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ARTICLE INFO ABSTRACT

Keywords: Embryonic and early postnatal promotor-driven deletion of the phosphatase and tensin homolog (PTEN) gene
Epilepsy results in neuronal hypertrophy, hyperexcitable circuitry and development of spontaneous seizures in adulthood.
PTEN We previously documented that focal, vector-mediated PTEN deletion in mature granule cells of the adult
geTn?:te gyrus dentate gyrus triggers dramatic growth of cell bodies, dendrites, and axons, similar to that seen with early
Hippocampus postnatal PTEN deletion. Here, we assess the functional consequences of focal, adult PTEN deletion, focusing on

Granule cells its pro-epileptogenic potential. PTEN deletion was accomplished by injecting AAV-Cre either bilaterally or
EEG unilaterally into the dentate gyrus of double transgenic PTEN-floxed, ROSA-reporter mice. Hippocampal
recording electrodes were implanted for continuous digital EEG with concurrent video recordings in the home
cage. Electrographic seizures and epileptiform spikes were assessed manually by two investigators, and corre-
lated with concurrent videos. Spontaneous electrographic and behavioral seizures appeared after focal PTEN
deletion in adult dentate granule cells, commencing around 2 months post-AAV-Cre injection. Seizures occurred
in the majority of mice with unilateral or bilateral PTEN deletion and led to death in several cases. PTEN-deletion
provoked epilepsy was not associated with apparent hippocampal neuron death; supra-granular mossy fiber
sprouting was observed in a few mice. In summary, focal, unilateral deletion of PTEN in the adult dentate gyrus
suffices to provoke time-dependent emergence of a hyperexcitable circuit generating hippocampus-origin,
generalizing spontaneous seizures, providing a novel model for studies of adult-onset epileptogenesis.

Seizure

1. Introduction

Epilepsy is a complex, multifactorial entity, with both genetic and
environmental origins. Among genetic risk factors for epilepsy, dysre-
gulation of the mechanistic target of rapamycin (mTOR) pathway, as
takes place in tuberous sclerosis, is well-established. However, the
mTOR pathway consists of numerous key enzymes with protean cellular
functions. Thus, it is unclear which deficits in the distinct components of
the pathway lead to epilepsy. Mutations of the phosphatase and tensin
homolog (PTEN) gene, an important upstream negative regulator of the
mTOR pathway, are one candidate, motivating studies of consequences
of targeted mutations of PTEN in murine models.

The general strategy for studies of PTEN has been to use promoter-
driven Cre expression in PTEN-floxed mice to genetically delete PTEN
in particular populations of neurons and/or glia in early development.
For example, when deletion is driven by the GFAP promoter, PTEN is
deleted in astrocytes and neurons in widespread brain regions during
embryonic development. In this situation, there is dramatic brain and
neuronal hypertrophy accompanied by progressive development of
spontaneous seizures and early mortality (Backman et al., 2001; Fraser
et al., 2008; Fraser et al., 2004; Kwon et al., 2003; Kwon et al., 2001).
Subsequent studies have assessed the consequences of deleting PTEN in
the early postnatal period selectively in newborn granule cells of the
dentate gyrus by driving Cre expression either under the Glil promoter
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or via intradentate retroviral injection, for example. These studies also
documented dramatic neuronal hypertrophy in the dentate gyrus,
including enlarged granule cell bodies, increased dendrite complexity,
and aberrant expansion of mossy fiber axon connectivity (Arafa et al.,
2019; LaSarge et al., 2015; Pun et al., 2012; Williams et al., 2015).
Physiological consequences of these morphological changes have been
reported to include the development of spontaneous seizures and the
formation of hyperexcitable, pro-epileptic hippocampal circuits
(LaSarge et al., 2016; Pun et al., 2012; Santos et al., 2017; Williams
et al., 2015).

In contrast to previous studies of deleting PTEN during development,
our lab has focused on consequences of deleting PTEN in fully-mature
neurons in adult rodents. Of note, we discovered that both AAV-Cre
mediated PTEN deletion in PTEN-floxed adult mice (Gallent and Stew-
ard, 2018) and AAV-shRNA mediated PTEN knockdown in adult rats
(Steward et al., 2019) results in re-initiation of a growth phenotype in
mature cortical neurons involving increases in cell body size and den-
dritic arborization. More recently, we have expanded our studies to
consequences of focal deletion of PTEN in the mature dentate gyrus of
adult mice. Injections of AAV-Cre into the dentate gyrus of adult PTEN-
floxed mice resulted in focal PTEN deletion, triggering growth of granule
cell bodies, elongation of dendrites, robust formation of additional
spines (and presumably new synapses) on elongated dendritic segments,
and expansion of mossy fiber terminal fields in target areas (Yonan and
Steward, 2023). In this collection of studies, casual observations did not
reveal spontaneous behavioral seizures out to 6 months following PTEN
deletion. However, two mice died during the night after exhibiting no
signs of ill health and these sudden deaths might have occurred during a
spontaneous seizure. Despite the fact that no seizures were observed in
these mice, abnormal physiological activity including electrographic
seizures cannot be excluded without continuous recording and
monitoring.

The present study assessed the functional consequences of focal
PTEN deletion in the adult dentate gyrus using continuous video-EEG
focusing specifically on the development of spontaneous seizures (epi-
leptogenesis). We find that both bilateral and unilateral vector-mediated
PTEN deletion in adult PTEN-floxed, ROSA-reporter mice lead to the
development of spontaneous seizures beginning around 2 months after
AAV-Cre injection. Of note, there were three instances of sudden death
during a prolonged seizure (SUDEP). Unlike excitotoxin models of epi-
lepsy, histological assessments revealed no apparent loss of hippocam-
pal neurons in CA3. Thus, focal PTEN deletion provides a novel, toxin/
convulsant-free model of adult-onset temporal lobe epilepsy (TLE) in
which the pathophysiology is initiated by a localized focus within the
hippocampus.

2. Materials and methods
2.1. Experimental mice

Experiments involved two transgenic strains of mice developed in
our local breeding colony. The first strain was generated by crossing
PTEN-floxed mice carrying lox-p flanked exon 5 of the PTEN gene
(RRID: IMSR_JAX:004597) with ROSA26tdTomato (Rosa'd™™') re-
porter mice having a lox-P flanked STOP cassette in the Rosa locus up-
stream of a tandem dimer tomato (tdT) fluorescent protein sequence
(RRID: IMSR_JAX:007905). This double transgenic strain is designated
PTEN"f/Rosa'¥°™2®_ A1l studies involved mice that were homozygous
at the transgenic loci. One other line was created by crossing this strain
with Thyl-eYFP mice, originally purchased from the Jackson Labs, to
generate mice that were homozygous at the PTEN"!/Rosa!dTo™2% Jocj
and hemizygous for Thyl-eYFP. For simplicity, these mice will be
referred to as PTEN/tdT mice, regardless of their eYFP expression. All
the strains used in these studies were generated in our lab, and therefore
have different genetic backgrounds than the original mice from Jackson
Labs.

Neurobiology of Disease 203 (2024) 106736
2.2. Surgical procedure: AAV-Cre injections into the dentate gyrus

All experimental procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) at the University of California,
Irvine. Studies involved adult mice (at least 2 months of age at the time
of AAV-Cre injection). Briefly, mice were anesthetized with Isoflurane
(2-2.5 %), placed in a stereotaxic device, and small cranial window was
created above the injection site. Using a 10 pl Hamilton syringe with a
pulled glass pipette tip, either a single unilateral or bilateral injection of
AAV2-Cre (Vector Bio Labs, 7011) or AAV2-GFP (Vector Bio Labs, 7004)
was made at +£1.3 mm lateral and + 2.2 mm anterior to lambda at a
depth of —1.6 mm from the cortical surface. Each injection was 0.6 pl in
volume (1 x 10'2 genome copies (GC)/ml in 1x phosphate-buffered
saline (1xPBS, 20 mM, pH 7.4) with 5 % glycerol) and was performed
over 4 min. The pipette was left in place for an additional 2 min before
removal. Following completion of the surgery, mice were allowed to
recover for 48 h in a cage on a 37 °C heating pad and then were returned
to standard housing conditions. Surgeries were performed in four
separate iterations, termed Cohorts, three injected with AAV-Cre and a
fourth injected with AAV-GFP (Table 1).

