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Introduction: Tuberous sclerosis complex (TSC) is a genetic disorder caused
by mutations in either the TSC1 or TSC2 genes. These mutations prevent the
TSC1/TSC2 protein complex from forming, resulting in hyperactivation of the
mechanistic target of rapamycin (mTOR) cell growth and protein synthesis
pathway. Epilepsy is one of the most common neurological symptoms in TSC
patients, often associated with focal cortical lesions. However, it is not fully
established whether such focal abnormalities are sufficient on their own to
generate seizures and associated behavioral deficits. Here, we created a novel
mouse model to test the hypothesis that a focal, postnatal deletion of Tsc2 from
cortical neurons is sufficient to induce an epileptogenic network and produce
behavioral changes relevant to TSC.

Methods: Tsc2 was deleted from neurons in a focal area of the frontal cortex
in Tsc2V (fTSC2 KO) mice following neonatal bilateral AAV9-CaMKII-Cre-
mCherry injections on postnatal day 2. One group of adult fTSC2 KO and
Tsc2WYWt (control) mice was implanted with cortical electrodes for combined
video-EEG monitoring. A separate group of control and fTSC2 KO mice, injected
with a lower viral titer, underwent video recording and behavioral exploration
analysis in a novel environment. Tissue was collected for histology.

Results: All adult fTSC2 KO mice implanted with cortical electrodes had seizures,
whereas no control mice did. Histological analyses showed that virally infected
cells in fTSC2 KO mice had enlarged somas and increased mTOR activation
(pS6 expression). These fTSC2 KO mice also had decreased parvalbumin and
somatostatin interneuron densities in the surrounding cortex. fTSC2 KO mice
displayed increased anxiety-like behaviors, spending significantly less time in the
center of the novel environment compared to controls.

Conclusion: A focal, postnatal deletion of Tsc2 from cortical neurons is
sufficient to cause both epilepsy and behavioral deficits in mice. This model
recapitulates key phenotypes of TSC, including abnormal cell growth, reduced
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inhibitory cell density, and increased microglia activation. This fTSC2 KO model
is advantageous for delineating the cortical changes that support epilepsy and
behavioral deficits in TSC, and for investigating possible targets for therapeutic

intervention.
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1 Introduction

Tuberous sclerosis complex (TSC) is a rare genetic condition
associated with abnormal neuron development, intellectual
disabilities, and epilepsy. Approximately 1 in 6,000 children born
annually are diagnosed with TSC (Kingswood et al., 2017), and
most cases are sporadic (Rout and Thomas, 2025). Classified
as a “mTORopathy;” TSC is associated with dysfunction of
the mechanistic target of rapamycin (mTOR) pathway due to
mutations in the TSCI (hamartin) or TSC2 (tuberin) genes. The
mTOR pathway is essential for neuronal proliferation, cell growth
and development, protein synthesis, and cell survival (for review
see Lasarge and Danzer, 2014). Thus, when TSC1 and TSC2
proteins cannot bind to form the negative regulator required for
the inactivation of Ras homolog enriched in brain (Rheb), mTOR
becomes hyperactivated and causes cell hypertrophy, increased
synaptogenesis, and hyperexcitable neural circuits (Fingar and
Blenis, 2004; Lasarge and Danzer, 2014; Litwa, 2022). In the central
nervous system, the manifestations include seizures, cognitive
dysfunction, and autism (Zaroff et al., 2006).

There is no cure for TSC, and epilepsy is one of the most
common comorbidities, occurring in 90% of patients (Curatolo
et al., 2018). These children have non-cancerous growths in the
brain and body, including cortical tubers, subependymal nodules,
and subependymal giant cell astrocytomas (Marcotte and Crino,
20065 Rosser et al., 2006; Napolioni et al., 2009). Cortical tubers
are commonly the cause of epilepsy; removal of abnormal cells at
the lesion site can provide immediate seizure freedom in 70% of
patients (Jobst and Cascino, 2015; Liu et al., 2017). However, at ten
years post-surgery, about half of patients exhibit seizure recurrence
(Specchio et al., 2022). Current pharmacological treatments include
Rapalogs; these drugs that dampen mTOR activity have been used
to treat TSC with some success (French et al., 2016; Bissler et al.,
2017; Franz et al.,, 2018; Wataya-Kaneda et al., 2018). However,
problems with rapalogs include adverse effects, rebound growths,
and variable efficacy (for review see Sasongko et al., 2023). Animal
models of this disorder are necessary for the development of novel
treatment options.

Animal models have been essential for understanding the
link between hyperactivated mTOR and epilepsy in patients with
TSC. Seizures have been directly linked to mutations in the
mTOR pathway (Marsan and Baulac, 2018; Tarkowski et al., 2019),
beginning as early as postnatal day 21 in mouse models with
Tscl or Tsc2 deletion and postnatal day 20 with Rheb gain-of-
function mutation (Lasarge and Danzer, 2014; Hsich et al., 20165
Reijnders et al., 2017; Onori et al., 2020). In heterozygous Tscl
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mice, adult loss of the second allele is sufficient to cause seizures
within 9 days, even without overt brain pathology (Abs et al., 2013).
Hyperactivation of mTOR, especially in layer II/III neurons of
the prefrontal cortex, also caused abnormal cell development with
elongated dendrites, enlarged somas, increased axonal projections,
and abnormal synapses with enlarged presynaptic terminals (Kwon
et al., 2006b; Choi et al., 2008; Chow et al., 2009; Zhou et al., 2009;
Tsai et al., 2014).

Many TSC animal models have a severe phenotype with early
mortality preventing further investigation (Wilson et al., 2005;
Meikle et al., 2007; Way et al., 2009; Zeng et al., 2011; Prabhakar
et al., 2013; Koene et al,, 2019). mTOR is necessary for regulated
cell growth and function, and homozygous knockout of either Tscl
or Tsc2 is embryonic lethal (Onda et al., 1999; Kobayashi et al,
2001). Cre-lox technology has allowed for more specific promoters,
developmentally timed gene deletion, or inducible deletion (Kwon
et al., 2001, 2006a,b; Marino et al., 2002; Fraser et al., 2004; Yue
et al,, 2005; Meikle et al., 2007, 2008; Wang et al., 2007; Choi et al.,
2008; Zhou et al., 2009; Magri et al., 2011). In utero electroporation
(IUE) models have been used to target specific developing neurons,
through removal of Tscl or Tsc2 or gain-of-function mutations
in Rheb (Feliciano et al,, 2011; Tsai et al., 2014; Hsieh et al.,
2016; Lin et al.,, 2016; Lim et al., 2017; Nguyen et al., 2019; Onori
et al,, 2020; Zhang et al.,, 2020). However, IUE technology can
lead to inconsistent expression due to the diffuse electric field
surrounding the targeted region (Yamashiro et al., 2022). It may
also affect both neurons and astrocytes derived from the radial
glial lineage (Nguyen and Bordey, 2021), and depending on the
timing of electroporation, can result in large areas of abnormal
neurons (Lim et al,, 2015; Hsieh et al., 2016). Such factors can
make it challenging to attribute experimental outcomes specifically
to the targeted genetic change, rather than to confounding effects
on multiple cell types or broader developmental abnormalities.

