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Abstract

Neuronal hyperactivation of the mTOR signaling pathway may play a role in driving the
pathological sequelae that follow status epilepticus. Animal studies using pharmacological tools
provide support for this hypothesis, however, systemic inhibition of mTOR - a growth pathway
active in every mammalian cell — limits conclusions on cell type specificity. To circumvent the
limitations of pharmacological approaches, we developed a viral/genetic strategy to delete Raptor
or Rictor, inhibiting mTORC1 or mTORC?2, respectively, from excitatory hippocampal neurons
after status epilepticus in mice. Raptor or Rictor was deleted from roughly 25% of hippocampal
granule cells, with variable involvement of other hippocampal neurons, after pilocarpine status
epilepticus. Status epilepticus induced the expected loss of hilar neurons, sprouting of granule cell
mossy fiber axons and reduced c-Fos activation. Gene deletion did not prevent these changes,
although Raptor loss reduced the density of c-Fos positive granule cells overall relative to

Rictor groups. Findings demonstrate that mTOR signaling can be effectively modulated with this
approach and further reveal that blocking mTOR signaling in a minority (25%) of granule cells

is not sufficient to alter key measures of status epilepticus-induced pathology. The approach is
suitable for producing higher deletion rates, and altering the timing of deletion, which may lead to
different outcomes.
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1 INTRODUCTION

The mechanistic target of rapamycin (mTOR) is a serine/threonine kinase involved

in a highly conserved phosphatidylinositol-3-kinase-Akt signaling pathway. The mTOR
signaling pathway is a key mediator of cell growth throughout the body. Mutations causing
mTOR pathway hyperactivation increase cellular growth, and are frequently found in tumors
(Sarbassov et al., 2005). In the nervous system, mutations in mTOR pathway genes produce
so called “mTORopathies”, which are associated with cognitive dysfunction, autism and
epilepsy (Nguyen & Bordey, 2021).

The strong link between mTOR pathway mutations and genetic epilepsies has raised interest
in whether dysregulation of mTOR signaling might also be involved in acquired epilepsy.
Acquired epilepsy can result from a range of neurological insults, such as birth injuries, head
trauma and stroke. Acquired epilepsies are not typically associated with mutations in the
mTOR pathway; however, enhanced mTOR pathway signaling is evident in almost all rodent
acquired epilepsy models that have been examined, including systemic kainic acid (Macias
et al., 2013), intrahippocampal kainic acid (Gericke et al., 2020), traumatic brain injury
(Guo et al., 2013) and pilocarpine status epilepticus (SE) (Okamoto et al., 2010). Moreover,
enhanced mTOR signaling has also been observed in human patients with temporal lobe
epilepsy (Talos et al., 2018).

Research exploring whether enhanced mTOR signaling mediates acquired epileptogenesis
has largely revolved around using the mTOR antagonist rapamycin and its analogues.
Studies have produced mixed results, with robust anti-seizure and anti-epileptogenic effects
in some models, and little to no effect in others (Citraro et al., 2016; Ldscher, 2020;
Theilmann et al., 2020). The ubiquitous expression of mMTOR, however, creates a problem
for interpreting the effects of systemically applied drugs. Rapamycin, for example, has
robust immunosuppressive effects and inflammation is an important component of many
epilepsies (Mezzani et al., 2019). Where and how the drug acts to produce any effects and
the potential for multisystemic and even competing effects of the drug complicates these
pharmacological studies.

mMTOR antagonists may produce their beneficial effects by acting on hippocampal dentate
granule cells (DGC). Granule cells are hypothesized to play a key role in the development of
temporal lobe epilepsy (Heinemann et al., 1992; Krook-Magnuson et al., 2015). The neurons
exhibit enhanced mTOR signaling after epileptogenic brain injury in several acquired
epilepsy models and undergo changes in cellular structure. Notably, granule cells exhibit
mTOR dependent sprouting of their mossy fiber axons in epilepsy models (Butler et al.,
2015; Guo et al., 2013; Tang et al., 2012a; Yamawaki et al., 2015; Zeng et al., 2009)
providing direct evidence of mTOR dependent changes in this cell type. Granule cells,
therefore, are a promising target for cell type-specific inhibition of mTOR signaling in

epilepsy.
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For the present study, we developed a combined viral/transgenic strategy to inhibit mMTOR
signaling among excitatory neurons in a mouse model of acquired epilepsy. This gene
deletion approach targeted the Regulatory-Associated Aotein of m 7TOR (Raptor) and
Rapamycin-/hsensitive Companion of m 7OR (Rictor), which are required for signaling
through the two arms of the mTOR pathway, mTORC1 and mTORC2, respectively (Kim
et al., 2002; Sarbassov et al., 2004). Signaling through both arms of the pathway has

been implicated in epileptogenesis in different model systems (Chen et al., 2016; Chen et
al., 2019; Karalis and Bateup, 2021). Using this approach, we targeted gene deletions to
excitatory hippocampal dentate granule cells.

2. METHODS

2.1 Animals

Animal procedures were conducted in accordance with the National Institutes of Health’s
Guide for the Care and Use of Laboratory Animals and Cincinnati Children’s Hospital
Medical Center Institutional Animal Care and Use Committee (IACUC) guidelines. All
mice were maintained on a C57BL/6 background. Raptorf/fl mice (B6.Cg-Rptortm1-1Dmsa;j
RRID: IMSR_JAX:013188; Peterson et al., 2011; Sengupta et al., 2010) were crossed to
homozygous tdTomato reporter mice (B6.Cg-Gt(ROSA)26SortM9I(CAG-tdTomato)Hze/j RR|D:
IMSR_JAX:007909; Madisen et al., 2010) to generate Raptor{/fl, tdTomato*/~ mice.
Rictor™f mice (Ptprc? Thy12 Rictor™1-1KIg9/SjmJ, RRID: IMSR_JAX:020649; Magee et
al., 2012; Tang et al., 2012b) were crossed to homozygous tdTomato reporter mice to
generate Rictor/fl, tdTomato*/~ mice. Raptorf/fl, tdTomato*/~ mice contain a loxP-flanked
stop sequence in front of exon 6 of the targeted Rptor (regulatory associated protein of
mechanistic target of rapamycin, complex 1) gene. Similarly, Rictor/fl, tdTomato*/~ mice
contain a loxP-flanked stop sequence in front of exon 11 of the targeted Rictor (rapamycin-
insensitive companion of the mechanistic target of rapamycin, complex 2) gene. Mice were
weaned at 3 weeks of age and same-sex littermates were housed together (2 — 4 mice per
cage) in standard cages with normal chow, water ad /ibitum, and a 14/10 light/dark cycle.

