of 21;
females, 0 of 15) while 52.8% (19 of 36) of male KO cells and 57.1% (12 of 21) of female KO

cells fired doublets (p<0.001, z-test, males and females combined within genotype).

PTEN KO cells from males show reduced inter-spike frequencies

The occurrence of doublets and triplets produces very short interspike intervals for the
first few spikes. To gain a better picture of the entire response, however, we also quantified
interspike intervals for spikes occurring after the initial voltage ramp-induced burst. Only cells
that had four or more such spikes were used to obtain interspike intervals, with measurements
beginning with the first spike after the burst (if present). Interestingly, a significant interaction
between sex and genotype was found (p=0.047, two-way ANOVA on ranked data; male control,
n=18; male KO, n=26; female control, n=12; female KO, n=18). Inter-spike intervals were

significantly longer for male KO cells relative to male control cells (Fig.2; p<0.001, Holm-



Sidak). Intervals were statistically identical between female control and KO cells (p=0.415).
Despite frequent initial bursts of high frequency firing among male KO cells, therefore,

subsequent firing occurred at lower frequencies.

We also measured the number of spikes generated during voltage ramps to assess the
cells ability for sustained firing. Overall, male and female KO cells exhibited significantly more
spikes than male and female control cells (Fig.2; p=0.008, two-way ANOVA on sq. rt.
transformed data). A non-significant trend for an interaction between sex and genotype was also
observed (p=0.067). The trend was driven by a 26% increase in female KOs, while male KOs

exhibited only a modest 4.6% increase.

PTEN KO cells exhibit increased sEPSCs frequency, and reduced sIPSC frequency

Since PTEN deletion increases dendritic spine density (Pun et al., 2012), we queried
whether spontaneous excitatory postsynaptic current (SEPSC) frequency would show a
corresponding increase. PTEN deletion led to a significant increase in SEPSC frequency among
cells from both male (n=23) and female (n=12) KO mice relative to cells from male (n=14) and
female (n=9) controls (Fig.3; p<0.001; two-way ANOVA on square root transformed data with
Holm-Sidak post-test). Moreover, a significant effect of sex was found (p=0.005), with females
having higher SEPSC frequencies than males. No interaction between genotype and sex was

found (p=0.599).

Exacerbating the increase in SEPSC frequency, cells from PTEN KO mice exhibited a

decrease in spontaneous inhibitory postsynaptic current (sIPSC) frequency relative to controls.



Frequency was significantly decreased for cells from both male (n=21) and female (n=10) KO
mice relative to cells from male (n=9) and female (n=10) controls (Fig.3; Two-way ANOVA
with Holm-Sidak post-tests, p<0.001). Interestingly, however, a significant sex effect was also
found, with cells from female mice (both controls and KOs) showing higher sIPSC frequencies
(p=0.042 for different levels of sex, no interaction between sex and genotype, p=0.778). The
higher frequency of sIPSCs potentially offsets the higher SEPSC frequencies evident among
females. Consistent with this interpretation, the SEPSP/IPSP ratio did not differ between males
and females (p=0.217), although the ratio was significantly increased between control and KO

mice (Two-way ANOVA, p<0.001).

PTEN KO cells exhibit increased dendrite length and branching

Recorded cells were filled with biocytin for morphological characterization (Fig.4). KO
cell soma area was statistically identical in male and female mice (male KO, 213 um? [172-227];
female KO, 187 pm? [162-246]; p=0.525, Mann-Whitney Rank Sum Test). The number of
primary apical dendrites was increased among male and female KO cells relative to controls
(male control, n=13, 2 primary dendrites [1-2]; male KO, n=29, 2 [2-3]; female control, n=11, 1
[1-2]; female KO, n=17, 2 [2-3.5], p<0.0001; Overdispersed Poisson model), but KO cells from
males and females did not differ (p=0.8830). Total dendrite length was significantly increased
among cells from male (n=28) and female (n=16) KO mice relative to male (n=13) and female
(n=11) controls (Fig.5; p<0.001, two-way ANOVA on ranked data with Holm-Sidak post-test).
Dendrite length was similar between the sexes (p=0.982). To explore whether altered granule
cell apical dendrite length is specific to regions receiving distinct afferent inputs, dendritic trees