To achieve more precise spatial and temporal control, we
employed a viral-mediated approach to test the hypothesis that
deletion of Tsc2 from a localized region of cortical neurons at
postnatal day 2 was sufficient to cause the formation of an
epileptogenic network. Indeed, this manipulation led to mTOR
upregulation, hypertrophic neurons, epilepsy, and anxiety-like
behavior. Moreover, most focal Tsc2 knockout (fTSC2 KO) mice
survived until adulthood, when EEG monitoring (68% survival)
and behavioral testing (100% survival) could occur. This fTSC2
KO model is advantageous for investigating TSC-associated
epileptogenesis and accompanying behavioral deficits.
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mCherry expression indicates a focal area of Tsc2 KO cells. (A) Camklla-mCherry-T2A-Cre was packaged into an AAV9 for injection into the cortex

L

of Tsc2/T and Tsc2%' Wt mice. Viral map created using BioRender. (B) Tile scan image showing the location of mCherry expression cells in a Tsc2%/f
mouse injected with Camklla-mCherry-T2A-Cre at postnatal day 2. Images of the right hemisphere were traced using contours in Neurolucida (MBF
Bioscience) with the pink lines highlighting mCherry expression. Scale bars = 1,000 pm. (C) Control and focal Tsc2 knockout (fTSC2 KO) tissue was

stained with NeuroTrace. Images demonstrate a normal cortical lamination in fTSC2 KO mice. (D) The number of mCherry+ cells in cortex of control

and fTSC2 KO tissue was comparable; however, there was a regional difference in both groups p < 0.001, with fewer mCherry + cells in region 10
near the cortical edge when compared to regions 1-8 (p < 0.01) and in region 9 compared to regions 5 and 6 (p < 0.028). (E) Tissue from control
and fTSC2 KO mice was immunostained for Cre and mCherry; coincidence of the mCherry in cells that express Cre suggested mCherry could be
used to identify TSC2 KO cells. Scale Bar = 20 um. (F) Tissue from control and fTSC2 KO mice were immunostained for mCherry and pS6. Scale

bar = 100 um. (G) pS6 was highly expressed in fTSC2 KO tissue compared to controls, with an average of over 90% of mCherry+ cells in the fTSC2
expressing pS6 compared to 53% of control mCherry + expressing pS6. (H) The soma area of pS6 expressing mCherry— and mCherry+ neurons in
the lesion area were measured in control and fTSC2 KO tissue; mCherry+ cells in the Tsc2 floxed mice were significantly larger than mCherry— cells
in the same tissue and larger than mCherry+ cells in control tissue. ***, p < 0.001; ***, p < 0.0001.

2 Materials and methods

2.1 Mice

All animal studies were in accordance with the NIH Guide
for the Care and Use of Laboratory Animals (National Research
Council (US) Committee for the Update of the Guide for the
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Care and Use of Laboratory Animals, 2011) and in agreement
with CCHMC Institutional Animal Care and Use Committee
(IACUC) guidelines and approval. Tsc2/" mice (RRID:IMSR_JAX
STRAIN#027458; Tsc2 < tml.1Mjg > /]) containing loxP sites
flanking exons 2, 3, and 4 of the Tsc2 gene (Hernandez
et al, 2007) were outbred for at least 7 generations with

C57BL/6 mice. EEG study animals were generated by crossing
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Tsc2V/" mice to produce Tsc2VM (Tsc2 “floxed”) and littermate
Tsc2"/"t (Tsc2 “wildtype”) mice. Behavioral study mice were made
by breeding Tsc2™*!, TdTomato? (RRID:IMSR_JAX:007914;
B6.Cg-Gt(ROSA)26Sor'™14(CAG—tdTomato)Hze /1y mice with Tsc2//*
mice to produce Tsc2 wildtype and floxed mice with one allele
of TdTomato (TdTom +). Previous Tsc2¥ mouse models did not
show a seizure phenotype (Kobayashi et al., 1999, 2001; Onda et al.,
1999; Ehninger et al., 2008); in line with our hypothesis, Tsc2fl/wt
mice were not tested. All mice were maintained on a C57BL/6
background, and littermate controls were used when possible. All
data collection and analyses were conducted with investigators
blind to animal genotype and treatment.

2.2 Postnatal day two viral injections

AAV9-CaMKIIa-mCherry-T2A-Cre 1A; Vector
builder, Chicago, IL) was injected bilaterally into focal (f) areas of

(Figure

the cortex of Tsc2 wildtype (control; males, n = 6; females, n = 4)
and Tsc2 floxed (fTSC2 KO; males, n = 15; females, n = 10) pups
at postnatal day 2 for the excision of the loxP-flanked Tsc2 gene
and expression of mCherry. The stereotaxic frame was maintained
at 2-4 degrees Celsius using chilled 100% EtOH and dry ice in
the frame well [modified from Kim et al. (2014)]. Pups were
placed on a Kimwipe covered, chilled (0°) aluminum block until
unresponsive. Pups were head fixed, and a Neuros Syringe (0.5 pl,
32G, beveled; Cat# 65457-02) was inserted through the skull into
the cortex (A/P: —0.5 mm; M/L: £ 0.5 mm; D/V —0.35 mm
and A/P: —1.0 mm; M/L: £ 0.65 mm; D/V —0.35 mm) for 4
injections (50 nl at 100 nl/min; virus of 3.55 x 10° gc/ul with
0.05% Trypan Blue) using an automated syringe pump. Pups
were then warmed before they returned to the mother. Half of
the litter was removed for injections, then swapped. Pups were
tailed and genotyped on days 10-14 and weaned on day 28. Of 22
fTSC2 KO mice generated for EEG recording, 7 (32%) died before
implant, between 7 and 11.86 weeks of age (9.633 £ 0.700 weeks;
five males and two females). Ten fTSC2 KO mice (six males and
four females chosen randomly) received EEG implants, and 5
fTSC2 KO mice (two males and three females) weren’t used for the
study. There was no mortality among the 10 control mice assigned
for implant.

2.3 EEG analysis

Control (males, n = 6; females, n = 4) and fISC2 KO
mice (males, n = 6; females, n = 4) balanced for sex and age
were implanted with cortical surface electrodes connected to
wireless EEG transmitters (1 channel, TA11ETA-F10, Data Sciences
International, St. Paul, MN). EEG recorded mice ranged in age
from 8.43 to 18.00 weeks at implantation (controls: 10.19 %+ 1.00;
fTSC2 KO: 10.73 £ 0.96 weeks; t(18) = 0.390, p = 0.702). Cortical
electrodes were placed under the skull above the dura, bilaterally
(two electrodes, + 1.5 mm lateral, 0.5 mm posterior to bregma).
Mice were provided with Carprofen (40 mg/kg) for pain post-
surgery and 24 h later, and antibacterial ointment was applied to
the wound for 3 days. Video-EEG data was collected 24 h per day,
7 days per week, and reviewed using NeuroScore software (Version
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2.1.0, Data Sciences International) to identify seizures. EEG events
scored as seizures were characterized by the sudden onset of high
amplitude (> 2x background) activity, signal progression (a change
in amplitude and frequency over the course of the event) and a
duration greater than 10 s (LaSarge et al., 2021). Mice were recorded
from for at least 7 days (controls: 11.20 & 0.854 days; fTSC2 KO:
8.00 £ 0.300 days); any bias from controls recording longer would
have been toward seizure detection. At the end of recording, mice
were overdosed with pentobarbital (100 mg/kg) and perfused with
phosphate buffered saline (PBS) + 1 U/ml heparin, followed by 2.5%
paraformaldehyde with 4% sucrose in PBS (pH 7.4). Brains were
post-fixed overnight, cryoprotected, frozen, and stored at —80 °C.
Frozen brains were sectioned in the sagittal plane on a cryostat at
30 wm. Four sections, spaced 540 pm apart, were mounted to each
gelatin-coated slide and stored at —80 ° until use.