2.2 Western blot studies

To confirm the efficacy of viral-mediated gene deletion, Raptor and Rictor KO mice were
generated for western blot analyses. Mice were anesthetized with 4.0% isoflurane (0.5
L/min) in oxygen, transferred to a stereotaxic frame (Model 942, Kopf Instruments) and
then maintained at 0.5 — 0.7% isoflurane throughout the procedure. Following effective
anesthesia, the animal’s head was secured in a stereotactic device with a nose cone to
administer continuous isoflurane. The scalp was injected subcutaneously with one dose of
0.05 mL of 2.0% lidocaine prior to incision and a single anterior-posterior cut was made
along the scalp to expose the surface of the skull. Four burr holes were drilled through

the skull and animals were injected with AAV9.CamKII.eGFP (AAV Control; Titer: 1.2

x 1011 vg/mL; Cat# 105541-AAV9; RRID:Addgene_105541) or AAV9.CamKIl.eGFP-Cre
(KO; Titer: 1.2 x 1011 vg/mL; Cat# 105551-AAV9, RRID:Addgene_105551) in both dorsal
(A/P: =2 mm, M/L: £1.2 mm, D/V: —2.8 mm) and ventral (A/P: =3.2 mm, M/L: £2.8 mm,
D/V: =3.2 mm) dentate gyri. Animals were injected with 1000 nl of virus solution per site
at a rate of 200 nL/min using a UMP3T-1 (World Precision Instruments) automated syringe
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pump, a 5 ul Neuro Syringe (Hamilton Company), and Micro4 controller (World Precision
Instruments). The needle was left in the hippocampus for an additional three minutes to
avoid reflux along the needle track. Following infusion, bone wax was used to fill the drill
holes, a thin layer of dental cement was applied over the skull and the entire incision was
closed with surgical sutures and resealed with Gluture (Abbott Laboratories). Mice were
swabbed with Neosporin around the incision to minimize risk of infection. Mice recovered
from the surgery in approximately 20 minutes in a 32° incubator. Once awake, mice were
given a single dose of carprofen (5 mg/kg, i.p.) for pain management. Western blot studies
included six groups of adult mice, as follows: 1) Raptor AAV control (N=7 [3 F, 4 M],
Raptorf/fl: tdTomato*/~ injected with AAV9.CamKI1.eGFP):; 2) Raptor naive (N=6 [3 F, 3
M]; Raptorf/fl; tdTomato*/~ mice that did not undergo surgery); 3) Raptor KO (N=6 [0 F, 6
M], Raptor™f: tdTomato*/~ injected with AAV9.CamKIl.eGFP-Cre); 4) Rictor AAV control
(N=6 [0 F, 6 M], Rictorf/fl: tdTomato*/~ injected with AAV9.CamKI1.eGFP); 5) Rictor
naive (N=7 [4 F, 3 M], Rictor: tdTomato*/~ mice that did not undergo surgery); 6) Rictor
KO (N= 6 [2 F, 4 M], Rictor/l: tdTomato*/~ injected with AAV9.CamKI1.eGFP-Cre).

Eight to ten weeks after virus injection, animals were sacrificed with pentobarbital (100 mg/
kg). Whole hippocampi were dissected and stored immediately at —80°C until processing.
Prior to protein assay, the samples were lysed in PA lysis buffer (50 mM Tris [pH

7.4], 40 mM NaCl, 1 mM EDTA [pH 8], 50 mM NaF, 10 mM Na pyrophosphate, 10

mM Na beta-glycerol phosphate, 0.5% Triton X-100 with 1X protease inhibitor and 1X
phosphostop). Protein concentration was determined using Bio-Rad Protein Assay Dye
(Hercules, California, USA; Cat: 5000006). Samples were mixed with SDS sample buffer
and 10 pg of protein was loaded in duplicate on SDS-PAGE gels, then transferred to PVDF
Transfer Membrane (Millipore Sigma, Darmstadt, Germany). Membranes were blocked
using 5% milk for 1 hour and incubated overnight at 4°C in rabbit anti-Raptor monoclonal
(Cell Signaling Technology, Cat# 2280, RRID: AB_561245) or rabbit anti-Rictor polyclonal
(Cell Signaling Technology, Cat# 2140, RRID: AB_2179961) antibodies diluted 1:2000

in 5% bovine serum albumin (Sigma, CAS# 9048-46-8) prepared in 1% Tween in PBS
(filtered). Membranes were then washed in 1% Tween in PBS and incubated with rabbit 19G
HRP Linked Whole Antibody using a 1:2000 dilution (Millipore Sigma, Cat# GENA934,
RRID: AB_2722659). Signals were detected with enhanced chemiluminescence using
Pierce ECL Blotting Substrate (Thermo Scientific, Carlsbad, CA, USA, Cat# 32106). Signal
intensities of proteins were normalized to BIlI-Tubulin (1:2000, BioLegend, Cat# 802001,
RRID: AB_2564645) staining on the same blot. The average of the duplicates was counted
as one data point. Protein-specific signals on western blots were quantified densitometrically
using NIH ImageJ software (Mersion 1.53j, RRID: SCR_001935) by an experimenter blind
to study conditions.