2.3. Surgical procedure: bilateral and unilateral intrahippocampal EEG
electrode implantation

At 4-6 weeks post AAV-Cre injection, mice underwent a second
procedure for placement of either bilateral or unilateral intra-
hippocampal electrodes, as described previously (Chen et al., 2021;
Garcia-Curran et al., 2019). Mice were anesthetized with Isoflurane
(1.5-2.5 %) and placed in a stereotaxic device. A scalp incision was
made to expose the skull and the skull was cleaned and dried with a 30 %
hydrogen peroxide solution. Two burr holes were placed in the skull
above the hippocampus in each hemisphere at +1.6 mm lateral and —
1.9 mm posterior to bregma. Twisted wire electrodes were placed at a
depth of —3.0 mm to —2.2 mm below the brain surface (P Technologies,
E363/2-2TW/SPC). For mice with a unilateral EEG electrode, the elec-
trode was placed into the right hippocampus, contralateral to AAV-Cre
injection. Another 2 burr holes were created above the left side of the
cerebellum and right frontal cortex for placement of ground screw
electrodes (P technologies, E363/20). Each electrode was then placed
into a 6-channel pedestal (P Technologies, MS363). Electrodes, screws,
pedestals, and wiring were held in place using a combination of
cyanoacrylate and dental cement for creation of a head cap. Following
completion of the surgery, mice were allowed to recover in a cage on a
37 °C heating pad and then were returned to standard housing condi-
tions until transferred to the continuous recording chambers. Informa-
tion regarding animal numbers, attrition and exclusions are listed in

Table 1
Animal numbers, attrition, and exclusions.
Cohort  Vector AAV Group Died Died Excluded Final
post post post death/ numbers
AAV EEG perfusion
Sx Sx
1 AAV- Bilateral, n n=1 n=2 n =1, large n=>5
Cre =11 brain lesion
n =2, ended
recording
early
2 AAV- Unilateral, n=0 n=2 n=1, n=3
Cre n=6 incorrect
electrode
3 AAV- Unilateral, n=0 n=0 n=20 n=7
Cre n=7
4 AAV- Unilateral, n=0 n=0 n=1, AAV n=4
GFP n=3 n=0 n=0 missed
Bilateral, n n=1, AAV
=3 missed




J.M. Yonan et al.
Table 1.
2.4. Continuous video EEG recordings

At 6-8 weeks post AAV-Cre injection (1-2 weeks following electrode
placement), mice were transferred into plexiglass cages and attached to
a commutator to allow for free movement during video-EEG recording.
Continuous recordings and videos were collected using the Lab Chart
EEG analysis software (versions 7 and 8, AD Instruments), as described
previously (Chen et al., 2021; Dube et al., 2010). Bilateral recordings
were made in mice that received bilateral electrodes. In mice that
received unilateral injections and unilateral electrodes, recordings were
made on the side contralateral to the injection. Information on recording
durations for each cohort of mice is listed in Tables 2-5.

2.5. EEG analysis and scoring

Analyses of EEG recordings were accomplished by investigators
blind to animal group. A subset of the EEGs were independently
analyzed by two investigators, with excellent concordance. Recordings
were scanned for seizures, defined as events lasting more than 6 s and
consisting of EEG polyspikes or sharp-waves (amplitude >2-fold back-
ground) (Chen et al., 2021; Dube et al., 2006; Pitkanen et al., 2002). In
addition, the progression of the amplitude and the frequencies of the
discharges throughout a given seizure were analyzed, because typical
seizures are characterized by increasing amplitude and slowing fre-
quency as the seizure progresses. Finally, for an event to be defined as a
seizure, it had to be followed by a period of post-ictal depression char-
acterized by a dramatic decrease in EEG amplitude. In mice with bilat-
eral recording electrodes, both ipsilateral and contralateral EEG
recordings were scored. The analyses of both left and right hippocampal
EEGs allowed an estimate of the site of origin of a seizure, manifest as
earlier ictal activity and typically a larger amplitude. In addition to
electrographic analyses, videos accompanying seizures were analyzed as
described (Dube et al., 2006; Dube et al., 2010). Briefly, we evaluated
typical behaviors associated with limbic-onset seizures, including sud-
den cessation of activity, facial automatisms, head-bobbing, prolonged
immobility with staring. These progressed to alternating or bilateral
clonus, rearing and falling (Racine). Mice were considered epileptic if
they had at least one documented spontaneous seizure as defined above.
Data are represented as the percentage of mice within each cohort to
develop seizures, cumulative number of seizures for each individual
animal over time, the total number of seizures for each mouse, the la-
tency to develop spontaneous seizures, and the average number of sei-
zures per days recorded.

2.6. Tissue collection and histology

At designated endpoints (Tables 2-5), mice were euthanized via
intraperitoneal injections of Fatal Plus® (390 mg/ml pentobarbital so-
dium) and were intracardially perfused with 4 % paraformaldehyde in
phosphate buffer (PFA). Brains were dissected and post-fixed in 4 % PFA
for 48 h, cryoprotected in 27 % sucrose, and frozen in Tissue-Tek O.C.T.
compound. Brains were then cryosectioned at 30 pm and stored in

Table 2
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1xPBS with 0.1 % NaNg until processed for immunohistochemistry. For
mice that were retrieved after being found dead, brains were drop-fixed
in 4 % PFA and then prepared as above. The area of transduction was
visualized by tdTomato expression in PTEN/tdT mice that received
AAV-Cre and GFP expression in control mice that received AAV-GFP.

Sets of sections at 360 pm intervals were processed for different
histological markers. For immunohistochemistry (IHC), sections were
washed in tris-buffered saline (1xTBS, 100 mM Tris, pH 7.4 and 150 mM
NacCl) then quenched for endogenous peroxidase activity by incubation
in 3 % Hy0, for 15 min. Sections were then washed in 1xTBS and
blocked in blocking buffer (1xTBS, 0.3 % Triton X-100, 5 % normal
donkey serum (NDS)) for 2 h at room temperature. Sections were then
incubated overnight at room temperature in buffer containing primary
antibodies for rabbit anti-PTEN (1:250, Cell Signaling Technology 9188,
RRID: AB_2253290), rabbit anti-pS6 Ser235/236 (1:250, Cell Signaling
Technology 4858, RRID: AB 916156), rabbit anti-Znt3 (1:1500, Milli-
pore ABN994), rabbit anti-cFos (1:1000, Millipore ABE457, RRID:
AB _2631318), and mouse anti-GAD67 (1:1000, Millipore MAB5406,
RRID: AB_2278725). Sections were then washed in 1xTBS, followed by a
2-h incubation in buffer containing biotinylated donkey anti-rabbit IgG
(1:250, Jackson ImmunoResearch, 711-065-152), then washed again.
Visualization was accomplished through incubation in avidin-biotin
complex (ABC) reagent (Vectastain Elite kit, catalog #PK-6100; Vector
Laboratories) and catalyzed reporter deposition (CARD) amplification
with Tyramide-FITC or Tyramide-AMCA. Sections stained for rabbit
anti-GFP (1:1500, Novus NB600-308, RRID:10003058) were visualized
using Alexa fluor-488 (1:250, Invitrogen A21206). Sections stained for
GAD67 were visualized by DAB (Vector Laboratories, SK-4100),
mounted on slides, dehydrated through graded ethanol, cleared in xy-
lenes, and coverslipped with DPX. All fluorescently labeled sections
were mounted on 0.5 % gelatin coated slides and counterstained with
Hoechst (1 pg/ml).