were subdivided into segments contained within the granule cell layer, or inner, middle and outer



molecular layers. For KO cells from both male and female animals, PTEN deletion increased
dendrite length in the granule cell layer (p<0.001, two-way ANOVA on ranked data) and inner
molecular layer (p<0.026, linear mixed effects model), while a trend towards increased length
was evident in the outer molecular layer (p=0.078, two-way ANOVA). No change was evident in
the middle molecular layer for either genotype (p=0.555, two-way ANOVA). No effect of sex
was found for either the granule cell layer (p=0.571, two-way ANOVA on ranked data), inner
(p=0.713, mixed effects model), middle (p=0.368, two-way ANOVA) or outer (p=0.654, two-

way ANOVA) molecular layer (Fig.5).

The median number of branches per apical dendrite tree increased by more than 50% for
male (n=26) and female (n=18) KO cells relative to male (n=11) and female (n=11) controls (Fig
6; p<0.001; Poisson mixed effects model). Males and females, however, were statistically
identical within treatment groups (p=0.340). When examined by layer (Fig 5), the number of
branch nodes was similar between controls and KOs in the dentate granule cell layer (p=0.120,
Poisson mixed effects model) and middle molecular layer (p=0.186, Poisson mixed effects
model), but was modestly increased in the inner molecular layer (p=0.011, Poisson mixed effects
model). The most striking increase, however, was observed in the outer molecular layer, where
the number of nodes increased more than 700% for male and female KO cells relative to controls
(p<0.0001, zero inflated Poisson model). Males and females did not differ from each other in any

of the regions (DGC-L, p=0.503; IML, p=0.811; MML, p=0.737; OML, p=0.364).



PTEN KO cells exhibit abnormal morphology

Dendritic tree structure was grossly abnormal for PTEN KO cells (Fig.6), with many
cells exhibiting a collapsed or “closed parasol deformation” of their dendritic trees (Scheibel and
Scheibel, 1973), indicative of the failure of the cells to distribute their branches evenly in space
(Fig.4). To quantify this effect, we calculated the number of times dendritic branches crossed
each other in two-dimensional projections (Fig.7A), creating a “dendritic overlap” index.
Dendritic overlap was dramatically increased among male (n=26) and female (n=14) PTEN KO
cells relative to male (n=12) and female (n=8) controls (p<0.001; two way ANOVA on ranked

data), but males and females did not differ from each other (p=0.941).

As an additional measure of dendritic field structure, we conducted 3D convex hull
analyses. Briefly, the convex hull can be imagined as a rubber sheet wrapped around each
primary dendrite of the cell. The volume encased by the sheet provides a numerical value for the
amount of neuropil than can potentially be sampled by that dendritic tree. For each cell, 3D
convex hull values were calculated for each primary dendrite and then summed for the cell.
Despite the increase in total dendritic length among KO cells, convex hull volumes were similar
among groups (Fig.7B; male control, n=13; male KO, n=28; female control, n=11; female KO,
n=18, p=0.405; two way ANOVA on sg. root transformed data) and males and females did not
differ (p=0.482). We next calculated the average volume per primary dendrite, revealing a
significant decrease for KO cells relative to controls (Fig.7C; p=0.023; two way ANOVA on
ranked data). Males and females did not differ (p=0.910). These data indicate that while KO cells
have more primary dendrites, each individual primary dendrite samples a smaller volume of

neuropil. Finally, we divided total dendritic hull volume per cell by the total dendritic length for



each cell, giving an estimated volume for each micron of dendrite. KO cells exhibited a non-
significant decline in volume per micron of dendrite (Fig.7D; two way ANOVA; male vs.
female, p=0.379). In summary, therefore, control and KO cells have the potential to sample
similar volumes of neuropil, however, KO cells achieve this with significantly more primary
dendrites and significantly longer dendritic trees (Fig.7E), likely reducing their sampling

efficiency and producing the apparent increase in dendritic overlap evident in 2D projections.