2.3 Raptor and Rictor deletion after status epilepticus

To induce status epilepticus, 9-13-week-old male and female mice were treated with
pilocarpine. Animal details are provided in Table 1. For SE induction, all mice received

a subcutaneous (s.c.) injection of scopolamine methyl nitrate (1mg/kg; TCl America,
Wellesley, MA; Cat# S0230), followed 30 minutes later by 360-400 mg/kg pilocarpine
(Sigma, St. Louis, MO; Cat# P6503) or saline. Mice treated with pilocarpine were monitored
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for behavioral seizures and the onset of SE (Hester & Danzer, 2013). Three hours after the
onset of SE, pilocarpine and control mice received two injections of diazepam (10 mg/kg)
at 15 minutes intervals. Pretreatment body weight was maintained using sterile Ringer’s
solution s.c. to avoid potential SE-related dehydration. Only mice that experienced at least
one class V (tonic/clonic) seizure (Racine, 1972) and exhibited continuous seizure-like
behavior during the three hour observation period were included in the study (Hester et al.,
2016). Following SE, mice were housed in a 32°C incubator overnight. The next morning,
mice were weighed, given warm Ringer’s solution (1-2 mL) s.c. to their pre-pilocarpine
weight, and diet gel (ClearH20, Westbrook, ME; Cat# 72074022). In the evening, the
mice were re-weighed and given warmed Ringer’s solution or returned to the incubators
as needed. On the following day, mice were weighed in the morning and evening, given
warmed Ringer’s solution as needed, and returned to their normal housing environment with
food and water ad libitum.

Four to eleven days after status epilepticus, animals were infused with a

cocktail of AAV9.CamKII.eGFP (Titer: 4 x 109 vg/mL; Cat# 105541-AAV9:;
RRID:Addgene_105541) and AAV9.CamKII.Cre (Titer: 4 x 10° vg/mL; Cat# 105558-
AAV9, RRID:Addgene_105558) targeting the dorsal dentate gyrus (2 injections/mouse;
A/P: =2 mm, M/L: £ 1.2 mm, D/V: —2.8 mm) or the dorsal and ventral dentate gyrus

(4 injections/mouse; A/P: =3.2 mm, M/L: £2.8 mm, D/V: —3.2 mm). Saline-treated (No-
SE) mice received identical infusions 7-14 days after saline treatment. Animals were
injected with 500-1000 nL of the cocktail per site as described for western blot studies.
AAV9.CamKII.eGFP was injected as part of another study. This AAV construct is a GFP
expression vector targeting excitatory neurons. It was given to all animals and is not
expected to impact the results of the present study.

2.4 Tissue processing and immunohistochemistry

Seven to ten weeks after virus injection, mice were anesthetized with pentobarbital (100
mg/kg) and transcardially perfused with heparinized PBS (1 U/mL) followed by 2.5%
paraformaldehyde (PFA) with 4.0% sucrose in PBS chilled on ice. Harvested brains were
dissected and fixed overnight in 2.5% PFA with 4.0% sucrose in PBS at 4°C. Brains

were cryoprotected with sucrose (10%, 20%, and 30%) in PBS at 4°C for a minimum

of 24 hours per step. Cryoprotected brains were snap-frozen in 4-methyl butane chilled

to —25°C and stored at —80°C until further use. Brains were sectioned coronally at

a thickness of 40 um using a cryostat cooled to —22°C and mounted onto gel-coated

glass slides. Sections were mounted 3 per slide in a 1 in 18 series such that each

slide contained tissue from the dorsal-ventral extent of the hippocampus. Sections were

left to dry at room temperature for two hours and then stored at —80°C until used for
immunohistochemistry. The following histological and immunohistochemical procedures
were conducted to characterize hippocampal morphology: 1) Neurotrace™ 640/660 deep-
red Nissl staining (ThermoFisher, Waltham, MA,; Cat# N21483) was used to characterize
hilar cell loss; 2) rabbit anti-phospho-240/244-S6 diluted at 1:500 (pS6 antibody, Cat# 9468
RRID: AB_2716873) immunostaining was used to assess activation of the mTOR pathway;
3) rabbit anti-c-Fos diluted at 1:1000 (c-Fos antibody, Cat# ab222699, RRID: AB_2891049)
immunostaining was used to assess immediate early gene activation throughout the dentate
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granule cell layer; 4) rabbit anti-zinc transporter 3 diluted at 1:3000 (ZnT-3 antibody,

Cat# 197 003DY5, RRID: AB_2737038) immunostaining was used to assess mossy fiber
sprouting in the inner molecular layer (IML). For immunostaining, tissue sections mounted
onto gelatin-coated slides were placed in blocking solution (4% normal goat serum, 0.1%
bovine serum albumin, and 0.2% Triton-X in 0.1 M PBS) for 1 hour and subsequently
incubated in rabbit anti-pS6, rabbit anti-cFos, or rabbit anti-ZnT-3 for 24h at 4°C. Goat-
anti rabbit AlexaFluor 647 antibodies diluted at 1:750 (AlexaFluor 647, Cat# A32733TR,
RRID: AB_2866492) were used to visualize the respective primary antibodies. Stained
tissue sections were coverslipped with ProLong™ Glass Antifade Mountant with NucBlue™
(Thermofisher Scientific, Waltham, MA, Cat# P36981) mounting media. All analyses and
counts were conducted by an investigator unaware of treatment group.