2.7. Extent of transduction of the dentate gyrus

To determine the percent area of transduction through the dentate
gyrus, sections spaced 360 pm apart were assessed for percentage of the
granule cell layer occupied by tdTomato-positive granule cells as in our
previous study (Yonan and Steward, 2023). Briefly, images of the den-
tate gyrus were taken with a 10x objective using an Olympus AX80
microscope. Images were imported into NIH ImageJ FLJI, a border was
drawn around the Hoechst-positive granule cell layer, the drawn con-
tour was transferred to the tdT-labeled image, and the tdT-positive area
within the contour was determined. The percent of the granule cell layer
that was tdT-positive throughout the rostro-caudal series of sections was
calculated in each mouse. Data are plotted as percent transduction
through the length of the dentate gyrus at 360 pm intervals and percent
transduction of the entire dentate gyrus for each mouse.

The extent of PTEN deletion within each mouse was qualitatively
assessed for transduction of the dentate gyrus and CAl hippocampal
subregion. These include mild/moderate transduction of the CA1l in one
or both hippocampi in addition to the dentate gyrus or mistargeting of
an injection in which the CA1 was transduced with minimal trans-
duction of the dentate gyrus. Each of these distinctions is noted

Cohort 1, Bilateral PTEN-deleted mice with bilateral electrode placement used for EEG recordings.

Animal Strain AAV-Cre location EEG location DPIs recorded DPI first seizure Total # seizures DPI died/ sacrificed
307-8 PTEN/tdT Bilateral Bilateral 43-113 65 42 113

307-9 PTEN/tdT Bilateral Bilateral 43-113 79 27 113

329-20 PTEN/tdT Bilateral Bilateral 42-187 87 33 190

329-21 PTEN/tdT Bilateral Bilateral 42-147 130 12 S.D. 147

329-22 PTEN/tdT Bilateral Bilateral 42-169 n/a 0 201

S.D. = seizure-related death.
Bilateral injection with mild/moderate transduction of one/both CA1l.
* Bilateral injection with one injection mistargeted to CA1.


nif-antibody:AB_2253290
nif-antibody:AB_916156
nif-antibody:AB_2631318
nif-antibody:AB_2278725
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Table 3
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Cohort 2, Unilateral PTEN-deleted mice with bilateral electrode placement used for EEG recordings.

Animal Strain AAV-Cre location EEG location DPIs recorded DPI first seizure Total # seizures DPI died/ sacrificed
305-1 PTEN/tdT Unilateral Bilateral 43-87 67 51 S.D. 87

329-18 PTEN/tdT Unilateral Bilateral 42-187 68 35 190

329-19 PTEN/tdT Unilateral Bilateral 42-169 n/a 0 174

S.D. = seizure-related death.
Unilateral dentate gyrus injection with mild/moderate transduction of CA1.

Table 4

Cohort 3, Unilateral PTEN-deleted mice with contralateral electrode placement used for EEG recordings.

Animal Strain AAV-Cre location EEG location DPIs recorded First Seizure Total # seizures DPI died/ sacrificed
68-25 PTEN/tdT/Thyl Unilateral contralateral 56-127 71 9 127
68-26 PTEN/tdT/Thy1 Unilateral contralateral 56-127 71 41 127
68-27 PTEN/tdT/Thy1 Unilateral contralateral 56-127 68 72 127
68-28 PTEN/tdT/Thyl Unilateral contralateral 59-113 61 23 113
69-29 PTEN/tdT/Thy1 Unilateral contralateral 59-77 76 12 S.D. 77
69-30 PTEN/tdT/Thy1 Unilateralj contralateral 59-127 75 41 127
69-31 PTEN/tdT/Thyl Unilateral contralateral 62-127 63 1 127

S.D. = seizure-related death.

Unilateral dentate gyrus injection with mild/moderate transduction of CA1.

Table 5

Cohort 4, Control mice used for EEG recordings.
Animal Strain AAV-GFP location EEG location DPIs recorded First seizure Total # seizures DPI

sacrificed

322-13 PTEN/tdT Unilateral Bilateral 44-100 n/a 0 100
323-16 PTEN/tdT Unilateral Bilateral 44-100 n/a 0 100
322-14 PTEN/tdT Bilateral Bilateral 44-100 n/a 0 100
323-17 PTEN/tdT Bilateral Bilateral 44-100 n/a 0 100

" Injection with mild/moderate transduction of one/both CA1.
¥ Injection with one injection mistargeted to CA1.

alongside each mouse in corresponding tables for each Cohort
(Tables 2-5). Transduction of the CA1 or cortex that was isolated to the
needle tract alone with minimal diffusion was classified as an injection
of only the dentate gyrus.

2.8. Granule cell size measurements

Cell body sizes were measured in regions of dense transduction near
the injection epicenter. One set of sections for each mouse was stained
with Cresyl violet and a separate set of sections was assessed for the
region of PTEN deletion through immunohistochemistry and visualiza-
tion of tdTomato, as described above. A single section at the core of
PTEN deletion and transduction was taken for granule cell size mea-
surements. Z-stack images of Cresyl violet stained sections were taken
using a 44.4x objective with a 1 pm step size using the Keyence BZ-X800
microscope and imported into ImageJ FIJI. Sampling was done by
measuring 30 cells within the granule cell layer within a 100 x 200 pm
region of interest in the ipsilateral dentate gyrus, and the homologous
region in the contralateral granule cell layer. The mean cross-sectional
area for PTEN deleted and PTEN expressing granule cells was deter-
mined by first averaging cell sizes from individual mice, then averaging
for each hemisphere where n = 6 mice.

Measurements of the thickness of the molecular layer were taken at
the core of transduction using images taken with a 10x objective on an
Olympus AX80 microscope as a representation of maximal dendritic
length (granule cell dendrites extend to the border of the molecular
layer). Measures of molecular layer width from ipsilateral and contra-
lateral sides were then compared. Mice included had dense tdT labeling
in the dorsal blade of the dentate gyrus.

2.9. Assessment of mossy fiber projections

Sections immunostained for the zinc transporter Znt3 were used to
assess alterations in granule cell axonal projections (mossy fibers). Im-
ages of both the ipsilateral and contralateral dentate gyrus and CA3 were
taken with a 10x objective using an Olympus AX80 microscope and
imported into ImageJ FIJI. Measurements were taken of the thickness of
the laminae containing mossy fibers as they exited the hilus on both
ipsilateral and contralateral sides.

To detect supra-granular mossy fibers, Znt3 labeled sections at the
core of transduction were used. Sections were scored as described by
(Hunt et al., 2009): 0 = little to no Znt3 labeling in granule cell layer; 1
= mild Znt3 labeling in granule cell layer; 2 = moderate staining in the
granule cell layer and punctuate staining in inner molecular layer; 3 =
dense Znt3 labeling in inner molecular layer.

2.10. GAD67 measurements

Sections stained for the glutamic acid decarboxylase, GAD67, were
used to assess the levels of GABA-expressing neurons within the PTEN
deleted area. Briefly, one section per mouse was imaged, imported into
Image J, converted to 8-bit, and color inverted. A 50 pm x 50 pm region
of interest (ROI) was positioned in the hilus within the area of tdT
expression and in the corresponding region of the contralateral hilus.
The mean grey value was determined within each ROI and compared
using a t-test. Animals included had clean GAD67 labeling throughout
the hippocampus and lacked electrode damage to the contralateral
hippocampus.
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2.11. Statistical methods

Analyses were conducted without explicit knowledge of experi-
mental group when feasible (in most cases, the area of transduction was
obvious due to growth of the dentate gyrus). Graphs were created and
statistical analyses were performed using GraphPad Prism Software.
One-way analysis of variance (ANOVA) was used to compare seizure
outcomes across cohorts. Two-way ANOVA was used for comparison of
neuronal morphological measures between contralateral and ipsilateral
hemispheres in PTEN/tdT mice. Sidak’s multiple comparisons tests were
used for comparisons between groups. Relationships between neuronal
outcome measures, percent PTEN deletion, or seizure number were
assessed by linear regression.