Basal dendrite formation among PTEN KO cells

In addition to abnormal apical dendritic trees, the majority of PTEN KO cells also
developed elaborate hilar basal dendrites (Fig. 4). KO cells from male (n=27) and female (n=17)
animals had medians of one and two spiny basal dendrites/cell, respectively [range, 0-4 for males
and 0-3 for females]. Basal dendrites were absent from male (n=13) and female (n=11) control
cells (p<0.01, male and female KOs vs controls, respectively; one-way ANOVA with Dunn’s
post-test). Median basal dendrite number (p=0.425, Mann-Whitney rank sum test) and length
(male KO, 113.8 um [0.0-713.9]; female KO, 138.6 um [0.0-785.0]; p=0.623, rank sum test)

were statistically similar among KO cells from male and female mice.

Recent work suggests that axons which originate from a basal dendrite, rather than the
soma, convey distinct properties to the parent cell (Thome et al., 2014; Kelly and Beck, 2017).
We queried, therefore, the extent to which KO cells exhibit basal dendrite-originating axons.
Forty percent (6 of 15) of KO cells from female mice, and 25% of KO cells from male mice (7 of
28) had basal dendrite-originating axons. The incidence did not differ significantly between

males and females (p=0.501, z-test).



Male and Female PTEN KO mice show identical abnormalities at the network level
Physiological and morphological studies reveal mostly identical abnormalities between
KO cells from male and female mice, with the increase in interspike interval being a notable
exception for male KO cells. Both male and female KO cells showed changes indicative of
increased excitability. Given these observations at the single cell level, we queried whether they

would hold at the network level.

Field potential responses were evoked from hippocampal slices from control and PTEN
KO mice. In control slices, stimulation of the perforant path reliably evoked excitatory
postsynaptic potentials, which were often followed by a population spike recorded in the granule
cell body layer. By contrast, PTEN deletion enhanced the input/output curve and led to the
appearance of multiple secondary population spikes, consistent with prior findings (Takeuchi et
al., 2013; LaSarge et al., 2016). Repeated stimulations of the same slice revealed two patterns of
secondary spikes; either asynchronous, with secondary spikes appearing at variable intervals
following the stimulus artifact, or synchronous, with secondary spikes always appearing with the
same latency. These criteria were used to establish the following semi-quantitative scale for
scoring responses: 1) EPSP only; 2) EPSP + population spike; 3) EPSP + multiple asynchronous
population spikes and 4) EPSP + multiple synchronous population spikes (Fig.8). With this
scale, slices from male (n=13) and female (n=7) control animals received median scores of 1.0
[1.0-1.5] and 1.0 [1.0-2.0], respectively. Male (n=18) and female (n=10) knockout animals
received scores of 3.0 [2.4-4.0] and 3.5 [2.8-4.0], respectively. Male and female knockouts

differed significantly from controls (Fig.8; p<0.0001, linear model), but not from each other



(p=0.5505). The absence of a circuit-level difference between male and female knockout mice is

consistent with the near complete absence of differences at the single cell level.