2.5 Quantification of viral spread in each animal

Viral spread was assessed from three brain sections (6 dentate gyri) per animal from a

1in 18 coronal series through the hippocampus. tdTomato expression, indicative of cre
recombinase activity, was used as a proxy marker for viral infection of the dentate gyrus.
Expression was scored using a semiquantitative 0-4 scale ranging from 0 (0%), 1 (<25%),

2 (25-50%), 3 (50-75%), and 4 (>75%) of dentate granule cells expressing the tdTomato
reporter. Scoring was conducted by an investigator blind to treatment group using a Leica
DMI6000 CS inverted microscope under 10X magnification. Scores reflect estimates of

the percentage of granule cells in the section regardless of whether labeling was dispersed
through the upper and lower blades or concentrated in a portion of the dentate. Viral
expression was also evident in CA1 pyramidal cells, CA3 pyramidal cells, cortical excitatory
cells, and thalamic neurons. To characterize this expression, six brain sections per animals
from the 1 in 18 coronal series were scored by an investigator blind to group using a

Nikon AXR Inverted microscope under 10X magnification. Animals were scored as having
expression in a region if one or more brain sections contained tdTomato labeled cells.
Animal scores (expression present/not present) were compiled to generate the percentage of
animals in each study group that had some expression in the four regions.

2.6 Quantification of hilar cell loss and hilar volume

Loss of neurons in the dentate hilus was quantified from two 40 pm brain sections per
mouse (Bregma = —1.58 to —2.4) stained with Neurotrace™ 640/660. Sections were imaged
with a Nikon AIR LUN-V Inverted Microscope (20x objective, NA=0.75, resolution =
0.62 um/pixel, 1 um step through the z-axis). Confocal z-stacks were imported into Nikon
Elements software (Version 5.2.1, RRID: SCR_014329) for quantification. The hilus was
defined by the hilar-granule cell body layer border, with the lateral extent defined by a line
connecting the tips of the upper and lower blades of the granule cell body layer. Within
the hilus, all labeled cells with diameters exceeding 20 um were counted using a modified
stereological approach (Hofacer et al., 2013). The size restriction was included to exclude
smaller non-neuronal cells and ectopic granule cells from the count. Hilar cell density was
calculated by dividing cell counts by hilar volume examined.
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2.7 Quantification of c-Fos expression

To determine whether Raptor or Rictor deletion impacts neuronal activity in the home cage
environment, brain sections were immunostained for c-Fos. Immunoreactivity for c-Fos

was imaged from two dentate gyri per animal (Bregma = -1.58 to —2.4) using a Nikon

AIR LUN-V Inverted Microscope (Objective = 20x, NA=0.75, resolution = 0.63 um/pixel,
z-step = 0.5-1 um). Confocal z-stacks were imported into Neurolucida 360 software (\Version
2021.1.3, RRID: SCR_016788) for quantification. An investigator blind to treatment group
identified c-Fos immunoreactive cells in the dentate granule cell body layer, excluding

the molecular layer and hilus. Results were obtained with Neurolucida Explorer (Version
2021.1.1, RRID: SCR_017348) and are reported as density measurements (total c-Fos+
cells/DGC-L volume).

2.8 Mossy fiber sprouting analysis

Brain sections immunostained with zinc transporter 3 (ZnT-3) were screened to identify
mossy fiber sprouting, evident as ZnT-3 immunoreactive puncta in the dentate IML.

ZnT-3 immunostained sections were imaged using Nikon AIR LUN-V Inverted Microscope
(Objective = 60x, NA=1.27, resolution = 0.29 um/pixel, z-step = 0.2 um). Images from

the upper and lower blades of two dentate gyri per animal (Bregma = —-1.58 to —2.4) were
assigned a score from 0-4 relative to the quantity of Znt3 immunoreactive puncta in the IML.
Briefly, sections with no puncta were given a score of 0. Sections that had rare, scattered
ZnT-3 immunoreactive puncta (<10) in the IML were given a score of 1. Sections with
frequent but scattered puncta through the IML received a score of 2, while sections with
intermittent dense puncta received a score of 3. Sections with a continuous dense band

of ZnT-3 immunopositive puncta in the IML were assigned a score of 4. The investigator
evaluating the ZnT-3 score for each animal was blind to the treatment group.

2.9 Statistics and Figure Preparation

All statistical analysis was conducted using GraphPad Prism (Version 9.3.1, RRID:
SCR_002798) or Sigma Plot (Version 14.5, RRID: SCR_003210). Two-Way ANOVA with
genotype and treatment (SE/no SE) as factors was used to analyze AAV spread, hilar cell
damage, c-Fos density, and ZnT-3 scores. Significance was defined as a p-value <0.05. Data
that failed tests of normality or equal variance were ranked for analysis. For c-Fos density
data, outliers were identified using the ROUT method in GraphPad Prism with Q=5%.

All graphs were prepared in GraphPad Prism software. Values presented in graphs are +
standard error of the mean (SEM). Each data point in the graphs represents averaged scores
from an individual animal.

All images are confocal maximum projections exported as TIFF files from Nikon Elements
(\Version 5.2.1, RRID: SCR_014329) and imported into Adobe Photoshop (Version 2022,
RRID: SCR_014199). Color, brightness, and contrast were adjusted to enhance image
details. Identical adjustments were made to all images meant for comparison
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3 RESULTS

3.1 Deletion of Raptor and Rictor from excitatory hippocampal neurons

To delete Raptor or Rictor for western blot analyses, Raptorf/fl, tdTomato*/~ and

Rictorfl tdTomato*'~ mice received hippocampal injections of an adeno-associated virus
containing a cre-recombinase gene driven by the CamKII promoter (Fig. 1a—b; KO,
AAV9.CamKIl.eGFP-Cre). The CamKII promotor restricts cre-recombinase expression to
excitatory neurons, leading to selective loss of Raptor or Rictor from this population.
Control animals received an eGFP expression vector (AAV9.CamKIl.eGFP) or no treatment
(naive). For western blot analyses, animals received high-titer virus injections to infect
large numbers of hippocampal principal cells. Lower titer injections were used to target the
dentate gyrus more selectively in subsequent experiments, however, this smaller deletion
was found to be suboptimal for detecting protein reductions in western blot, where the effect
is diluted by non-infected cells in the homogenates (data not shown).