Bilateral AAV-Cre
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3. Results

3.1. Effective PTEN deletion in PTEN/tdT mice following unilateral and
bilateral AAV-Cre injections into the dentate gyrus

Injections of AAV-Cre into the dentate gyrus of PTEN/tdT mice at 2
months of age resulted in robust transduction of mature granule cells
surrounding the injection site. Fig. 1 illustrates representative images of
mice with bilateral and unilateral AAV-Cre injections collected between
2 and 4 months after injection. Fig. 1A-C depict the regions of granule
cell transduction following bilateral AAV-Cre injection based on tdTo-
mato expression. Transduction is evident in the granule cell bodies, as
well as apical dendrites within the molecular layer and mossy fiber
axons as they project through the hilus and toward the stratum lucidum
of the CA3. In both dentate gyri, PTEN immunostaining was absent in
the area of tdT expression (Fig. 1D, E). Immunostaining for the

Unilateral AAV-Cre

tdTomato

Fig. 1. Effective PTEN deletion and mTOR activation in PTEN/tdT mice following bilateral and unilateral AAV-Cre injections into the dentate gyrus. A-C) tdTomato
expression in transduced dentate granule cells following bilateral AAV-Cre injection in a PTEN/tdT mouse. D-E) Immunostaining for PTEN reveals deletion in tdT
positive granule cells. F-G) Immunostaining for phospho-S6 indicates activation of mTOR in PTEN deleted granule cells. H-I) Cresyl violet stained sections reveal
bilateral electrode placement into the hippocampus. J-L) tdT expression in the transduced dentate gyrus (left) and lack of tdT expression in the non-injected dentate
gyrus (right) of a PTEN/tdT mouse following unilateral AAV-Cre injection. M-N) PTEN deletion in the ipsilateral dentate gyrus. Note, the preservation of PTEN
expression in the contralateral dentate gyrus. O-P) pS6 immunoreactivity in the PTEN deleted and PTEN expressing dentate gyrus of the same mouse. Q-R) Location
of bilateral, intrahippocampal electrodes in the same mouse. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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phosphorylated form of ribosomal protein S6 (a downstream marker of
mTOR activation) revealed robust activation of S6 phosphorylation in
the regions of PTEN deletion (Fig. 1F, G).

Fig. 1J-L depict the region of transduction following unilateral in-
jection of AAV-Cre into the left dentate gyrus (compare tdT expression in
Fig. 1K with the lack of tdT expression in the contralateral, non-injected
dentate gyrus in Fig. 1L). PTEN deletion was confirmed by lack of im-
munostaining in transduced, tdT-positive granule cells (Fig. 1M), but
remained intact in granule cells of the contralateral, non-injected den-
tate gyrus (Fig. 1N). Increases in immunostaining for pS6 were evident
on the side of PTEN deletion (Fig. 10) in comparison to the contralateral
dentate gyrus (Fig. 1P).

3.2. Spontaneous seizures develop following bilateral PTEN deletion

3.2.1. Cohort 1, bilateral PTEN deletion with bilateral EEG recording

Promoter-driven PTEN deletion in the developing brain results in
PTEN deletion throughout the dentate gyri of both hemispheres (Kwon
et al., 2001; Matsushita et al., 2016; Pun et al., 2012). To determine if
bilateral but focal PTEN deletion in mature granule cells of the adult
dentate gyrus results in pro-epileptic alterations to circuit function,
recording electrodes were implanted bilaterally into the hippocampi
4-6 weeks after bilateral injections of AAV-Cre. Fig. 1H, I illustrate ex-
amples of recording electrode tracks.

3.2.2. Animal attrition and exclusions

In Cohort 1 (Table 1), one of 11 mice died prior to the EEG electrode
placement surgery; tissue for this mouse was unavailable for postmor-
tem analysis because the mouse was found dead by vivarium staff, and
the carcass was disposed of. Two of 11 mice (18 %) died at 3 and 4 days
after electrode placement but prior to the initiation of EEG recordings.
For 1 mouse, tissue was unavailable for analysis because the mouse was
found dead, and the carcass was disposed of. For the remaining mouse,
the brain was drop-fixed and was prepared for histology, which revealed
appropriate transduction of granule cells in both hemispheres, with no
transduction of other hippocampal subregions. The cause of death in
these mice is unknown given that death occurred prior to initiation of
EEG/video recordings. Another 1 of 11 mice (9 %) exhibited seizures
during the recording period but was excluded following tissue analysis
due to a large brain lesion of unknown origin that may have influenced
seizure onset and incidence. Finally, two mice were recorded and
sacrificed early at two months post PTEN deletion in order to verify
electrode placement. Neither displayed seizures during that time period.
In total, 6 out of 11 mice (55 %) were not included in our analysis of
seizure prevalence.

3.2.3. Seizure onset and incidence

Four of five mice in which EEG was recorded (80 %) developed
spontaneous electrographic and behavioral seizures (Table 2, Fig. 6A).
The first seizures were observed at an average of 90.25 +/— 28.02 days
(median = 83 days) post AAV-Cre injection (Fig. 6B). These mice
experienced an average of 28.50 +/— 12.61 total seizures (median = 30
seizures) over the recording period (Figs. 2A and 6C, Table 2) with an
average of 0.91 +/— 0.098 seizures per day (median = 0.94 seizures per
day, Fig. 6D). Mice with bilateral PTEN deletion exhibited seizures that
originated in either hippocampus (Fig. 2B). The frequency of the sei-
zures did not increase over time (Fig. 2A) and seizures occurred in
clusters. This is in contrast to reports with developmental PTEN deletion
in which seizures increase in frequency and severity over time (Kwon
et al., 2001). In this cohort, one mouse with bilateral PTEN deletion died
at 147 days post AAV-Cre injection during a prolonged focal-onset,
generalized seizure, after exhibiting a total of 12 seizures during the
recording period (Fig. 2A, animal 329-21).

Interestingly, the majority of mice that were recorded for longer than
2 months after PTEN deletion developed seizures, suggesting an
approximately 2-3 month latency period for development of epilepsy.
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As noted above, two mice were recorded for only two-months prior to
being sacrificed (Table 1). Whether these 2 mice would have developed
seizures had they been recorded for longer periods of time is unknown.

3.2.4. Patterns of AAV-Cre transduction in PTEN/tdT mice with bilateral
PTEN deletion

There was some variability in transduction efficacy despite the use of
consistent stereotaxic coordinates, injection parameters, and vector ti-
ters. Table 2 provides detailed descriptions of the pattern of transduction
and PTEN deletion in each mouse, specifically the accuracy of trans-
duction of the dentate gyrus and the transduction of other hippocampal
subregions. Three mice with bilateral transduction of the dentate gyrus
also had mild to moderate transduction of the CA1 region in one or both
hippocampi (example in Fig. 1A), one mouse had bilateral transduction
in which targeting in the right hippocampus was predominately in the
CAl region, and one mouse with bilateral transduction displayed mild
transduction of the left CAl in addition to the dentate gyrus and tar-
geting in the right hippocampus predominately of the CA1. Of note, this
final animal is the one that died during a verified seizure. It remains to
be determined how these variations and patterns of PTEN deletion
impact circuit and network function.

3.3. Spontaneous seizures develop following unilateral PTEN deletion

3.3.1. Cohort 2, Unilateral PTEN deletion with bilateral EEG recording
Temporal lobe epilepsy in humans often develops from a unilateral
seizure focus. To determine if unilateral PTEN deletion is sufficient for
seizure development, we carried out a pilot study in which 6 mice
received unilateral injections of AAV-Cre into the dentate gyrus followed
by placement of bilateral intrahippocampal electrodes. Fig. 1Q and R
illustrate electrode tracks in a mouse with unilateral PTEN deletion.

3.3.2. Patterns of transduction

In Cohort 2, three of 6 mice (50 %) were excluded from analysis due
to death (two mice at 1- and 47-days post EEG implantation surgery) or
due to incorrect electrode placement (Table 1), leaving n = 3 mice for
analysis of seizure occurrence. Two of three mice included in analysis
(Table 3), as well as mice with tissue available postmortem, all displayed
appropriate and well targeted transduction of only the dentate gyrus
(Fig. 1J). In these cases, PTEN expression was retained in both the CAl
and CA3. One of three mice included in analysis displayed some trans-
duction of the CAl.