2.4 Immunohistochemistry and
histological analysis

2.4.1 Immunolabeling

Immunolabeling was performed on slide mounted tissue from
EEG recorded control and fTSC2 KO mice. For visualization of
Cre and mCherry co-expression in cells, as well as inhibitory cell
counts, tissue was permeabilized overnight in 3% Triton-100 and
0.75% glycine in PBS, washed, and blocked with 1.5% Triton-100,
0.75% glycine, and 5% normal goat serum (NGS) or normal donkey
serum in PBS, respectively. Slides to be assessed for pS6, as well
as those assessed for inflammatory markers glial fibrillary acidic
protein (GFAP) and ionized calcium-binding adaptor molecule 1
(IBA1), were treated overnight with 0.5% Igepal, 3% Tween 20, and
0.75% glycine in PBS, washed, and blocked in 5% NGS, 0.5% Igepal,
and 0.75% glycine in PBS.

Following block, all tissue was incubated overnight with
antibodies (see Table 1); a 4-h incubation with corresponding
AlexaFluor secondary antibodies (Table 1) was followed by cover-
slipping with ProLong Glass containing NucBlue (Thermo Fisher
Scientific Cat #P36981).

2.4.2 Imaging and analysis

All imaging was conducted at the Bio-Imaging and Analysis
Facility at Cincinnati Children’s Hospital Medical Center
(RRID:SCR_022628) wusing a Nikon Eclipse Ni-E upright
microscope with a 4X (NA 0.20) and 10X (NA 0.45) air
objectives or a Nikon AIR confocal microscope equipped
with 10X air (NA 0.45), 20X water-immersion (NA 0.95,
resolution 0.62 pwm/px), and 40X water-immersion (NA 1.15,
resolution 0.31 pwm/px) objectives (Nikon Instruments Inc;
RRID:SCR_020317).
three slides per animal, with at least three sections of tissue

For 3D lesion reconstruction, at least
(9 < sections total), were imaged at 4 x magnification spanning
from lateral + 0.12 to 3.00 mm. Cortex size and lesion area
were traced by hand, to include cell bodies of mCherry + cells,
using NIS-Elements AR imaging software (version 5.24.03;
NIS-Elements, RRID:SCR_014329).
were reconstructed using section number and thickness, and

The cortex and lesion

volumes were estimated.
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For confocal images, scanning began 3 pm below the tissue
surface to exclude damaged areas. Cre immunostaining was imaged
using a 2 pwm step for 4 wm through the z-axis. pS6, mCherry,
NeuroTrace, SST, and PV immunostaining images were acquired
using a 1 pm step for 18-23 pum through the z-axis; large
images extended out at least 800 pwm from the center of the
viral-labeled cells. GFAP and IBA1 immunostaining images were
acquired using a 0.5 pm step for 6 wm through the z-axis.
A single optical image of NeuroTrace was also collected at
the site of the lesion to assess cortical layering. Large images
included the area of the lesion and at least 500 wm of tissue
from the lesion.

For analysis, image stacks were loaded into Nikon NIS-
Elements, except for mCherry and inhibitory cell counts that
were completed using Neurolucida 360 (Version 2023.1.1, MBF
Bioscience, VT; RRID:SCR_001775). All analyses were performed
by investigators blinded to genotypes. Cellular hypertrophy driven
by the hyperactivation of mTOR is a characteristic of TSC-
associated lesions. To calculate cell size, a 100 pm square
grid was placed over the image and 20 random squares in
the lesion were selected between cortical layers II-IV; the
circumference of a randomly selected neuron expressing pS6
and mCherry and a neuron with only pS6 expression (mCherry
negative) were traced using the area measurement tool. pS6,
mCherry, SST, and PV cell markers were counted in each
section of cortex, spanning from the outer cortical edge to
the corpus collosum. Absolute cell counts were performed; cells
with intensity levels at twice the background were considered
positive for the marker. Contours were used to distinguish the
corpus callosum from the edge of the cortex, and cortex was
divided into 10 equal areas between the contours to account

TABLE 1 Primary and secondary antibodies used for histological analyses.

10.3389/fnmol.2025.1686023

for any changes in the cortical thickness or organization of
cortical layers, similar to previously described methods (Zhong
et al, 2021). Cell count and location data were exported into
Microsoft Excel (Microsoft 365 version 2401, Microsoft Corp.,
RRID:SCR_016137), where cell densities were calculated for each
individual animal. For each GFAP and IBA1 image, the percentage
of the image with signal from cell labeling was calculated for
each animal.

2.5 Behavioral exploration analysis

Behavioral analyses were conducted on a separate cohort
of mice from EEG studies at a comparable age [range (11.71-
16.43 weeks); mean control: 14.80 £ 0.55; mean fISC2 KO:
14.75 £ 0.25]. Due to the severity of seizures in the cohort of
mice that underwent EEG recording, mice for behavioral studies
were injected with a reduced viral titer. TdTom + Tsc2 wildtype
(control males, n = 6; females, n = 2) and TdTom + Tsc2 floxed
(fTSC2 KO males, n = 3; females, n = 6) pups were injected with
a combined 1:10 dilution of AAV9-CaMKIIa-mCherry-T2A-Cre
(3.55 x 10% gc/pul with 0.05% Trypan Blue) and AAV9-CaMKITa-
eGFP (3.55 x 10° gc/ul with 0.05% Trypan Blue; Addgene cat#
50469-AAV9) in the same manner as described for EEG recorded
mice. This fTSC2 KO cohort had no mortality, and 2 mice had
behavioral seizures in the presence of the investigator.

Control and fTSC2 KO mice were placed alone in a new
circular cage (10 in diameter and 8 in wall height) with a top-
mounted camera in a new room to test their exploration of a novel
environment. Mice were tested in a room with mice of the same
sex, in randomized groups of four that contained both control

Primary antibodies Secondary antibodies/stains

AlexaFluor 488 goat anti-mouse (1:750; Thermo Fisher Scientific Cat# A28175,
RRID:AB_2536161)

Mouse anti-NeuN (1:200 Millipore Cat#¥MAB377, RRID:AB_2298772)

Chicken anti-mCherry (1:750 Sigma Cat#ab356481, RRID:AB_2861426)

Rabbit anti-CRE (1:750 Cell Signaling Cat#15036, RRID:AB_2798694)

Rabbit anti-phospho-240/244-S6 (pS6 antibody, 1:500 dilution, Cat# 9468

RRID:AB_2716873)

Chicken anti-mCherry (1:750 Sigma Cat#ab356481, RRID:AB_2861426)

Rabbit anti-SST (1:500; Thermo Fisher Scientific Cat# PA5-82678,
RRID:AB_2789834)

Chicken anti-mCherry (1:750, Sigma Cat# ab356481, RRID:AB_2861426)
Guinea pig anti-PV (1:1000; Synaptic Systems Cat# 195 004 RRID:AB_2156476)

Chicken anti-GFAP (1:500 Millipore Cat#AB5541, RRID:AB_177521)

Rabbit anti-IBA1 (1:500 Synaptic Systems Cat#234 008, RRID:AB_2891296)

AlexaFluor 568 goat anti-chicken (1:750; Thermo Fisher Scientific Cat# A-11041,
RRID:AB_2534098)

AlexaFluor 647-plus goat anti-rabbit (1:750; Thermo Fisher Scientific Cat# A-21244,
RRID:AB_2535812)

Alexa Fluor 647 goat anti-rabbit (Thermo Fisher Scientific Cat# A32733TR,
RRID:AB_2866492)

AlexaFluor 568 goat anti-chicken (1:750; Thermo Fisher Scientific Cat# A-11041,
RRID:AB_2534098)

NeuroTrace 500/525 (1:300, Thermo Fisher Scientific Cat# N21480)

Alexa Fluor 488 donkey anti-rabbit (1:750, Thermo Fisher Scientific Cat# A32790,
RRID:AB_2762833)