Western blot analyses of hippocampal homogenates from Raptor KOs (Fig. 1c,e; n=6)
confirmed significant reductions in Raptor protein levels relative to naive mice (n=6; one-
way ANOVA with post-hoc Tukey test, p=0.0136) and Raptor AAV Controls (n=7; one-way
ANOVA with post-hoc Tukey test, p=0.0024). Similar results were obtained with Rictorf/fl
tdTomato*/~ mice (Fig. 1d,f), with Rictor KOs (n=6) having significantly lower Rictor
protein levels than naive mice (n=7; one-way ANOVA with post-hoc Tukey test, p=0.0008)
and Rictor AAV Controls (n=6; p=0.0013). These results indicate that the model system is
working as expected to delete Raptor or Rictor.

3.2 Deletion of Raptor and Rictor following status epilepticus

Activation of the mTOR signaling pathway is hypothesized to contribute to pathological
brain changes following SE. The hippocampal dentate gyrus undergoes extensive changes
after SE and may be a primary target for mTOR action. To examine the impact of mMTOR
signaling on the development of post-SE histopathology, we used the strategy developed
here to delete Raptor or Rictor from dentate granule cells after SE. SE was induced with
pilocarpine in adult Raptorf/fl, tdTomato+/- and Rictor/fl, tdTomato+/- mice (Table 1),
followed by AAV9.CamKIlI.Cre injection into the dentate gyrus (Fig. 2a).

We first confirmed effective stereotaxic targeting of the dentate in all animals by examining
expression of the cre-dependent reporter tdTomato. Tomato expression among granule cells
was scored in all animals using a semi-quantitative 0-4 scale for the percentage of infected
granule cells (Fig. 2b; 0 [0%], 1 [<25%], 2 [25-50%], 3 [50-75%], and 4 [>75]) Mean

scores for No-SE, Raptor KO (1.05+0.27), SE+Raptor KO (1.46+0.28), No-SE, Rictor KO
(1.20£0.26), SE+Rictor KO (1.41+0.44), No-SE, wildtype (1.62+0.28), and SE wildtype
(1.56+0.30) mice were statistically identical (p=0.7549; Two-Way ANOVA), confirming that
expression patterns were similar across all study groups (Fig. 2¢). Values roughly correspond
to the deletion of Raptor or Rictor from 25% of granule cells in the KO animals, however,

it is important to note that this deletion rate is the average across the entire dorsal-ventral
extent of the hippocampus. Infection rates often exceeded 75% near the injection site,
tapering off to near 0% distally. In addition to infection rates, efficacy at targeting the
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dentate was also reviewed. AAV9 can be picked up by axons (Castle et al., 2014) and
diffusion of virus away from the injection site will expand the target region. In addition
to dentate granule cells, viral expression was evident in CA3, CA1, thalamus, and rarely
the cortex. As expression in other cell types could impact study results, the percentage of
animals with expression in each region is shown in Table 2.

mTOR signaling can regulate cell survival, so we queried whether KO cells appeared
healthy. TdTomato-labeled Raptor and Rictor KO granule cells were grossly normal
compared to labeled cells in wildtype animals, without obvious degenerative changes (Fig.
3). There was no statistical difference in percentages of labeled dentate granule cells among
groups (Fig. 2), supporting the conclusion that deletion of Raptor or Rictor does not induce
cell loss, as fluorescently labeled dying cells become pyknotic and are cleared from the brain
quickly (hours to days) (Jiang et al., 2016).

3.3 Activation of downstream signaling among KO cells

Although western blot analyses were not suitable for confirming the efficacy of the
smaller dentate deletions, we were able to take advantage of immunohistochemical reagents
for detecting one of the downstream targets of Raptor/mTORC1: phosphorylated S6
(pS6). Immunostaining for pS6 in Raptor KO animals revealed loss of immunostaining

in tdTomato-expressing regions of the dentate and a paucity of tdTomato positive, pS6
immunoreactive cells (Fig. 4b) relative to tissue from control (Fig. 4a) animals. No loss of
pS6 immunolabeling was evident in Rictor KO tissue (Fig. 4c), the latter being consistent
with the distinct targets of the Rictor/mTORC2 arm. Unfortunately, antibodies for Rictor
protein and mTORC2 specific targets, such as phosphoAkt, were not found to be specific
in our hands (data not shown). Nonetheless, the findings with Raptor KO/pS6 provide
additional evidence that the deletion strategy is working as expected.

3.4 Hilar volume is increased and cell density is reduced after SE

Significant numbers of neurons, primarily excitatory mossy cells and interneurons, are lost
in the dentate hilus in the days following SE (Wulsin et al., 2016). Although it is likely
that most of these neurons were already dead before virus was infused to delete Raptor or
Rictor, the intervention has the potential to alter subsequent cell loss. Consistent with prior
studies, hilar cell density was significantly reduced in mice that underwent SE relative to
animals that did not experience SE (Fig. 5b; Two-way ANOVA with treatment [SE/no SE]
and genotype as factors, main effect of treatment, p<0.001). Cell density was significantly
reduced by SE within all three genotypes (Holm-Sidak; p<0.001). No effect of genotype
on hilar cell density was found (p=0.116) and there was no interaction between factors
(p=0.340).

In addition to hilar neuron loss, the volume of the hilus increases after SE (Wulsin et al.,
2021). Reductions in cell density, therefore, reflect a combination of cell loss and increased
hilar volume. We queried, therefore, whether Raptor or Rictor deletion altered hilar volume.
Hilar volume was significantly increased in mice that underwent SE relative to no SE
controls (Fig. 5¢; Two-way ANOVA with treatment [SE/no SE] and genotype as factors,
main effect of treatment on ranked data, p<0.001). Volume was significantly increased by
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SE within wildtype (Holm-Sidak; p<0.001) and Raptor KOs (p=0.011) and showed a trend
in Rictor KOs (p=0.097). No effect of genotype on hilar volume was found (Two-way
ANOVA,; p=0.699) and there was no interaction between factors (p=0.397).