3.3.3. Seizure onset and frequency

In Cohort 2, 2 of 3 mice (67 %) developed spontaneous seizures
(Table 3, Fig. 6A) at an average of 67.50 +/— 0.71 days post AAV-Cre
injection (median = 67.50 days), having an average of 43.00 +/—
11.31 seizures (median = 43 seizures) over the recording period, and an
average of 1.60 +/— 1.75 seizures per day (median = 1.60 seizures per
day) (Fig. 2C, Fig. 6B-D). In mice with unilateral PTEN deletion, seizures
most commonly originated in the PTEN deleted dentate gyrus and then
propagated to the contralateral, PTEN-expressing dentate gyrus. This
was apparent from assessing the temporal progression of the seizure
over both hippocampi: For example, in Fig. 2D, EEG amplitude begins to
increase on the PTEN-deleted side about 6 s prior to any changes in the
contralateral side (horizontal arrows). Also, large amplitude seizure
activity appears first on the PTEN-deleted side and then on the PTEN-
intact side (arrowheads). As seen with bilateral PTEN deletion, sei-
zures were clustered, did not increase in frequency over time, and began
more than 2 months post PTEN deletion. In this cohort, animal 305-1
displayed the greatest number of total seizures over time, eventually
dying suddenly at 87 days post injection during a prolonged seizure,
having experienced a total of 51 seizures during the recording period.
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seizures for each mouse over time following bilateral PTEN deletion. B) Representative EEG recordings from a mouse with bilateral PTEN deletion in the dentate
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rows). Additionally, larger amplitudes are first observed in the ipsilateral dentate gyrus (arrowheads). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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3.4. Spontaneous seizures develop following unilateral PTEN deletion
with contralateral EEG electrode placement

3.4.1. Cohort 3, unilateral PTEN deletion with unilateral EEG recording

It was noteworthy that several mice in Cohorts 1 and 2 died sud-
denly, and in 2 cases, death occurred during a prolonged seizure. In our
previous studies of anatomical consequences of PTEN deletion in the
adult dentate gyrus, in which mice survived up to 6 months after PTEN
deletion (Yonan and Steward, 2023), behavioral seizures were not
observed and there were only two instances of sudden death. Because we
had not previously seen high mortality rates in mice with PTEN deletion
but no implanted recording electrodes, we wondered whether PTEN
deletion and electrode placement within the same regions could syner-
gistically trigger more severe seizures resulting in increased incidence of
sudden death.

To begin to address this, PTEN/tdT mice (Cohort 3, Tables 1 and 4)
received unilateral injections of AAV-Cre into the dentate gyrus followed
by unilateral EEG electrode placement into the contralateral dentate
gyrus (Fig. 3H, I). As above, AAV-Cre injection resulted in expression of
tdTomato in transduced granule cells in the ipsilateral dentate gyrus
(Fig. 3A, B vs. 3C), PTEN deletion in transduced cells alone (Fig. 3D vs.
3E), and activation of S6 phosphorylation in PTEN deleted granule cells
(Fig. 3F vs. 3G). Notably, in Cohort 2, seizures recorded in mice with
unilateral AAV-Cre injections often originated in the PTEN deleted
dentate gyrus and propagated to the contralateral hippocampus
(Fig. 2D). Therefore, in this paradigm seizures recorded in the contra-
lateral dentate gyrus are likely propagated from the PTEN-deleted
dentate gyrus.

3.4.2. Seizure onset and incidence

Mice were recorded for 4 months post injection. Seven of seven mice
recorded developed spontaneous seizures at varying frequency (Table 4,
Figs. 4A-B and 6A). The average time to first seizure in this cohort of
mice was 69.29 +/— 5.68 days (median = 71 days) with an average of
28.43 +/— 24.64 total seizures (median = 23 seizures) over the
recording period, and 1.35 +/— 2.09 seizures per day (median = 0.75
seizures per day) (Fig. 6B-D). One mouse died suddenly at 77 days post
AAV-Cre injection during a seizure, having had a total of 12 seizures
(Fig. 4A, animal 69-29). These results support the conclusion that uni-
lateral PTEN deletion in the mature dentate gyrus is sufficient to result in
the formation of a circuit that eventually leads to spontaneous electro-
graphic and behavioral seizures.

3.5. Unilateral or bilateral AAV-GFP injections do not trigger seizures

Recently, a toxic effect of AAV virus injection on dentate gyrus
granule cells has been reported (Johnston et al., 2021). Therefore, as a
control for the possibility that injections of a control AAV with intra-
hippocampal EEG electrode placement would be sufficient to lead to
spontaneous seizures or cell death, PTEN/tdT mice received unilateral
or bilateral injections of AAV-GFP into the dentate gyrus followed by
continuous video EEG recordings (Table 5). A total of 4 out of 6 mice
were included in this cohort (Cohort 4). Two mice (33 %) were excluded
following anatomical analysis due to mistargeted viral transduction
(Table 1). All survived each surgical procedure, and none of the mice
with AAV-GFP injections developed spontaneous seizures (Table 5,
Fig. 5G, H, D).

Fig. 5 illustrates representative images from a mouse with unilateral
AAV-GFP injections recorded for 100 days post injection. In Fig. 5A,
AAV-driven GFP expression is evident throughout the dentate gyrus
(green) and is lacking in the contralateral, non-injected dentate gyrus
(Fig. 5B). Regardless of injection location, immunostaining for PTEN
revealed intact PTEN expression in both hemispheres (Fig. 5C, D) and
immunostaining for pS6 is comparable on the two sides of the brain
(Fig. 5E, F) indicating no mTOR activation.
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3.6. Extent of PTEN deletion correlates with seizure outcomes

Across Cohorts, PTEN deletion resulted in spontaneous seizures in
80, 67, and 100 % of mice accessed (Fig. 6A), respectively. Despite our
various approaches, there was no significant difference in the average
latency to the first spontaneous seizure (Fig. 6B; one-way ANOVA: [F
(2,10) = 2.489, p = 0.1327]), the average total number of seizures
(Fig. 6C; one-way ANOVA: [F (2,10) = 0.4214, p = 0.6673]), or the
average number of seizures per day (Fig. 6D, one-way ANOVA: [F (2,10)
=0.1313, p = 0.8785]) across all cohorts. We therefore wondered if the
amount of PTEN deletion in an individual animal would influence
seizure outcomes. The mice with electrodes positioned contralateral to
the PTEN deleted dentate gyrus in Cohort 3 allowed for detailed
assessment of the area of PTEN deletion without the complication of an
implanted recording electrode. The area of transduction in these mice
was characterized by a core in which most cells were tdT-positive, with
transduction diminishing in the rostral and caudal directions (Fig. 7A).
The average percent area transduced throughout the entire length of the
dentate gyrus of PTEN/tdT mice was 36.16 % +/— 6.79 % (Fig. 7B).

Interestingly, percent transduction was correlated with the total
number of seizures in each mouse [F (1,5) = 8.869, p = 0.0309, P =
0.6395] where total number of seizures experienced over the recording
period was greater in mice with larger areas of PTEN deletion within the
dentate gyrus (Fig. 7C). Percent transduction was not correlated with the
latency to the first seizure [F (1,5) = 1.045, p = 0.3536, r? =0.1728] or
the average number of seizures per day [F (1,5) = 0.3499, p = 0.5799, 2
= 0.06541] for each mouse (data not shown). In this cohort of mice, 2 of
7 mice had moderate transduction of CA1 pyramidal cells (Table 4);
seizure number in these mice was within the range of the mice with
transduction limited to the dentate gyrus, suggesting that some trans-
duction of the CA1 did not alter seizure development.