Alexa Fluor 568 donkey anti-chicken (1:750, Thermo Fisher Scientific Cat# A78950,
RRID:AB_2921072)

Alexa Fluor 647 donkey anti-guinea pig (1:750, (Jackson Labs Cat# 706-605-148,
RRID:AB_2340476)

Alexa Fluor 488 goat anti-chicken (Thermo Fisher Scientific Cat# A32931,
RRID:AB_2762843)

Alexa Fluor 647-plus goat anti-rabbit (Thermo Fisher Scientific Cat# A-21244,
RRID:AB_2535812)

Primary and secondary antibodies used during immunohistochemistry experiments at the dilutions indicated.
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and fTSC2 KO mice. Animals were tracked for the first 30 min
in this cage using EthoVision XT (v17.5, Noldus Information
Technology, Leesberg, VA, RRID:SCR_000441). The center zone
was defined as the middle 4 inches of the field. The distance
moved and center zone duration for each mouse was split into 5-
min time bins and compared over time. Mice were perfused and
tissue collected after all behavioral testing was complete (control:
16.64 £ 0.03 weeks; KO: 16.83 £ 0.04 weeks). Tissue was processed,
cut, and analyzed for lesion size in the same manner as the tissue
from the EEG analysis.

2.6 Statistics

Sex differences were analyzed for each measure using either
a t-test or a two-way ANOVA (with genotype), although none
were significant. Since no sex differences were detected, males and
females were binned for analyses. Due to low n’s, however, the
lack of a sex effect should be interpreted cautiously. All results
are presented as mean £ SEM or medians (range). The number

« »

of animals are reported as “n,” unless otherwise noted. Statistical
tests were performed using Sigma Plot software (version 14.0,
Systat Software, Inc., RRID:SCR_003210) or Prism (version 10.1.2,
GraphPad Software, LLC., RRID:SCR_002798). Graphs were made
in Prism. Parametric tests were used for data that met assumptions
of normality (Shapiro-Wilk test) and equal variance (Brown-
Forsythe test), and non-parametric equivalents were used for data
that did not meet these assumptions. Specific tests were used as
noted in the results. Results are considered as significantly different
if p < 0.05, unless otherwise noted.

2.7 Figure preparation

Microscopy images are either single confocal optical sections
or confocal maximum projections. Some images were adjusted
using Nikon NIS-Elements (NIS-Elements, RRID:SCR_014329)
with a median filter (radius = 3) to reduce background artifacts.
Brightness and contrast of digital images were adjusted to optimize
cellular detail. Identical adjustments were made to all images meant
for comparison. Figures were prepared using Adobe Photoshop
(version 25.5.1, Adobe Photoshop, RRID:SCR_014199). Figures
created using BioRender are specified in the legend.

3 Results

3.1 Viral deletion of Tsc2 in cortical cells

EEG recorded Tsc2 wildtype (control) and Tsc2 floxed (fTSC2
KO) mice injected on postnatal day 2 with an AAV9-CamKII-
mCherry-T2A-Cre virus (Figure 1A) expressed mCherry in cortical
neurons. mCherry expressing (+) neurons were found in a focal
area of the frontal cortex, spanning from layer VI at the edge of
the corpus callosum to layer I at the cortical edge (Figures 1B, E).
A comparison of the cortical volume between the control mice and
fTSC2 KO mice revealed no difference between groups (control,
n = 10: 24.251 + 0.744 mm> mean + SEM); fTSC2 KO, n = 10:
28.384 4 2.019 mm?; t-test [t(18) = 1.920, p = 0.071]. Next, the
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volume of the cortex with mCherry expressing cells was calculated
and normalized to the volume of the cortex. The percentage of
the cortex with infected cells (lesion size) was also comparable in
control and fTSC2 KO mice control: 32.623 4 3.498; fTSC2 KO:
39.165 + 1.810; t-test [t(18) = 1.661, p = 0.114]. Lastly, fTSC2
KO mice had no apparent changes in cortical lamination when
compared to controls, including a distinct layer I at the cortical edge
(Figure 1C).

The distribution of mCherry + cells across cortical layers
was examined to determine which regions contained virally
infected cells. This analysis aimed to characterize the spatial
pattern of infection and assess whether specific cortical layers
were preferentially targeted by the viral manipulation. To account
for potential structural changes in cortical layering due to Tsc2
deletion, the cortex was divided into 10 equal regions, similar to
Zhong et al. (2021). Within each region, the number of mCherry™*
cells was counted and normalized by the region’s volume to
calculate cell density. The overall density of mCherry™ cells was
comparable between control (n = 10) and fTSC2 KO (n = 9) mice
Figure 1E; Two-way ANOVA [Fgeno(1,17) = 0.0002, p = 0.988;
Fregion(9,153) = 6.309, p < 0.001], indicating that the viral infection
produced a similar lesion in both groups. However, cell distribution
varied significantly across cortical regions. Both groups had fewer
mCherry + cells near the cortical edge (region 10) compared to
deeper regions of the cortex (region 1-8; p < 0.01, Tukey correction
for multiple comparisons), and fewer cells in superficial regions
(region 9) when compared to middle regions (regions 5 and 6;
p < 0.028). Estimates of mCherry + cells per lesion were calculated
by multiplying the estimated lesion volume by the estimated
mCherry + cell density. These calculations revealed no significant
difference in total mCherry + cells between control and fTSC2 KO
mice control: 75,188 &+ 28,587; fTSC2 KO: 98,173 &+ 31,606; t-test
[t(17) = 0.5408, p = 0.882].

Cre expression, pS6 expression, and cell size were used to
indicate that Tsc2 activity was disrupted in mCherry + cells in
the fTSC2 KO mice. The viral plasmid contained genes for both
mCherry and Cre; however, the T2A would allow them to be
expressed separately (Figure 1A). mCherry expression was visually
compared to Cre expression in cortical neurons at the injection
site in control and fTSC2 KO tissue using immunohistochemistry;
indeed, mCherry expression overlapped with Cre expression,
suggesting that mCherry could be used to identify TSC2 KO cells in
the Tsc2 floxed mice (Figure 1D). Next, pS6 expression, the product
and readout used to assess mTOR activation (Ma and Blenis, 2009),
was compared in control and fTSC2 KO tissue. Early data collected
from this model showed mCherry + cells in the fTSC2 KO animal
were negative for TSC2 expression (Dusing et al., 2023). Since
only a part of the Tsc2 gene was deleted, pS6 expression was used
here to show a loss of functionality, which would present as an
upregulation of mTOR activity. As seen in Figure 1F, pS6 was highly
expressed in fTSC2 KO tissue compared to the control. Specifically,
93.36 £ 1.643% of mCherry + cells expressed pS6 in the fTSC2
KO tissue (n = 8), while only 52.60 £ 6.390% of neurons in the
mCherry + cells control tissue (n = 8) expressed pS6 Figure 1G;
t-test [t(14) = 6.177, p < 0.001].

mTOR hyperactivation in neurons can lead to increased soma
sizes, and the impact of Tsc2 deletion was assessed. Since almost all
mCherry cells in the fTSC2 KO tissue expressed pS6, and mTOR
is associated with growth and protein synthesis, only neurons
expressing pS6 in all conditions were measured to prevent bias.
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FIGURE 2
Focal Tsc2 knockout (fTSC2 KO) mice have seizures. (A) Control and (B) fTSC2 KO mice were implanted with cortical EEG electrodes and monitored
24/7 for 7-12 days. Seizures were quantified using NeuroScore software, characterized by the sudden onset of high amplitude (> 2X background)
synchronized activity, signal progression (a change in amplitude or frequency over the course of the event), and a duration greater than ten seconds.
Al fTSC2 KO mice had consistent class 5 seizures. (C) fTSC2 KO mice consistently had an average of 5.26 + 0.69 (mean + SEM) seizures per day. No
control mice had seizures. (D) fTSC2 KO mice had seizures that lasted on average 42.17 &+ 2.12 s each and were consistent during the recording
period. **, p < 0.01.