3.5 Mossy fiber sprouting in Raptor and Rictor KOs

Sprouting of granule cell mossy fiber axons into the dentate inner molecular layer (IML)

is a characteristic feature of temporal lobe epilepsy in both animal models and humans
(Godale & Danzer, 2018; Koyama and lkegaya, 2018). We queried, therefore, whether
Raptor or Rictor deletion would alter mossy fiber sprouting intensity. Mossy fiber sprouting
was significantly increased in animals that underwent SE relative to no SE groups (Fig.

6; Two-way ANOVA with treatment [SE/no SE] and genotype as factors, main effect of
treatment, p<0.001). Sprouting was significantly increased by SE within each genotype
(Holm-Sidak; wildtype, p<0.001; Raptor, p=0.008; Rictor, p=0.030). No effect of either
Raptor or Rictor deletion, however, was found on the degree of mossy fiber sprouting among
groups (Two-way ANOVA,; p=0.439). In addition, there was not a significant interaction
between factors (p=0.307).

3.6 Impact of Raptor and Rictor deletion on c-Fos immunoreactivity

Finally, we examined the impact of SE and Raptor/Rictor deletion on the density of
hippocampal granule cells immunopositive for the immediate early gene c-Fos. Immediate
early gene expression can provide an indirect measure of neuronal activity. Although recent
seizures dramatically increase c-Fos expression, epileptic animals typically spend much
more time in interictal periods, when c-Fos activation can be lower than controls (Peng &
Houser, 2005).

Gross examination of c-Fos immunoreactivity in the dentate granule cell body layer revealed
relative consistency among animals that did not undergo SE, while SE wildtype and
SE+Raptor KO groups were highly variable, including one animal in the former and two

in the latter where large percentages of all granule cells were c-Fos immunoreactive, while
other animals had very low expression (Fig. 7b). Perhaps due to this variability, statistical
analyses revealed no effect of treatment (p=0.209) or genotype (p=0.459), and no interaction
was found (p=0.181; Two-way ANOVA with treatment [SE/no SE] and genotype as factors
on ranked data).

The three animals with high levels of c-Fos immunoreactivity likely experienced seizures
in the hours prior to sacrifice, and all met criteria for exclusion as outliers (ROUT
method). When these three animals were excluded from the data set, main effects of
treatment (p=0.020) and genotype were found (p=0.024), but there was not a significant
interaction between factors (Fig. 7c; p=0.167; Two-way ANOVA with treatment [SE/no
SE] and genotype as factors on ranked data, main effect of treatment). The density of
c-Fos immunoreactive cells was significantly reduced by SE within wildtype animals
(p=0.007, Holm-Sidak), but not within Raptor or Rictor KOs. In addition, the density of
c-Fos immunoreactive cells was significantly lower in Raptor KOs relative to Rictor KOs
(p=0.025) but not to wildtype animals (p=0.420, Holm-Sidak).
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4. DISCUSSION

For the present study, we queried whether deletion of the mTORCL1 obligate adaptor
protein Raptor, or the mTORC2 obligate adaptor protein Rictor, would alter pathological
sequalae in the hippocampus following pilocarpine-induced SE. Readouts focused on four
key pathologies that have consistently been found to be altered after SE: 1) Hilar cell

loss; 2) Increased hilar volume; 3) Mossy fiber sprouting and 4) Reduced c-Fos labeling.
All four readouts showed the predicted changes in wildtype animals that underwent status
epilepticus. Neither Raptor nor Rictor deletion altered the first three measures, while a
modest effect of Raptor deletion on c-Fos labeling was observed. Findings suggest that
deletion of Raptor or Rictor from approximately 25% of the granule cell population
beginning 1-2 weeks after SE is not sufficient to substantially alter the histopathological
changes induced by status epilepticus.

MTOR signaling in acquired epilepsy
A key goal of the present study was to develop genetic strategies to facilitate cell-specific
inhibition of mTOR pathway signaling in an acquired epilepsy model. Pharmacological
approaches to inhibit mTOR signaling have shown promising anti-seizure effects in some
epilepsy models, but have had little effect in others (L&scher, 2020). Multiple mechanisms
likely contribute to epileptogenic brain injury, and these mechanisms likely vary among
models. It is perhaps not unsurprising, therefore, that mTOR antagonists might show
efficacy in some models but not others. The conflicting findings highlight a key challenge of
pharmacological studies, in that deciphering exactly where a drug acts to produce an effect
is not certain. This is especially true for mTOR antagonists, as the pathway is active in all
mammalian cells, and is a key regulator of multiple systems implicated in epilepsy. One
might reasonably assume, for example, that mTOR antagonists such as rapamycin produce
brain specific effects by acting on the brain. The mTOR signaling pathway, however, is
a critical regulator of both immune function and cellular metabolism. Systemic mTOR
antagonism, therefore, might modulate injury from SE by reducing inflammation or altering
metabolism either in the brain or periphery.

In addition to acting through diverse cellular targets, mTOR signaling in different cell
types has the potential to exert opposing effects on pathological readouts. Among
excitatory neurons, for example, studies consistently suggest that excess mTOR signaling
is pathological. Genetic mutations that enhance mTOR signaling among excitatory neurons
induce many of the pathologies examined here, including hilar neuron loss and granule cell
mossy fiber sprouting (LaSarge et al., 2021; Pun et al., 2012). Conversely, mTOR activation
among other cell types may be protective. Specifically, in the pilocarpine model, systemic
mTOR inhibition with rapamycin blocked interneuron sprouting (Buckmaster & Wen,
2011), a potentially compensatory change in the context of epilepsy. Similarly, microglial
specific deletion of mTOR worsened neuronal loss and increased seizure incidence in the
pilocarpine model of epilepsy (Zhao et al., 2020). Studies assessing the tissue and cell type
specific effects of mMTOR signaling, therefore, are needed to decipher the mechanisms by
which the pathway modulates brain injury. The techniques outlined here expand the toolkit
for conducting these types of studies.
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Reduced c-Fos in Raptor KOs