3.7. Enlargement of granule cell bodies and processes after PTEN deletion

As in our other studies, a notable consequence of PTEN deletion was
the enlargement of granule cell bodies and processes which was first
evident at 2 and 4 months post AAV-Cre injection, respectively. Fig. 8A
illustrates the enlargement of granule cell somata in the ipsilateral
dentate gyrus (left) when compared to granule cells in the contralateral,
PTEN-expressing dentate gyrus (right) in Cresyl violet stained sections.
Soma cross sectional area was 127.50 +/— 15.93 um? for PTEN deleted
granule cells vs. 67.96 +/— 14.19 um? for PTEN expressing granule cells
(Fig. 8B). This approximately 2-fold increase in granule cell soma size is
consistent to what we observed in our previous study (Yonan and
Steward, 2023).

Enlargement of cell body size was accompanied by increases in the
width of the molecular layer (Fig. 8D). We have previously confirmed
that measurements of molecular layer thickness can serve as an indicator
of apical dendrite length, given that dendrites typically extend to the
hippocampal fissure (Yonan and Steward, 2023). Molecular layer
thickness was 315.90 +/— 44.94 pm in the PTEN deleted dentate gyrus
vs. 194.70 +/— 21.02 pym in the contralateral dentate gyrus (Fig. 8E),
confirming PTEN-deletion induced expansion of dendritic arbors.

To assess whether PTEN deletion led to expansion of mossy fiber
projections to CA3, sections at the core of transduction were stained for
the zinc vesicular transporter, Znt3. As illustrated in Fig. 8G, the
collection of mossy fibers as they exit the hilus, which we term the mossy
fiber tract (MFT) was notably thicker in the PTEN deleted dentate gyrus
compared to the contralateral, PTEN-expressing dentate gyrus (MFT, red
lines). Mossy fiber tract thickness was 196.80 +/— 19.30 pm in the
ipsilateral dentate gyrus vs. 135.0 +/— 14.80 pm in the contralateral
dentate gyrus (Fig. 8H). This expansion is again similar to what we
observed in our previous study (Yonan and Steward, 2023).

Two-way ANOVA for all 3 parameters, collectively, revealed an
overall significance for ipsilateral vs. contralateral sides [F (1,29) =
96.63, p < 0.0001], a significance for measurement location [F (2,29) =
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tdTomato

Fig. 3. Unilateral PTEN deletion in the dentate gyrus of a PTEN/tdT mouse (Cohort 3) with electrode placement in the contralateral dentate gyrus. A-B) tdTomato
expression in transduced granule cells of the ipsilateral dentate gyrus following unilateral AAV-Cre injection into a PTEN/tdT mouse. C) Lack of tdT expression in
non-transduced cells in the contralateral dentate gyrus. D) PTEN deletion in tdT positive granule cells. E) Preservation of PTEN expression in the contralateral dentate
gyrus. F) Increased phosphorylation of ribosomal protein S6 in PTEN deleted granule cells. G) pS6 immunoreactivity in the contralateral dentate gyrus. H) Cresyl
violet stained section at the core of transduction and PTEN deletion. I) Cresyl violet stained section showing unilateral electrode placement into the contralateral
hippocampus. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. EEG recordings in PTEN/tdT mice (Cohort 3) following unilateral AAV-Cre injections into the dentate gyrus and placement of EEG electrode into the
contralateral hippocampus. A) Cumulative number of seizures recorded in the contralateral, PTEN-expressing dentate gyrus for each mouse over time. B) Repre-

sentative EEG recordings from mice with unilateral PTEN deletion.

120.6, p < 0.0001], and a significant interaction [F (2,29) = 5.816,p =
0.0075]. Sidak’s multiple comparisons tests were also significant for
somata, molecular layer, and mossy fiber tract measurements (see Fig. 8
legend for statistics). No correlations were found between somata [F
(1,4) =1.458,p = 0.2938, 2= 0.2671], dendrite [F (1,4) = 1.685,p =
0.2641, 12 = 0.2964], or axonal [F (1,4) = 0.0774, p = 0.7946, r* =
0.01898] measurements and total seizure number for each animal
(Fig. 8C, F, I).

3.8. Development of supra-granular mossy fibers following PTEN deletion
The growth of mossy fiber axons into the inner molecular layer,

which indicates the formation of recurrent excitatory connections
among granule cells, is a hallmark of different models of temporal lobe
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epilepsy (Althaus and Parent, 2012). We have previously reported the
presence of supra-granular mossy fibers in some mice assessed at 4
months post PTEN deletion with greater than 40 % transduction of the
dentate gyrus (Yonan and Steward, 2023). We were therefore curious if
similar ectopic projections would be seen in mice that display sponta-
neous seizures.

To quantify this, we used a modified scoring system from (Hunt et al.,
2009) where a score of 0 indicates no mossy fibers in the granule cell
layer and a score of 3 indicates dense mossy fiber staining in the inner
molecular layer. Sections stained for Znt3 at the core of PTEN deletion
for each mouse, as well as the contralateral dentate gyrus were assessed
according to this metric.

At 4 months post deletion (Fig. 9A), 3 of 6 mice showed slight Znt3
labeling in the granule cell layer (score of 1), 2 of 6 mice displayed



J.M. Yonan et al.

Neurobiology of Disease 203 (2024) 106736

Left, PTEN expressing

Right, PTEN expressing

Animal 323-16

_lo.smv
1s

Fig. 5. EEG recordings following AAV-GFP injection into the dentate gyrus of PTEN/tdT mice (Cohort 4). A) GFP expression in the ipsilateral (left) dentate gyrus of a
PTEN/tdT mouse following unilateral AAV-GFP injection. B) Lack of GFP expression in the contralateral dentate gyrus. C-—D) Preservation of PTEN expression in
both hippocampi following unilateral AAV-GFP injection. E-F) pS6 immunoreactivity in the same control mouse. G-H) Cresyl violet stained sections show placement
of bilateral electrodes. I) Representative EEG recordings from a mouse with AAV-GFP injection. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

moderate Znt3 labeling in the granule cell layer with mild labeling in the
inner molecular layer (score of 2), and 1 of 6 mice showed dense Znt3
labeling in the inner molecular layer (score of 3). Collectively 50 % of
mice (n = 3) developed at least moderate Znt3 labeling in the inner
molecular layer (score > 2, Fig. 9B). All 3 mice had greater than 35 %

11

transduction of the dentate gyrus, although two mice with similar
percent transductions only showed Znt3 labeling in the granule cell
layer that did not extend into the inner molecular layer. Regression
analysis of the relationship between percent transduction and mossy
fiber score revealed a positive relationship (Fig. 9C, [F (1,4) = 3.357, p
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= 0.1409, > = 0.4563]). Of note, mice with higher mossy fiber scores
experienced a greater total number of seizures over the recording period
but the difference was not statistically significant (Fig. 9D, [F (1,4) =
6.649, p = 0.0614, 2 = 0.6244]).

3.9. Immunocytochemical evidence for seizures in mice without electrode
implantation

The combined evidence strongly suggests that a focal area of PTEN
deletion in the dentate gyrus of mature mice leads to the development of
spontaneous seizures over time. The only small caveat is the implanta-
tion of a recording electrode, which could in theory act synergistically
with PTEN deletion to increase excitability. As indirect evidence that
seizures do occur following focal PTEN deletion alone and without
electrode implantation, here we describe incidental findings of
increased neuronal activation in a single mouse without implanted
recording electrodes that was part of a separate anatomical study in
which tissue was collected 4-month post AAV-Cre injection. Of note, we
did not monitor or record for behavioral seizures in this mouse.

Sections from this mouse were processed as part of our assessment of
S6 phosphorylation as an indicator of mTOR activation. In other mice,
increases in the phosphorylation of ribosomal protein S6 are confined to
the region of PTEN deletion, and do not extend to regions of PTEN
expression within the same dentate gyrus, or in the contralateral dentate
gyrus (examples in Fig. 1F, G, O, P, Fig. 3F, G). In this mouse, however,
there were striking increases in pS6 immunoreactivity in regions beyond
the area of PTEN deletion in the ipsilateral dentate gyrus (Fig. 10A;
PTEN vs. 10C, pS6) including in PTEN expressing granule cells in the
contralateral dentate gyrus (Fig. 10B, D). Previous studies have reported
prolonged neuronal activation after seizure activity in mouse models of
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temporal lobe epilepsy (Peng and Houser, 2005), and increased markers
of mTOR signaling (Ahmed et al., 2021). Thus, a possible interpretation
is that this mouse experienced a seizure in the period prior to tissue
collection.