Unfortunately, due to the small population of mCherry + cells
lacking pS6 activation in the Tsc2 floxed mice, we were unable to
reliably quantify the soma size of mCherry + /pS6 negative cells.
As demonstrated in Figure 1F, the pS6 and mCherry labeling
were both localized to the cytoplasm and spatially overlapped
within the same cells, enabling accurate soma size measurements
in mCherry+ and mCherry— cells. The soma area of pS6 positive
neurons with and without mCherry expression were measured and
compared between the control (n = 8) and fTSC2 KO (n = 8) tissue
Figure 1H; 2way RM ANOVA [F—inxmcherry x geno(1,14) = 15.99,
P = 0.0013; Fyeno(1,14) = 9.512, p = 0.008; Fncherry(1,14) = 30.58,
p < 0.0001]. As shown by the interaction, mCherry + cells in the
fTSC2 KO mice were significantly larger than mCherry + cells from
control mice [controlycperry+: 224.52 & 20.37; fTSC2 KOmcherry+:
370.64 + 25.61; Fisher’s LSD(mCherry+: control v fISC2 KO):
p = 0.0001], but not mCherry negative cells [controlncherry—:
20471 £ 24.03; fTSC2 KOpchery—: 247.41 £ 23.66; Fisher’s
LSD(mCherry—: control v fIsC2 KO): P = 0.209]. Moreover,
mCherry + cells in the Tsc2 floxed mice were significantly
larger than mCherry negative cells in the same tissue [Fisher’s
LSD(frsc2 KO: mCherry+ v mCherry—): P < 0.0001]. In the control
tissue, the soma size of neurons with and without mCherry were
comparable [Fisher’s LSD(control: mCherry+ v mCherry): P = 0.297].
Altogether, mCherry + cells in Tsc2 floxed tissue that expressed
Cre, largely expressed pS6, and had increased soma area were TSC2
KO cells.

3.2 Focal deletion of Tsc2 from cortical
neurons causes seizures

Control and fTSC2 KO mice were implanted with EEG
electrodes for 24/7 (hours per day/days per week) seizure detection
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and video monitoring. The number and duration of EEG events
classified as seizures were recorded for each animal for at least
7 days. No control animals had any seizures (characteristic
control EEG shown in Figure 2A). However, every fTSC2 KO
mouse, including mice implanted at 8 weeks of age, had seizures
(average 3.950 £ 0.490 seizures per day; representative EEG
seizure, Figure 2B) accompanied by behavioral symptoms (i.e.,
myoclonic jerking, forelimb clonus, rearing, and falling). Analysis
of the seizures per day over the recording period showed only a
significant difference between control (n = 10) and fTSC2 KO mice
(n = 10); seizures did not vary by day Figure 2C; Two-way ANOVA
[Fgeno(1,18) = 37.46, p < 0.0001; Fgy(7,119) = 0.878, p = 0.526].
Seizure duration was also consistent over all recording days
Figure 2D; Two-way ANOVA [Fgeno(1,18) = 106.500, p < 0.0001;
Faay(7,119) = 0.569, p = 0.780]. Seizures also did not correlate with
the age of the fTSC2 KO mouse [Pearson r correlation: (rage = 0.124,
p = 0.733)]. Altogether, fTSC2 KO mice had a consistent seizure
phenotype over the recording period.

3.3 Loss of PV and SST inhibitory cells in
the cortex of fTSC2 KO mice

Tuberous sclerosis complex is frequently associated with
dysfunctional inhibition (Valencia et al, 2006; Delia et al,
2012; Bateup et al,, 2013b; Zhong et al,, 2021; Aronica et al,
2023; Scheper et al, 2024), which can further disrupt the
excitatory-inhibitory balance and contribute to a more severe
seizure phenotype. Tissue from control (n = 10) and fTSC2 KO
(n = 9) mice was immunostained for parvalbumin (PV) and
somatostatin (SST) to determine whether the fTSC2 KO mice had
disrupted inhibitory circuit architecture that could contribute to
an altered excitatory-inhibitory balance. PV and SST inhibitory
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cells, as shown in Figure 3A, were detected throughout the
cortical layers, as typically seen in mice (Wall et al, 2016).
Analyses across combined cortical layers revealed a reduction
in interneuron cell density in fTSC2 KO tissue compared to
controls (Figure 3B). Specifically, PV + control: 7347 £ 570;
fTSC2 KO: 4609 =+ 625; t-test [tpy(17) = 3.242, p = 0.005])
and SST (control: 6706 + 503; fTSC2 KO: 4988 =+ 550; t-test
[tssT(17) = 2.309, p = 0.034] interneurons were decreased in
the lesion and the surrounding 500 wm region. These findings
suggested a disruption in the local inhibitory network in the fTSC2
KO mice.

To assess whether interneurons in specific cortical regions
exhibited heightened vulnerability in this model, the cortex
was subdivided into 10 equal regions spanning the cortical
layers to remove bias from potential laminar organization
(Zhong et al, 2021). Regional analysis revealed differential
changes in both PV and SST interneuron populations in
fTSC2 KO tissue, suggesting that inhibitory circuits may
be impacted differently across cortical depths. While PV
cells were significantly decreased in fTSC2 KO mice overall
compared to controls Figure 3C; Two-way RM ANOVA
[Fgeno(1,17) = 1051, p = 0.005 Fregion(9,153) = 9479,
p < 0.0001], they were particularly decreased in the middle
subdivisions of the cortex (regions 3 and 4, p < 0.019; 5-8,
p < 0.01). SST cell densities were also decreased overall in
fISC2 KO mice Figure 3E; [Fgeno(1,17) = 5330, p = 0.034;
Fregion(9,153) = 8299, p < 0.0001] but were particularly
decreased in middle subdivisions (regions 4-6 and 8; p’s < 0.041).
Interestingly, the density of PV or SST interneurons did not
correlate with seizure severity in epileptic mice, measured
by seizures per day [Figure 3D, Pearson r correlation: (r-
py = 0.3721, p = 0.324; r-ss7 = -0.054, p = 0.890)]. This suggests
that interneurons alone may not account for the seizure burden in
this model.

During the inhibitory cell analyses, mCherry + PV and
mCherry + SST cells were found in control and fTSC2 KO
tissue. Although CaMKII is typically associated with excitatory
neurons, previous reports indicate that some cortical inhibitory
cells do express CaMKII (Keaveney et al., 2020), and viral
expression in some inhibitory cells could be expected. Notably,
mCherry + inhibitory cells in fTSC2 KO tissue had visibly larger
somas, suggesting they are TSC2 deficient (example SST TSC2 KO
cell in Figure 3A). In our samples, 5.754 £ 2.900% (control, n =9)
and 11.380 £ 2.963% (fTSC2 KO, n = 9) of all mCherry + cells
were co-labeled with either PV or SST. The proportions did not
differ between control and fTSC2 KO groups [tpy(16) = 0.724,
p = 0.480; tssT(16) = 1.545, p = 0.142; tpy ssr(16) = 1.358,
p=0.193].