c-Fos protein can be produced within minutes of neuronal depolarization, and is commonly
used as a marker of neuronal activity levels. Protein levels are dramatically increased in

the minutes and hours after seizures, but then drop below baseline control levels during
interictal periods (Peng & Houser, 2005). In the pilocarpine model, the density of c-Fos
immunoreactive cells is chronically reduced in many brain regions, including the dentate
(Wulsin et al., 2021). Within wildtype animals, a corresponding effect was observed in the
present study. Raptor and Rictor KOs, on the other hand, exhibited relatively equal densities
between saline and SE groups. The apparent absence of a reduction in c-Fos+ cell density

in the KOs is intriguing, but should be interpreted cautiously, as a significant interaction
between genotype and response to SE was not observed. The overall reduced density of c-
Fos+ cells in Raptor KOs relative to Rictor KOs, however, was significant, and suggests that
Raptor loss decreases baseline activity levels in the dentate gyrus while Rictor loss does not.
Findings are consistent with studies showing that Raptor loss decreases excitatory synaptic
transmission. Interestingly, both Raptor and Rictor loss can reduce synaptic transmission,
but while Raptor appears to act through a postsynaptic mechanism, Rictor has been shown
to act presynaptically (McCabe et al., 2020). Correspondingly, the mTORC1 antagonist
rapamyecin can reduce the number of AMPA receptors and prevent increases in spine density
and mEPSC amplitude (Hernandez et al., 2012; Tang et al., 2002; Wang et al., 2006; Weston
etal., 2012; Williams et al., 2015; Xiong et al., 2012). Rictor/Mtorc2, on the other hand,
phosphorylates multiple PKC isoforms (i.e., PKCa, PKCB, PKCy, and PKCe). These PKC
isoforms are implicated in regulating neurotransmitter release (Chu et al., 2014; Fujita et al.,
1996). Reduced c-Fos in Raptor KO DGCs relative to Rictor KOs, therefore, might reflect
postsynaptic actions of Raptor, which would impact DGCs directly, relative to effects on
granule cell synapses, which might have a larger impact on their downstream targets.

Significance of the current findings

Several variables should be considered when interpreting the present study. Firstly, Raptor
and Rictor deletion was initiated one-two weeks after SE. Because SE is not predictable in
patient populations, treatments beginning after the insult have greater clinical relevance over
pre-SE treatments. Treatments initiated before SE also run the risk of altering SE severity,

a potentially significant confounding variable. Despite these advantages, however, delayed
treatment comes with tradeoffs. Notably, many irreversible changes already occurred prior
to gene deletion in our study. Substantial loss of hilar neurons, for example, is evident

48 hours after SE (Danzer et al., 2010). In addition, the viral strategy used here likely
incurs some additional delays in the reduction of target proteins, as multiple steps occur
between virus infection of the cell and cre-mediated deletion of the target gene. Even after
gene deletion, residual protein may persist for some time, depending on protein turnover
rates. While we have demonstrated that Raptor and Rictor protein levels are reduced at
8-10 weeks, preliminary findings with Raptor suggest the protein is still present at normal
levels two weeks after viral infection (data not shown). Development of new strategies to
delete Raptor more quickly after SE will be needed to establish whether earlier reduction of
protein levels impacts SE pathology differently. A second key variable involves the size of
the deletion. Viral titers were reduced to achieve more specific targeting of dentate granule
cells given the hypothesized role of this structure as a key mediator of epileptogenesis.
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Optimization, however, reduced overall expression to about 25% of the dentate on average
(but variability was high and infection of other cell types was still observed). Larger deletion
sizes and/or targeting a broader population of hippocampal neurons might produce greater
effects. Notably, however, Krook-Magnuson and colleagues showed that small volumes of
granule cells can be inhibited ontogenetically to prevent seizures (Krook-Magnuson et al.,
2013); therefore, there is precedent to hypothesize that a 25% Raptor or Rictor deletion

rate would be impactful. A third variable involves the use of the CamKII promoter. While
effective, the Camkll promoter can drive gene deletion among other excitatory cells, which
was noted here. These other cell types could account for the observed effects. Use of
granule cell specific promotors in future studies will provide better information on the role
of dentate granule cells. Restricting cre expression to mature excitatory neurons, which
begins when neurons are around 4 weeks old with the Camkll promotor, could also be
important (Arruda-Carvalho et al., 2014; Wang et al., 2013). In the pilocarpine model of
epilepsy, two key pathological changes not examined here, specifically accumulation of
ectopic granule cells, and de novo formation of granule cells with hilar projecting basal
dendrites, occur among newly generated granule cells (Kron et al., 2010; Walter et al.,
2007). Because the CamKII promotor only becomes active in mature neurons, gene deletion
in the present study is predicted to occur after these pathologies develop. Aberrant activity
among these newly generated neurons could contribute to readouts examined here among
older cells. The opportune cell age to target gene deletions, however, remains an open
question. While early gene deletion might produce greater reductions in pathology, disrupted
mTOR signaling might also impair the differentiation or survival of newborn cells (Carson et
al., 2012; Cloetta et al., 2013; Thomanetz et al., 2013; Ka et al., 2017; Malik et al., 2019).
Finally, the study did not include seizure monitoring as a readout, as it was deemed more
advantageous to focus on robust histological measures for this initial work utilizing this

new model system. The present study should be interpreted with the noted caveats in mind.
Future studies altering deletion timing and size may produce different results.

Conclusions

Here, we developed an approach to inhibit signaling through the two arms of the mTOR
pathway, mTORC1 and mTORC2, among hippocampal granule cells to assess the role

of these neurons in producing hippocampal pathologies following status epilepticus.