To further explore this possibility, we stained sections from this
mouse for cFOS, which is strongly induced after a seizure; cFOS
expression was also dramatically increased in both the ipsilateral
(Fig. 10E) and contralateral dentate gyrus (Fig. 10F). In contrast, there
are no increases in cFOS expression in dentate granule cells due to PTEN
deletion alone (PTEN deleted area outline in Fig. 10H). Moreover, uni-
lateral AAV-Cre injection into Rosa control mice does not trigger any
notable increases in cFOS expression within the region of transduction
(Fig. 10G). Thus, the dramatic increases in pS6 and cFOS immunore-
activity throughout the hippocampus suggest that this mouse may have
experienced a seizure within hours before sacrifice.

3.10. Lack of hippocampal cell death following PTEN deletion

Epilepsy models that use convulsants to trigger spontaneous seizures
following a latent period, like kainic acid and pilocarpine, often result in
widespread neuronal death, especially in the CA3 region of the hippo-
campus (Curia et al., 2008; Drexel et al., 2012). We therefore wondered
if seizures induced by adult, vector-mediated PTEN deletion would
result in any notable hippocampal cell death. Fig. 11 shows sample
images from Cresyl violet-stained sections from PTEN/tdT mice injected
with AAV-Cre (Fig. 11E, Cohort 3) or AAV-GFP (Fig. 11A, Cohort 4) near
the center of viral transduction. There was no obvious cell loss in any
hippocampal region with PTEN deletion (dentate gyrus in Fig. 11f), or in
the neighboring CA1 (Fig. 11g) or CA3 (Fig. 11h) compared to the same
hippocampal subregions in an AAV-GFP injected control (Fig. 11b—d).
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Fig. 8. PTEN deletion triggers growth of granule cell bodies and processes. A) Representative Cresyl violet stained sections from the ipsilateral (left) and contralateral
(right) dentate gyrus showing enlarged granule cell bodies. B) Average cell body size from the ipsilateral and contralateral dentate gyrus. Note each dot represents the
average of 30 granule cells for an individual mouse. Sidak’s multiple comparisons for ipsilateral vs. contralateral sides in PTEN/tdT mice: p = 0.0030. C) Relationship
between soma size and seizure number for each animal, r? = 0.2671, p = 0.2938. D) Images of the molecular layer from the ipsilateral and contralateral dentate gyrus
from the same mouse showing enlargement of the molecular layer, suggestive of increased apical dendrite length. E) Molecular layer thickness measured at the core
of transduction for each mouse and the corresponding contralateral molecular layer. Sidak’s multiple comparisons for ipsilateral vs. contralateral sides in PTEN/tdT
mice: p < 0.0001. F) Relationship between molecular layer thickness and seizure number, r* = 0.2964, p = 0.2641. G) Znt3 labeling in the ipsilateral and
contralateral dentate gyrus reveals enlargement of mossy fiber tract projections to the CA3. H) Measurements of mossy fiber tract thickness as it exits the hilus for
each mouse (red lines labeled MFT in G). Sidak’s multiple comparisons for ipsilateral vs. contralateral sides in PTEN/tdT mice: p = 0.0019. I) Relationship between
mossy fiber tract thickness and seizure number, r*> = 0.01898, p = 0.7946. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

Importantly, the PTEN-deleted mouse shown here displayed the most
seizures following unilateral PTEN deletion (Cohort 3, animal #68-27,
72 total seizures). There did appear to be fewer large neurons in the hilus
in PTEN-deleted mice, which might indicate some loss or shrinkage of
mossy cells within the hilus (compare arrowheads in Fig. 11f with
Fig. 11b). Loss of mossy cells in the hilus often coincides with the
presence of supra-granular mossy fibers and the formation of recurrent
excitatory networks, both of which have been found to correlate with
seizure frequency and duration (Hester and Danzer, 2013). Similar
qualitative results were observed across all mice with PTEN deletion
from Cohort 3 and in control mice from Cohort 4.

3.11. Decreased immunostaining for GABA within the area of PTEN
deletion

Interneurons located within the dentate gyrus provide feedforward
and feedback inhibition onto granule cells. Loss of inhibition has been
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implicated in the development of seizures and reductions in the number
of interneurons has been reported following developmental PTEN
deletion (LaSarge et al., 2021). We therefore wondered if PTEN deletion
in mature granule cells would result in decreases in GABA-ergic markers
within the dentate gyrus. Inmunostaining for glutamic acid decarbox-
ylase, GAD67, a marker of GABA-expressing neurons and synapses,
revealed subtle decreases in staining within the area of PTEN deletion in
mice exhibiting spontaneous seizures from Cohort 3 (Fig. 12A) in
comparison to the contralateral, PTEN expressing dentate gyrus
(Fig. 12B). Mean grey value of GAD67 immunostaining within the hilus
was 11.0 % lower on the ipsilateral side compared to the contralateral
hilus (t-test: df = 7, t = 5.305, p = 0.0011). These decreases in staining
could reflect an actual decrease in GABAergic innervation or could be
due to the fact that immunostaining is diluted as a consequence of the
overall enlargement of the dentate gyrus (essentially an increase in the
denominator of density/unit area).
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Fig. 9. Presence of supragranular mossy fibers following PTEN deletion correlates with seizure number for each animal. A) Znt3 labeling in the granule cell layer and
inner molecular layer reveals presence of supragranular mossy fibers following PTEN deletion (arrows) that are not present in the contralateral dentate gyrus. B)
Mossy fiber score for the transduced and contralateral dentate gyrus of each mouse shows variability in the presence of supra-granular mossy fibers. Note repre-
sentative scores are depicted in the top right corner of panel A. G) Relationship between percent transduction (PTEN deletion) and mossy fiber score, r*> = 0.4563, p =
0.1409. D) Relationship between mossy fiber score and total seizure number, r* = 0.6244, p = 0.0614. Scoring scale: 0 - little to no Znt3 labeling in GCL, 1 - mild Znt3
labeling in GCL, 2 - moderate Znt3 labeling in GCL and mild labeling in IML, 3 - dense Znt3 labeling in IML.

4. Discussion

The goal of this study was to explore whether PTEN deletion and
resulting growth of granule cells and alterations in hippocampal cir-
cuitry result in the development of spontaneous seizures. The principal
findings are: (1) deletion of PTEN in adult dentate gyrus granule cells
results in delayed development of recurrent spontaneous seizures (epi-
lepsy) in the majority of mice; seizures were not observed in mice that
received AAV-GFP (controls); (2) the latency to the first spontaneous
seizure is about two months, (3) spontaneous seizures develop with
either a bilateral or unilateral focus of deletion; (4) in contrast to exci-
totoxin models, epileptogenesis is not associated with obvious neuron
loss in CA3. Together these results document a novel, convulsant/toxin-
free model of hippocampal/temporal lobe epileptogenesis.

4.1. Focal, unilateral PTEN deletion is sufficient for the development of
spontaneous, recurrent hippocampus-origin seizures

Continuous video-EEG monitoring with bilateral, intrahippocampal
electrodes revealed that either bilateral or unilateral PTEN deletion in
the dentate gyrus led to the development of spontaneous electrographic
and behavioral seizures in 80 % and 67 % of mice, respectively. Seizures
originated in either hippocampus in mice with bilateral PTEN deletion,
but consistently originated in the PTEN deleted dentate gyrus with
unilateral PTEN deletion.

All mice that received unilateral injections of AAV-Cre into the
dentate gyrus with recording electrodes positioned in the contralateral
hippocampus also developed spontaneous seizures. This largely ex-
cludes the possibility that the development of an epileptogenic focus was
due to a combination of PTEN deletion at the site of physical damage due
to electrode implantation. Such a combinatorial effect has been
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suggested with electrode implantation in kainic acid and pilocarpine
models of epilepsy (Balzekas et al., 2016; Levesque et al., 2016). It
cannot be excluded that electrode implantation into the contralateral
dentate gyrus contributes to the development of an epileptic circuit.