Despite a reduction in overall PV and SST cell densities in
the fTSC2 KO tissue, the percentage of PV cells that expressed
mCherry in control (5.119 % 2.973, n = 10) and fTSC2 KO tissue
(10.74 £ 4.158, n = 9) were comparable [t(17) = 1.116, p = 0.280].
In contrast, the percentage of SST cells that expressed mCherry
was increased in fTSC2 KO tissue (11.34 = 3.935) compared to the
controls [3.022 &£ 0.955; t(17) = 2.157, p = 0.046]. These data raise
the possibility that Tsc2 loss in inhibitory cells, particularly in SST
cells, could render them less vulnerable to phenotypic loss or cell
death than their wildtype counterparts.
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3.4 Increased inflammatory response in
the cortex of fTSC2 KO mice

Inflammation has long been correlated with epilepsy (Ravizza
et al, 2024). Activation of microglia and astrocytes is a
hallmark of neuroinflammation and often precedes the onset
of neuropathological symptoms (for review Sanz and Garcia-
Gimeno, 2020). Upon activation, microglia can either promote
resolution of the inflammatory response or contribute to chronic
inflammation (Heneka et al., 2014). Similarly, astrocytes modulate
neuroinflammation by secreting cytokines and chemokines that
fine-tune the immune response (Rossi, 2015). Careful examination
of ionized calcium-binding adapter molecule 1 (IBA1), expressed
by microglia, and glial fibrillary acidic protein (GFAP), expressed
by astrocytes, revealed no overlap with mCherry fluorescence
(Figure 4A). This suggests that these non-neuronal cell types did
not express Cre recombinase and remained unaffected by the virus
in this model. To evaluate whether fTSC2 KO mice exhibited
an inflammatory response, immunohistochemical markers of
microglial (IBA1) and astrocytic (GFAP) activation were analyzed.

IBA1 expression was assessed both at the lesion site
surrounding mCherry + cells and at a distance of 500 pm
from the lesion to determine whether an inflammatory response
occurred, and if so, whether it was localized to the lesion or more
broadly distributed throughout the surrounding tissue. A more
generalized pattern of inflammation could reflect the seizure
phenotype rather than being driven by changes at the lesion
site. In control tissue (Figure 4A), microglia exhibited a ramified
morphology, characterized by long, thin branching processes and
a small cell body, features consistent with an inactive state (Lier
et al,, 2021). Following an injury or other stimulation, microglia
typically transition to a reactive phenotype, with shorter, thicker
processes, an enlarged cell body, and increased branching. To
quantify changes, an object-based area analysis was used to measure
the total area of IBA1 + cells and their processes and to calculate
the percentage of tissue occupied IBA1 expression. This method
captured changes in microglial density and morphology, rather
than changes in expression intensity per cell. Analyses revealed
that the percentage of tissue occupied by IBA1 immunoreactive
structures was increased in fTSC2 KO mice (n = 10) compared to
controls (n = 9) at both the lesion core and 500 wm away Figure 4B;
Two-way RM ANOVA, IBAl [Fgen0(1,17) = 5.603, p = 0.030;
Fdistance (1,17) = 0.577, p = 0.458], indicating enhanced microglial
activation. Thus, this activation may be caused or exacerbated by
seizure activity rather than being solely attributable to the targeted
cellular manipulation.

Astrocytes become hypertrophic and upregulate GFAP
expression when activated (Yang and Wang, 2015). To assess
astrocytic activation, GFAP levels were measured in both control
(n = 9) and fTSC2 KO tissue (n = 10). As shown in Figure 4A,
average GFAP expression was comparable across genotypes and
distances from the lesion Figure 4C; Two-way RM ANOVA,
[Fgeno(1,17) = 1.569, p = 0.2273; Faistance(1,17) = 2.719, p = 0.1175],
indicating no significant astrocyte response. These findings suggest
that, unlike microglia, astrocytes may not be broadly activated in
fTSC2 KO mice.

A Pearson r correlation was used to investigate if either
inflammation marker was related to seizures in individual mice.
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FIGURE 3

Focal Tsc2 knockout (fTSC2 KO) mice have decreased somatostatin and parvalbumin cells in the cortex. (A) Tissue from control and fTSC2 KO mice
were labeled with antibodies for somatostatin (SST), mCherry, and parvalbumin (PV). Scale bars = 100 (left, 10X) and 50 um (40X). (B) Parvalbumin
(PV) and Somatostatin (SST) interneuron densities were decreased in fTSC2 KO mice compared to controls (p < 0.05). (C) PV cell densities were
decreased in the fTSC2 KO mice compared to controls, particularly in regions 3-8 (p < 0.05 or p < 0.01, as indicated). (D) Inhibitory cell densities
were not correlated with seizures. (E) SST cell densities were decreased in the fTSC2 KO mice compared to controls, particularly in regions 4-6, and
8 (p < 0.050rp < 0.01, as indicated). *, p < 0.05; **, p < 0.01
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(p = 0.03). (C) GFAP expression had a comparable level throughout control and fTSC2 KO tissue. (D) Average seizures per day was negatively
correlated with both IBA1 (r = 0.638; p = 0.047) and GFAP expression (r = —0.742, p = 0.014) in fTSC2 KO mice. *, p < 0.05

Indeed, average seizures per day was negatively correlated with both
IBA1 (Figure 4D; r = —0.638; p = 0.047) and GFAP expression
(r = —0.742, p = 0.014) in fTSC2 KO mice, such that higher
seizures numbers were correlated with decreased IBA1 and GFAP
activation. fTSC2 KO mice with higher seizure numbers had IBA1
and GFAP expression in the range of control mice, suggesting that

mice with more severe epilepsy had less inflammation compared to
those with fewer seizures per day.

3.5 fTSC2 KO mice display thigmotaxic
behavior

Control/Td + and fTSC2 KO/Td + mice (injected with 1:10
AAV-mCherry-T2A-Cre/AAV-eGFP) were placed alone in novel
circular cages, in a new room, and recorded through a top-
mounted camera for 30 min to investigate their exploratory
behavior. Of note, no animals had seizures during testing,
although 2 fTSC2 KO/Td + mice had behavioral seizures within
one day of testing (noted by the investigator). A volumetric
analysis of the cortex showed no change in these fISC2
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KO/Td + mice compared to controls/Td + control/Td + , n = 7:
26.765 + 1.781 mm?*; fTSC2 KO/Td +, n = 9: 30.344 + 1.549 mm?;
t-test [t(14) = 1.519, p = 0.151]. Of note, the percentage of the
cortex with infected cells (lesion size) was consistent between
fTSC2 KO mice that underwent EEG or behavioral testing EEG,
n = 10: 39.165 + 1.810%; behavior, n = 9: 30.899 + 5.207%;
t-test [t(17) = 1.565, p = 0.136], even though less Cre + viral
particles were injected.