Discussion

For the present study, we examined male and female mice with PTEN deleted from
~27% of their hippocampal granule cells. We have previously demonstrated that these mice
develop epilepsy. Here, we explored potential mechanisms of epileptogenesis in these animals by
assessing the morphology and physiology of their PTEN KO cells. PTEN KO cells developed a
tendency to fire doublets and triplets, suggestive of increased intrinsic excitability, and received
more spontaneous excitatory postsynaptic currents (SEPSCs) and fewer inhibitory currents
(sIPSCs), indicating that the network the PTEN KO cells are embedded in has changed.
Concomitant with these physiological changes, PTEN knockout cells developed longer dendrites
with more branches, however, dendritic trees showed impaired self-avoidance, resulting in
overlapping dendritic branches. Finally, we compared these physiological and morphological
features between male and female mice. Cells from females (both control and KOs) received
more SEPSCs and sIPSCs, demonstrating a clear dimorphism, but no net functional change; at
least as assessed by SEPSC/sIPSC ratios and population responses to stimulation in slices.
Interestingly, evoked spikes in KO cells from male mice occurred at lower frequencies than KO
cells from female mice, demonstrating that subtle sex differences are present. Together, these
findings reveal changes among single, PTEN KO granule cells likely to promote

hyperexcitability in both male and female mice.

PTEN KO cells show altered intrinsic excitability
Whole cell voltage clamp recordings from individual PTEN-KO cells revealed significant
changes in membrane parameters. Consistent with prior studies (Luikart et al., 2011; Weston et

al., 2014; Williams et al., 2015), PTEN KO cells had lower input resistance. By contrast,



however, action potentials were elicited at similar membrane potentials using the present PTEN
KO model, while KO cells fired at more hyperpolarized membrane potentials in the retroviral-
Cre model used by Williams and colleagues (2015). This difference may be related to the
methodology used to determine membrane parameters. While we derived the values under
voltage clamp, Williams and colleagues obtained theirs under current clamp. Under voltage
clamp condition, the rate of the ramp (140 mV sec™ in our case) will influence the values of the
activation potential of the spike, however, the effects of membrane capacitance, which affects the
charging of the membrane, and membrane resistance, which alters the change in voltage per unit
current (following injection of a current step) are negated. The activation potential that we
obtained for the spike current is similar between the control and KO cells suggesting that 1) the
molecular structure of the Na channel has not changed as a result of the deletion of PTEN, and 2)
the site of generation of the action potential is close to the soma since the voltage control is

adequate despite the large soma size of the KO cells.

Interestingly, many of the KO cells showed a tendency to fire action potential doublets or
triplets at the beginning of the ramp. This tendency towards burst firing is remarkably similar to
the appearance of evoked doublets among granule cells in the pilocarpine model of epilepsy
(Pierce et al., 2011; Cameron et al., 2011; Althaus et al., 2015; Kelly and Beck, 2016). Although
the animals in these studies were genetically normal, pilocarpine status epilepticus produces a
prolonged increase in mTOR signaling (Zeng et al., 2009; Gorter et al., 2014), suggesting a
potential molecular mechanism for the change. In addition, KO cells have a higher frequency of
spikes generated per ramp as compared to control cells. The ability to fire doublets or triplets —

coupled with a higher number of action potentials generated — point to an increased excitability



that could be an underlying mechanism by which KO cells enhance abnormal evoked circuit

responses.

PTEN KO cells have impaired excitation/inhibition balance

A key finding of the present study is that KO granule cell receive more spontaneous
excitatory input, and less spontaneous inhibitory input. A number of studies have described
increased SEPSC (Luikart et al., 2011) and miniature EPSC (Luikart et al., 2011; Haws et al.,
2014; Williams et al., 2015) frequency among PTEN KO granule cells. In contrast with the
present study, however, Luikart and colleagues (2011) found no change in sIPSC or mIPSC
frequency. Notably, since animals in the present model were epileptic, changes in IPSCs could
reflect secondary epileptogenic changes, rather than direct effects of PTEN loss. Work by
Weston and colleagues (2012; 2014) using a reductionist single-cell culture system revealed
similar mEPSC and mIPSC frequencies in KO and control hippocampal neurons, favoring the
interpretation that the changes observed here reflect secondary effects. Future work will be
needed to dissociate primary from secondary changes, but the present findings suggest that
reduced inhibitory input could be an important part of an epileptogenic cascade in the PTEN

model.