Importantly, spontaneous seizures developed with as little as 22 %
transduction of the dentate gyrus on one side, indicating that a relatively
small, unilateral focus of PTEN deletion is sufficient for bilateral elec-
trographic and behavioral seizures. This is reminiscent of the situation in
human TLE where a unilateral focus can eventually lead to generalized
seizures.

Transduction and PTEN deletion was not restricted to the dentate
gyrus in some mice, which could contribute to seizure development.
However, 6 mice with well targeted unilateral PTEN deletion developed
seizures (1 with bilateral electrodes and 5 with contralateral electrode
placement). In addition, seizures were neither more frequent nor more
severe in mice with transduction involving the CA1 region in addition to
the dentate gyrus.

4.2. Latent period for seizure development

Spontaneous seizures were not observed in mice until about 2
months following PTEN deletion, regardless of pattern of PTEN deletion
or electrode placement. This delayed onset of spontaneous seizures, or
latent period, suggests progressive network modification over time. Of
note, epileptogenesis due to focal PTEN deletion follows a different time
course than the commonly used kainic acid and pilocarpine models of
TLE, which have relatively short latent periods, ranging from 10 to 30
and 4-40 days, respectively, before the appearance of spontaneous sei-
zures (see review by (Levesque et al., 2016)). The delayed development
of seizures with PTEN deletion is reminiscent of the delayed develop-
ment of temporal lobe epilepsy (TLE) after some insult or injury
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Fig. 10. cFOS expression in the dentate gyrus of PTEN/tdT and control mice at 4 months following unilateral AAV-Cre injection. A) Effective PTEN deletion in the
ipsilateral dentate gyrus of a PTEN/tdT mouse at 4 months after AAV-Cre injection. B) PTEN expression is maintained in the contralateral dentate gyrus. C) Increased
phosphorylation of ribosomal protein S6 in the area of PTEN deletion (outlined in white) and in PTEN expressing granule cells of the ipsilateral dentate gyrus. D)
Increased phospho S6 in the contralateral dentate gyrus of the same mouse. E) Ipsilateral dentate gyrus of the same PTEN/tdT mouse showing increased cFos
expression within and beyond the regions of PTEN deletion. F) Increased cFos expression in the contralateral dentate gyrus. G) Injections of AAV-Cre in a tdT control
mouse does not result in increased cFOS expression (area of transduction outlined in black). H) PTEN deletion alone does not trigger increased cFOS expression (area

of transduction and PTEN deletion outlined in black).

involving the hippocampus in humans which can last several years
(Buckmaster, 2004).

4.3. Relationship between seizure development and growth of granule cells

PTEN deletion triggers two time-dependent processes; 1) growth of
dentate granule cell bodies, elongation of dendrites and new spine for-
mation, and expansion of axonal projections; 2) development of sei-
zures. In our previous study, increases in granule cell body size were
statistically significant at 2 months (when seizures appear) but granule
cell size continued to increase over time. Dendritic and axonal elonga-
tion and alterations in connectivity were not evident until 4 months
post-deletion (Yonan and Steward, 2023). Because seizures develop
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before growth responses are fully developed, seizures may be due to
alterations in neuron-intrinsic physiological processes due to PTEN
deletion. Alternatively, it is possible that early morphological changes
are sufficient to trigger an epileptogenic circuit. Further studies will be
required to explore these possibilities.

4.4. Sudden death during seizures

Of the 13 mice that developed seizures, 3 eventually died during a
seizure (23 %). This is in contrast to reports of high mortality rates that
result from increasing seizure severity with PTEN deletion in early
development (Kwon et al., 2003; Kwon et al., 2001; Matsushita et al.,
2016; Pun et al., 2012; Sunnen et al., 2011). One possible explanation is
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Fig. 11. Lack of neuronal death in major hippocampal subregions following PTEN deletion. A) Representative Cresyl violet-stained section from a PTEN/tdT mouse
injected with AAV-GFP (Cohort 4) into the dentate gyrus shows presence of neuronal cell bodies in the dentate gyrus and hilus (b) CA1 (c) and CA3 (d). E) Lack of
neuronal cell death in the PTEN-deleted dentate gyrus (f), CA1 (g), and CA3 (h) following AAV-Cre injection in a PTEN/tdT mouse (Cohort 3). Note fewer large
neurons in the hilus in f (arrowhead vs. multiple arrowheads in b). Arrow indicates injection tract in the PTEN deleted dentate gyrus in panel f. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. GAD67 immunoreactivity following vector-mediated PTEN deletion. A) Representative image of decreased GAD67 immunoreactivity in the granule cell
layer, molecular layer, and hilus in the area of PTEN deletion in a PTEN/tdT mouse injected with AAV-Cre (Cohort 3). B) Control GAD67 labeling in the contralateral
dentate gyrus. C) Quantification of GAD67 immunostaining in the ipsilateral vs. contralateral hilus (p = 0.0011).

that seizures in our model are less severe, and thus less likely to lead to spontaneous seizures can occur in the absence of supragranular mossy
respiratory arrest. Other possibilities include some compensatory fibers as reported in studies of developmental PTEN deletion (Pun et al.,
mechanisms or network properties in mature circuits that attenuate 2012), but may contribute to seizure progression over time.

seizure progression.
Of note, mortality rates in the present study are somewhat higher 4.6. New model of epileptogenesis and adult-onset epilepsy
than in our previous study with the same PTEN deletion model but

without electrode implantation (Yonan and Steward, 2023). It is Various laboratory models have been developed to investigate
possible that seizures are more severe and/or that mice are more sus- mechanisms of epileptogenesis, including brain injury, hypoxia and
ceptible to respiratory arrest when PTEN deletion and electrode im- ischemia, kindling, and chemical convulsants [for review see
plantation are combined. (Buckmaster, 2004)]. Many models, including kainic acid and pilocar-
pine models, trigger extensive neuronal death both within and beyond

4.5. Supra-granular mossy fibers not required, but may contribute to the hippocampus (Curia et al., 2008; Drexel et al., 2012). Whether
seizure outcomes neuronal death is required for epileptogenesis during development and
in adulthood is up for debate (Baram et al., 2011). For example, febrile

Supragranular mossy fibers develop in excitotoxin models of epilepsy status epilepticus (FSE) often results in epilepsy without widespread cell
and are thought to represent the formation of a recurrent excitatory loss (Dube et al., 2010). Our model of vector-mediated focal PTEN
circuit. Supragranular mossy fibers were noted in studies involving deletion in the adult dentate gyrus provides another model of epi-
PTEN deletion in early development (Amiri et al., 2012; Kwon et al., leptogenesis without apparent neuronal death, which may provide a
2006; Pun et al., 2012; Sunnen et al., 2011), and were also seen in 40 % unique opportunity to define different mechanisms of adult-onset tem-

of mice at 4 and 6 months after PTEN deletion in our previous study poral lobe epilepsy than have not been explored in other animal models.
(Yonan and Steward, 2023). In the present study, all mice with unilat-

eral PTEN deletion with contralateral electrode placement developed 4.7. Caveats and considerations
seizures and showed some mossy fiber labeling in the granule cell layer,
but only 50 % of mice had actual supragranular mossy fibers. Thus, The key conclusion of our study is that unilateral PTEN deletion in
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the dentate gyrus is sufficient to cause epilepsy. However, we cannot
exclude the possibility that spread of the AAV-Cre and PTEN deletion in
other hippocampal subregions was a contributing factor. Although
seizure development is robust (all mice that survived for over 60 days),
N is small, so conclusions regarding timing of onset should be considered
provisional. Also, with small N, lack of significance (for example lack of
significant correlation between supra-granular mossy fibers and sei-
zures) should not be over-interpreted. Finally, it should be noted that
PTEN deletion in adult neurons is a tool to explore mechanisms, not a
clinically-relevant pathophysiology.
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