Control/Td + (n = 8) and fITSC2 KO/Td + (n = 9) mice
moved similar distances in the cage during the 30 min period
Figure 5B; Two-way RM ANOVA [Fgroup(1,15) = 3.055, p = 0.101;
Fdistance (5,75) = 12.661, p < 0.001]. As expected, mice from both
groups traveled further in the first five minutes compared to all
other time bins (Bonferroni t-tests, all p’s < 0.001), after which
distances traveled during bins were comparable. These data show

that both groups spent a comparable amount of time exploring the
new environment, traveling the most when first placed in the new
cage, and that neither group had a mobility or motivational issue.
Of interest, the location where control/Td + and fTSC2
KO/Td + mice spent their time differed between groups. fTSC2
KO/Td + mice spent less time in the center zone compared
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Focal Tsc2 knockout (fTSC2 KO) mice display thigmotaxic behavior. (A) Control and fTSC2 KO mice spent 30 min in an open field, consisting of a
circular cage with a 10-inch diameter and 8-inch wall height. The center zone (left image, yellow area) was defined as the middle 4-inch of the field.
Animals were tracked and analyzed using EthoVision XT (Noldus Information Technology). Group heat maps show the average locations where
control and fTSC2 KO mice spent their time. (B) The distance traveled in the open field was split into 5 min bins. Control and fTSC2 KO mice spent
more time exploring the open field in the first 5 min, but their distance traveled was comparable. (C) fTSC2 KO mice spent less time in the center

zone when compared with control mice. **, p < 0.01.

to controls during all time bins Figure 5C; Two-way RM
ANOVA [Fgroup(1,15) = 9.158, p = 0.009 Frime(5,75) = 1.293,
p = 0.276]. In a visual representation, group heat maps illustrate
the propensity of fTSC2 KO/Td + mice to remain along the

walls, whereas the control mice had more activity in the
center zone (Figure 5A, generated by EthoVision XT software).
The fISC2 KO/Td + mice barely explored the center zones
(9.985% =+ 3.779% time in center), mostly moving around
the outer edge, while the controls/Td + explored the center
area of the novel cage approximately a quarter of the time
(26.657% =+ 4.008%).

4 Discussion

TSC2 mutations have been associated with abnormal cell
growth, intellectual disabilities, and neuropsychological disorders
in patients, with 80%-90% having epilepsy (Holmes and Stafstrom,
2007). Here we show that focal lesions containing TSC2 KO
cells are sufficient to cause epilepsy. In addition to recapitulating
the seizure phenotype seen in TSC patients, histological changes
in our fITSC2 KO mice largely model the disorder. TSC2
KO cells in this model are enlarged and have increased pS6
expression, while the lesions exhibit decreased inhibitory cell
density and have increased microglia activation that extends
outside of the lesion. Further, analysis of exploratory behavior
indicated that TSC2 KO cells are sufficient to cause behavioral
changes in the mice, namely anxiety-associated thigmotaxic
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behavior. This novel fTSC2 KO model allows for future studies
to investigate the underlying mechanisms of epileptogenesis and
behavioral deficits associated with TSC, as well as characterize
how the lesion size and location can impact seizure severity and
cognitive consequences.

4.1 Model comparison

In comparison to other TSC mouse models, our fITSC2 KO
mice had smaller, focal cortical lesions, likely from a combination
of both timing and injection target. Excitatory cells reach their final
position during their first week of life (Kast and Levitt, 2019). In
our postnatal day 2 injection model, knockout cells were likely
near their final location before loss of the targeted protein; future
experiments will focus on characterizing how cortical network
development proceeds following viral infection in this model. In
contrast, IUE models target cells undergoing development and
migration, leading to a larger spread of abnormal neurons. Second,
our injections targeted the frontal cortex, where the virus would
affect a focal area with a heterogenous population of excitatory
and inhibitory neurons. The TscI KO model by Prabhakar et al.
(2013) also used a neonatal viral injection to initiate gene deletion at
the same developmental time, but their intraventricular injections
produced a scattering of abnormal cells. TUE manipulations, which
target radial glial cells, can impact both neurons and glial cells and
often cause large numbers of abnormal cells to span a cortical layer
(Nguyen and Bordey, 2021). Altogether, our model targeted a small
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area of neurons, after most cortical development occurred, to create
a focal lesion capable of generating seizures.

Our fTSC2 KO mice have a comparable phenotype to some IUE
models of TSC but with fewer technical challenges. IUE models
have been effective at manipulating specific neural populations by
targeting neurons on specific embryonic days. Manipulations on
embryonic day 14-15 impacted layer II/III principal cells, the same
neurons thought to be severely affected during malformation of
cortical development (Bliimcke et al., 2009; D’Gama and Walsh,
2018). In each of these cases, animals went on to develop abnormal
cells, with seizures beginning at 3-7 weeks (Hsich et al., 2016; Lim
et al., 2017; Reijnders et al., 2017); these mice typically have a
normal lifespan (Nguyen and Bordey, 2022). Interestingly, a model
of Rheb®-electroporated mice had a similar seizure phenotype
(approximately 5.7 seizures per day with mean duration of 39.4 s)
(Hsieh et al., 2016) compared to our fTSC2 KO mice (5.3 seizures
per day with mean duration of 42.2 s). Of note, our model did
not have any evidence of mislamination associated with TSC, and
abnormal cells spanned more cortical layers than the timed TUE
models. However, IUE is challenging and can face low transfection
efficiency, variability issues, and low pup survival rates (Nguyen and
Bordey, 2022). Viral neonatal injections can be quick (a litter can
take less than an hour to inject) and few to no mice are lost from
the injection (Kim et al., 2014).

4.2 Epilepsy phenotype

Our fTSC2 KO model recapitulated the seizure phenotype of
TSC patients, with less severe epilepsy and mortality than some
other mouse models. Mice with a neonatal, intraventricular viral
knockout of TscI displayed seizures within 2-3 weeks of age and
had a mean survival age of only 66.5 days (Prabhakar et al., 2013).
Other TSC models also have a severe phenotype, with seizures
starting as young as 10 days post-gene deletion and early mortality
spanning from 20 days post-gene deletion to under 8 weeks old
(Wilson et al., 2005; Meikle et al., 2007; Way et al., 2009; Zeng et al.,
2011; Prabhakar et al., 2013; Lim et al., 2017; Koene et al., 2019).
In comparison, our fTSC2 KO mice exhibited robust seizures at
8 weeks of age when EEG recording started, suggesting seizures
began at younger ages. Although we only recorded from mice for
7 days, we recorded from mice from ages 8 to 18 weeks old, and all
fTSC2 KO mice had seizures. This data suggests that seizures would
continue after the recording period, although future studies will
be needed to assess longer-term seizure dynamics to determine if
they would change in frequency or intensity. Importantly, over two-
thirds of fTSC2 KO EEG mice survived until tissue harvest at up
to 20 weeks old. This increased life span of fTSC2 KO mice would
allow time to delineate mechanisms underlying epileptogenesis and
allow for manipulations to investigate possible treatments.

4.3 Inhibitory neuron loss

Loss of or weakened inhibition has been detected in both
patients and animal models of TSC and mTOR hyperactivation
(Valencia et al, 2006; Talos et al., 2012; Bateup et al., 2013a;
Zhong et al., 2021; Scheper et al., 2024). Here, we focused our
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investigation on PV and SST interneurons, two populations that
are essential for cortical circuits and are known to be impacted in
patients (Valencia et al., 2006; Scheper et al., 2024). PV and SST
are found throughout layers II through IV, with both synapsing
onto excitatory pyramidal cells (Xu et al., 2010; Naka and Adesnik,
2016). Our model showed significant PV loss in layers II/III to
IV and SST loss primarily in deeper regions resembling layer V,
consistent with previously described laminar distributions (Wall
et al,, 2016; Zhong et al., 2021). While our model results in less
viral infection near the cortical edge, the loss of PV and SST
was not proportional to the density of mCherry + cells; SST cell
density reductions were most prominent in the mid-to-deeper
cortical layers. These results are consistent with many other animal
models of mTOR hyperactivation and spontaneous seizures that
have also reported interneuron loss, including IUE of PIK3CA with
hyperactive mTOR in the cortex (Zhong et al., 2021) and PTEN loss
in dentate granule cells (LaSarge et al., 2021), although not all report
this finding (Hsieh et al., 2016).