Increased SEPSC frequency could reflect greater activity among excitatory afferents,
higher release probabilities, greater numbers of afferents or some combination thereof. Our prior
work in this model (Pun et al., 2012) and work by other investigators in related PTEN KO
models (Kwon et al., 2006; Zhou et al., 2009; Luikart et al., 2011) consistently demonstrates

increased dendritic spine density among KO granule cells. Dendritic spines are the key



postsynaptic structure receiving excitatory inputs, so increased spine density favors the
interpretation that higher SEPSC frequency reflects greater numbers of inputs. Larger apical
dendrites and the addition of basal dendrites — typically absent from control granule cells —
further increases the area for afferent innervation. Modeling of these changes by Williams and
colleagues (2015) revealed that increased input likely reflects a combination of these dendritic
changes, plus an increase in EPSC amplitude. Reduced sIPSC frequency, on the other hand,
could reflect fewer inhibitory inputs, reduced activity of inhibitory afferents or outright loss of
inhibitory cells. Notably, the excitation/inhibition imbalance produced by PTEN deletion is
reminiscent of that seen for hilar ectopic granule cells in the pilocarpine model of epilepsy (Zhan
et al., 2010), again suggesting that such dysfunction could be mediated by enhanced mTOR
signaling. The disruption in excitatory/inhibitory balance produced by the shift towards more
EPSCs and fewer IPSCs provides an appealing explanation for the hyperactivity evident in these

animals (Pun et al., 2012; LaSarge et al., 2016).

PTEN KO cell dendrites show impaired self-avoidance

Granule cells develop stereotypical, fanlike apical dendritic trees with dendrites
spreading evenly in the molecular layer from their origin at the soma (Cajal, 1893; Rahimi and
Claiborne, 2007). Secondary branches follow the same pattern, growing away from other
branches belonging to the same cell. Evenly-spaced dendritic trees are hypothesized to improve
the cells ability to sample incoming afferent inputs, in a fashion analogous to a tree in the forest
spacing its branches in stereotypical fashion, so that leaves above do not block the sunlight for
leaves below. The functional consequences of the “collapsed” dendritic trees evident in the

present study are less, clear, but would be predicted to reduce granule cell sampling efficiency of



perforant path inputs. Convex hull analysis reveals that PTEN KO granule cells generate larger
dendrites to sample the same volume of neuropil as control cells. This could create a relatively
higher density of innervation, thereby increasing the efficacy of the input. Granule cells are
hypothesized to by critical for pattern separation. Disrupted dendritic trees, therefore, may
contribute to memory and cognitive deficits observed in PTEN KO animals (Kwon et al., 2006;

Amiri et al., 2012; Lugo et al., 2014).

PTEN is a known regulator of dendritic growth (Chow et al., 2009), and protocadherins
are implicated in regulating dendrite self-avoidance (Hayashi and Takeichi, 2015). The specific
molecules that regulate dendrite self-avoidance in granule cells, however, have yet to be
elucidated. Potential mechanisms by which mTOR might act, therefore, remain speculative.
Nevertheless, the robust disruption of dendrite self-avoidance in PTEN KO cells strongly suggest

the pathway in involved.

Intriguingly, impaired dendritic self-avoidance among granule cells is not unique to the
PTEN model. Disrupted granule cell dendritic trees were noted in the 1970s in tissue collected
from epilepsy surgeries. Granule cells in the resected tissue exhibited abnormalities highly
reminiscent of these observed here, described as a “closed parasol” deformation (Scheibel and
Scheibel, 1973). Later studies have described similar abnormalities among granule cells in the
rodent pilocarpine model of epilepsy (Walter et al 2007; Kron et al 2010; Murphy et al 2011;
Santos et al 2011). mTOR signaling is significantly increased during epileptogenesis in this
model, raising the possibility that mTOR hyperactivation disrupts granule cell dendritic

patterning in acquired epilepsies too.