Our data lead us to question if interneuron loss is (1) a step
in the epileptogenic process of our model, (2) a consequence of
seizure activity, occurring once a threshold number of inhibitory
cells are lost, or (3) due to failed migration of inhibitory cells to
their appropriate cortical locations. Interestingly, interneuron loss
preceded seizure activity in the IUE of PIK3CA model (Zhong
et al., 2021). If inhibitory cell loss has a threshold, then the lack of
correlation between seizure number and inhibitory density in our
mice may indicate that they are past the threshold. Unfortunately,
our study cannot disentangle the cause or timing of the interneuron
loss. To determine whether interneuron loss contributes to seizures
or is caused by them, future studies will investigate fTSC2 KO mice
at the time of their first seizure. This would allow us to assess
whether inhibitory cells are already absent, incorrectly localized,
or expressing cell death markers. Additional experiments will also
investigate TSC2 KO cells localized to a single hemisphere to better
discriminate between the effects of epileptogenesis and seizure
activity.

Of note, a small population of inhibitory cells were infected
by our CaMKIla virus. Previously, CaMKIla was thought to
be a specific promoter for excitatory cells (Liu and Jones,
1996). However, labeling via a miRNA-based viral gene targeting
strategy recently showed that a small population of PV and SST
interneurons in the cortex express CaMKIIa (Keaveney et al., 2020).
Our model confirms this expression pattern, in which an average of
3% of SST and 5% of PV cells expressed mCherry in the control
mice.

Our data suggests that Tsc2 deletion may enhance the
survivability of SST interneurons, as evidenced by the increased
proportion of SST-mCherry + cells in our fTSC2 KO mice. There
were no apparent changes in the phenotypic marker expression
between the SST and PV cells, as the proportion of mCherry + SST
and PV cells remained comparable between control and KO
mice. Previous investigation from Malik et al. (2019) found that
a subset of Tscl deficient SSTs cells expressed PV and adopted
the fast-spiking properties that are characteristic of that cell type,
suggesting that mTOR signaling influences interneuron identity.
A key distinction between the models is the timing of gene deletion.
In our study, interneurons were post-mitotic and maturing at the
time of Tsc2 loss, whereas in the Tscl-deficient SST model, deletion
occurred during embryonic development. Our later timing likely
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limited the impact of Tsc2 deletion on cell phenotypic expression,
instead influencing cell size and survival. These findings highlight
the importance of developmental timing and gene expression in
shaping the interneuron population and the importance of further
investigation into the distinct roles of TscI and Tsc2 in interneuron
development in TSC.

4.4 Inflammatory response

Gliosis and microglia reactivity were previously observed in
patients and mouse models with mTOR hyperactivity, although our
model only showed increased microglia activation. TSC patients
have increased density and activation of microglia (Zimmer et al.,
2020), especially in the lesion area and close to dysmorphic
cells (Boer et al, 2008). Cortical tubers typically have an
increased expression of GFAP and higher numbers of astrocytes
in patients (Binder and Steinhduser, 2021). Our fITSC2 KO
mice recapitulate the patient lesion phenotype, showing increased
microglia activation without GFAP labeling, highlighting a selective
inflammatory response.

Inflammation has been closely linked to seizure activity in
mouse models (Feliciano et al., 2011; Nguyen et al., 2019). Here,
fTSC2 KO mice with lower seizure frequency had increased
inflammation, outside the range of controls and at higher
levels than mice with a higher seizure burden. This correlation
leads to multiple possibilities. One is that a low number
of seizures may trigger inflammation, while chronic epilepsy
with high seizure burden could lead to dysregulation. Previous
research has suggested that sustained brain inflammation becomes
dysregulated in chronic epilepsy (Ravizza et al., 2024). Additionally,
inflammation may be influenced or triggered by external factors
such as our surgical intervention. Post-surgical inflammation could
confound our interpretations of seizure-related inflammatory
changes, although both the controls and fTSC2 KO mice underwent
similar surgeries. Another possibility is that epileptogenic changes,
like cell loss, occurred leading up to the chronic seizure phenotype,
after which the inflammatory system could have reached a new
homeostatic state. Our fI'SC2 KO model lacked a correlation
between inhibitory cell loss and seizure number. As discussed,
inhibitory cell loss could have happened during epileptogenesis
or during the initiation of seizures. In either possibility, gliosis
and microglia activation could be triggered in connection with
secondary changes accompanying epileptogenesis, to include cell
death, and then decrease when vulnerable cells are gone. Future
investigation into the timing of inflammation, cell loss, and
epileptogenesis may shed insight into the cascade of events
that occurs during epileptogenesis through to the chronic stage,
potentially informing therapeutic strategies for early intervention.

4.5 Thigmotaxic, anxiety-like behavior

TSC patients and

psychological disorders; known as tuberous sclerosis-associated

often have co-morbid neurological
neuropsychiatric disorders [TAND, (for review see Marcinkowska

et al,, 2023)], these disorders include autism spectrum disorders,
intellectual disability, depression, and anxiety (Kingswood et al.,
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2017; for review, Santos et al., 2025). The multidisciplinary study of
TSC, the TuberOus SClerosis registry to increase disease Awareness
(TOSCA), reported 9.7% of TSC patients were diagnosed with an
anxiety disorder (Kingswood et al., 2017; Marcinkowska et al.,
2023). Like the patients, mouse models of TSC have shown varying
anxiety phenotypes along a spectrum that corresponds to the
Tsc2 genotype. Here, the fTSC2 KO lesions in frontal cortex
led to anxiety-related thigmotaxic behavior, or wall hugging, in
the mice without any gross motor dysfunction or motivation
deficits. Thigmotaxis is widely considered an indicator of anxiety
or predator avoidance (Hall and Ballachey, 1932; Seibenhener
and Wooten, 2015; Zhang et al., 2023). In addition, the tendency
to show thigmotaxic behavior gradually decreases over time
(Simon et al., 1994).

Anxious behaviors have been observed in multiple rodent
models of TSC. Tsc2 dominant negative (Tsc2-DN) mice, which
have a mutation in the c-terminus that leads to Rheb activation,
have exhibited an increase in anxiety-related behaviors (Ehninger
and Silva, 2011; Chévere-Torres et al., 2012). Our mice behaved
similarly to Tsc2-DN mice, which had decreased center exploration
and traveled a similar distance in an open field; Tsc2-DN mice
also spent less time in the open arms of an elevated plus maze
(EPM), revealing anxiety-like behavior (Ehninger and Silva, 2011).
Additionally, Tsc2 haploinsufficient rats showed similar motor
activity to controls in an open field but had less exploration
(Waltereit et al., 2011). On the other side of the continuum,
Tsc2 £ mice performed comparably to controls in both open field
and elevated plus maze mice in Ehninger et al. (2008); yet, removal
of both copies of Tsc2 was associated with anxiety-like behavior.
Graded loss of tuberin in a mouse model of TSC corresponded
to an anxiety phenotype that corresponded to the TSC2 protein
level (Yuan et al., 2012). Data supports a mechanism for mTOR
in TANDs that is separate from epilepsy. Further delineation of
behavioral and cognitive deficits, and their relationship to lesion
size and placement, could aid in understanding and treating
neuropsychological disorders in TSC patients. Future experiments
with our fTSC2 KO mouse model are designed to target brain
regions with varying size lesions to accomplish this task.

5 Conclusion

In conclusion, deletion of Tsc2 from neurons in a focal
region of the cortex is sufficient to cause epilepsy. This model
recapitulates the seizure phenotype that impacts most TSC
patients, allowing for investigation into the epileptogenic process
caused by this mutation. fISC2 KO mice had abnormal cell
growth, decreased inhibitory cell density, and increased microglia
activation. Moreover, fTSC2 KO mice displayed an anxiety-like
phenotype. Altogether, this model provides a means to investigate
the link between TSC, seizures, neuropsychiatric disorders, and
possible targets for therapeutic interventions.
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