Sexual dimorphism in excitatory/inhibitory inputs

Physiological studies revealed that granule cells from female animals received more
excitatory and inhibitory input than males. The differences were evident in both control and KO
cells, indicating that the dimorphism is a natural property of the cells, and not specific to PTEN
deletion. There is precedent for the observation, with work by Woolley and colleagues showing
sex differences in the mechanisms by which estradiol regulates both glutamatergic (Oberlander
and Woolley, 2016) and GABAergic (Huang and Woolley, 2012; Tabatadze et al., 2015)
transmission of hippocampal CA1 pyramidal cells. Although less extensively studied, estradiol
has also been found to regulate granule cell spine density (Miranda et al., 1999; Bender et al.,
2010; Hojo et al., 2015). Sex differences are well-established for many epilepsy disorders and it
is hypothesized that underlying differences in neurotransmission, at least in part, account for the
effect (Galanopoulou, 2014; Scharfman and MacLusky, 2014). One limitation of the present
study is that the estrous cycle phase was not determined for female mice. Although no
differences in field potential responses were found between males and females in the present
study, and gross differences in seizure phenotype were not evident in past work with this model
(Pun et al., 2012), future studies — categorizing females by the estrous phase — could reveal
differences. Interictal spike frequency, for example, has been shown to vary with the estrous
cycle phase in the kainic acid model of epilepsy (D’Amour et al., 2015), and this is therefore a

promising target.



Conclusions

Hyperactivation of the mTOR pathway, via PTEN deletion or a variety of other
mechanisms, is associated with a diverse set of neurological diseases (Crino, 2016). The exact
mechanisms by which excess mTOR signaling promotes disease, however, remains uncertain.
Here, we demonstrate that PTEN deletion represents a double-threat to granule cells;
simultaneously increasing excitatory input while decreasing inhibitory control. PTEN loss also
produces profound disruptions of the granule cell dendritic tree, likely further altering
excitability and impairing normal hippocampal function. Lastly, we observe that these
morphological and physiological changes are highly reminiscent of changes seen in acquired
epilepsy. Changes in the PTEN model occur in the absence of widespread neuronal loss evident
in many acquired epilepsy models (Borges et al., 2003; Castro et al., 2011), suggesting that

mTOR signaling maybe a common node of disruption in epilepsy.



Figure Legends

Figure 1: Confocal optical sections of the dentate gyrus showing PTEN (A, red) and Nissl
staining (B, blue) in male and female PTEN KO mice. PTEN KO cells are evident as “holes” in
the granule cell layer in the PTEN images, and as blue, Nissl-stained cells in the merged image
(C). The percentage of PTEN KO granule cells was statistically identical between males and
females. Scale = 50 um. D: Confocal maximum projections of biocytin-filled granule cells from
male and female mice showing knockout cells (*) with enlarged somas, and adjacent PTEN-

+/+

expressing (PTEN™") cells. Scale = 50 um. E: PTEN immunostaining was unreliable in thick

sections used for physiology, so soma area was used as a surrogate marker for PTEN KO cells.

+/+

To validate this approach, the soma areas of PTEN™" cells from wild type (WT) mice (grey and
pink columns), PTEN""* cells from PTEN KO mice (white columns with black or red edges), and
PTEN™ cells from PTEN KO mice (black and red columns) were measured. Graphs show
negligible overlap between the soma areas of PTEN** and PTEN KO cells. Red bars denote two

standard deviations of the mean. Note that soma areas shown in figure 1 are smaller than areas

for biocytin-filled cells due to shrinkage artifact from dehydration and xylene clearing.

Figure 2, A: PTEN KO cells fire doublets and triplets at the beginning of a voltage ramp (-100
to +40 mV). Representative traces from cells from male and female control and knockout mice
are shown. Arrows denote triplets from KO cells. Calibration = 200 pA, 0.2 sec. B: KO cells
from male mice exhibit longer inter-spike intervals than cells from male controls during ramp

firing. Doublets and triplets were excluded from this analysis. ***, p<0.001, KO vs. control



within male. C: KO cells fire more spikes per voltage ramp than control cells. **, p<0.01, main

effect, KO vs. control.

Figure 3: PTEN KO cells from both male and female mice show increased sEPSC frequency
(A), and decreased sIPSC frequency (B) relative to sex-matched controls (genotype effects noted
by brackets: {). In addition, female mice exhibited more SEPSCs and sIPSCs than males (sex
effects noted by bars). C: SEPSC/IPSC ratios increased significantly for knockout cells vs.
controls. No sex difference in SEPSC/IPSC ratios, however, was evident. *, p<0.05; **, p<0.01,
*** p<0.001; two-way ANOVA. Representative traces for each cell type are shown. Calibration

bar: 2 pA, 0.5 sec. Controls are depicted by grey and pink bars, and KOs by black and red.

Figure 4: Neuronal reconstructions from confocal image z-stacks (top row) and Neurolucida
reconstructions (line drawings) of PTEN KO hippocampal granule cells from male and female

control and knockout mice. Scale bar = 100 pm.

Figure 5: Quantification of granule cell dendrite length and branch nodes. Measurements are
provided for the whole cell (total) and broken down by dendritic segments contained within the
granule cell layer (DGC-L), and inner (IML), middle (MML) and outer (OML) molecular layers.
Bar graphs are used for parametric data, and box plots for non-parametric data. *, p<0.05, main

effect of genotype. ***, p<0.001; main effect of genotype.

Figure 6: Images show granule cell reconstructions viewed from the top (left, cells A-D),

looking down from the top of the dendritic tree towards the soma, and then the same cells viewed



in profile (right, a-d). Note the more limited spread of the dendritic tree, and frequent
overlapping dendrites. Reconstructions are color-coded by depth. Scale bars = 100 pm. ***,

p<0.001; main effect of genotype.

Figure 7, A: PTEN KO granule cells exhibit a failure of dendrite self-avoidance, which was
quantified using a dendritic overlap index; defined as the number of times dendrites crossed over
each other in 2-dimensional projections. Higher values reflect greater overlap. B: Dendritic
structure was also assessed using a 3D convex hull analysis, which revealed that the dendritic
trees of cells from all four groups encompassed similar volumes. C: While entire dendritic trees
encompassed similar volumes (B), individual primary dendrites of KO cells encompassed
significantly smaller volumes than primary dendrites from control cells. D: A non-significant
trend towards reduced 3D hull volume/micron of dendrite was also evident for KO cells. Bar
graphs are used for parametric data, and box plots for non-parametric data. ***, p<0.001; *,
p<0.05; main effect of genotype. E: Model detailing the graphical data. Green ovals represent
the average 3D convex hull volume from control and KO cells, which were statistically similar
among groups (B). Black ovals represent the average 3D convex hull volumes for primary
dendrites making up the trees for control and KO cells. Volumes were smaller for KO cells (C).
KO cell dendrites expand through the same volume of tissue, therefore, but achieve this using
greater numbers of primary dendrites, resulting in smaller primary dendrite hull volume and

more overlapping branches.



Figure 8: Field potential responses, recorded in the granule cell layer, are shown following
stimulation of the perforant path at 6V. Responses were graded using a semi-quantitative 1-4
point scale. Examples of the four response categories, defined by the appearance of excitatory
postsynaptic potentials (EPSPs) and population (pop.) spikes, are provided. The graph shows
median responses in slices from male and female control and knockout mice. Scale for traces is 1

mV x 5 mS. *** p<0.001.
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Highlights

1. PTEN deletion increases excitatory input and decreases inhibitory input
2. PTEN deletion disrupts dendrite self-avoidance
3. Granule cells from females receive more input than cells from males

4. PTEN deletion increases inter-spike intervals in males, but not females