The combination of AAV-mediated expression of cre-recombinase with transgenic lines
containing floxed alleles of Raptor (blocking mTORC1), Rictor (blocking mTORC2) and a
tdTomato reporter was effective under control conditions and following pilocarpine status
epilepticus. The approach is easily modifiable to adjust deletion timing, size, and cellular
targets (with different promoters) to continue to explore cell-type specific roles of mTOR
signaling in brain pathology.
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Raptor Regulatory-associated protein of mMTOR
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Fig. 1.
(a): Experimental timeline for western blot experiments. Double transgenic mice

were injected with either a control virus (AAV control; AAV9.CamKII.eGFP), a cre-
expressing virus (KO; AAV9.CamKIl.eGFP-Cre) or underwent no treatments (naive). (b):
Raptorf/fl:tdTomato*/~ mice injected with AAV9.CamKII.eGFP-Cre show colocalization
between tdTomato and eGFP in dentate granule cells. Scale bar = 25 um. (c): eGFP-Cre
significantly decreased Raptor protein expression in the hippocampus relative to Raptor
AAV and naive controls. (d): eGFP-Cre significantly decreased Rictor protein expression in
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the hippocampus relative to Rictor AAV and naive controls. (e, f): Example western blots for
Raptor and Rictor experiments, respectively.
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(a): Experimental timeline for Raptor/Rictor deletion after status epilepticus (SE). (b): To
assess viral spread, tdTomato expression in the dentate gyrus of each animal was scored
using a semiquantitative 0-4 scale. Scale bar = 100 um. (c): Mean scores + SEM for the
percentage of virally infected (tdTomato labeled) dentate granule cells in each mouse.
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w

Fig. 3.

Confocal maximum projections of tdTomato-labeled granule cells from all 6 groups. No

gross structural abnormalities or evidence of degenerative changes were observed. Scale bar
=20 pm.

Saline
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Fig. 4.

(a?c): Confocal maximum projections of tdTomato-labeled (red) dentate granule cells
immunostained for pS6 (green). Images show the dentate gyrus, while boxed regions are
expanded to the left for each set. In control (a) and Rictor KO animals, colocalization
between tdTomato and pS6 is clear in the expansions. In Raptorf/fl mice, however,
tdTomato-labeled cells were only rarely immunoreactive for pS6. Findings support the
efficacy of Raptor deletion at the single cell level. Occasional double positive cells in these
animals likely reflect incomplete recombination events. Scale bars = 100 um and 20 pm
(inset).
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Fig. 5.

(a) Confocal maximum projections of Nissl staining in the dentate hilus. Hilar cell loss is
clear among animals that underwent SE. Scale bar = 100 um. (b) Hilar cell density was
significantly reduced in SE animals relative to saline animals in all cohorts. No effect of
Raptor or Rictor deletion on cell loss was evident. (c) SE produced a significant increase in
hilar volume within wildtype and Raptor groups. Although increases in volume in Raptor
and Rictor KOs was less than that observed in controls, no significant effects of genotype
were found. ***, p<0.001. *, p<0.05.
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(a?: Brain sections immunostained with ZnT-3 were screened to identify mossy fiber
sprouting, evident as ZnT-3 immunoreactive puncta (shown in white) in the dentate inner
molecular layer (iml). Each animal was scored using a semi-quantitative 0-4 scale (0= no
sprouting, 4= robust sprouting). Scale bar = 20 um. (b) SE significantly increased mossy
fiber sprouting in all genotypes, however, no differences among genotypes were found. ***,
p<0.001. **, p<0.01. *, p<0.05.
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Fig. 7.
(@) c-Fos immunoreactivity (white) and NucBlue staining (blue) in the dentate gyrus. Scale

bar = 100 pm. (b) Graph shows the density of c-Fos immunoreactive cells in the dentate.
Groups did not differ significantly. Arrowheads indicate outliers. (c) Replotting of the

data in b after removing 3 outliers (likely animals that experienced seizures shortly before
sacrifice). With outliers excluded, SE was found to reduce c-Fos density within controls and
density in the Raptor groups was reduced compared to Rictor groups. *, p<0.05. **, p<0.01.
ns, not significant.

J Mol Neurosci. Author manuscript; available in PMC 2023 March 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Godale et al.

Table 1.

Animal genotype, treatments, and sex distribution for each group.
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Group Name Genotype Treatment Timefrom Virus® Males Females Survival time
treatment to (N) (N) after AAV
AAV injection (wks)
(days)
No-SE, Wildtype tdTomato*’~ Saline 8.7+0.4 [7-10] AAVI-Cre 5 5 8.9+0.2
[7.7-9.3]
SE Wildtype tdTomato*/~ Pilocarpine SE 6.2+0.9 [4-10] AAV9-Cre 5 1 9.240.4 [8-10]
No-SE, Raptor Raptorf/fl, Saline 8.1+0.4 [7-10] AAVI-Cre 3 5 8.1+0.1 [7.7-9]
KO tdTomato*~
SE + Raptor KO Raptorfi/fl, Pilocarpine SE 7.8+0.6 [5-11] AAV9-Cre 8 2 8.4+0.2
tdTomato*/~ [7.6-9.1]
No-SE, Rictor KO Rictorflfl, Saline 11.0+1.0 [7-14] AAV9-Cre 3 6 8.1+0.2
tdTomato*/~ [7.6-8.7]
SE + Rictor KO Rictorf/fl, Pilocarpine SE 8.3£0.5 [7-10] AAVI-Cre 3 5 8.6+0.4
tdTomato*/~ [7.1-10]

*
All animals were injected with a cocktail of AAV9-Cre and AAV9-eGFP virus (the latter as part of another study). Times are means+SEM [range].
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Table 2.

Percentage of animals in each group for which tdT+ expression in the dentate gyrus, CA3, CA1, thalamus, or
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cortex was present.

Animal Group Dentate Gyrus CA3 CAl Thalamus | Cortex
No-SE, Wildtype 100% 63.33% | 46.67% 21.67% 0%
SE Wildtype 100% 55.56% | 19.44% 8.33% 0%

No-SE, Raptor KO 100% 31.25% 25% 14.58% 2.08%
SE + Raptor KO 100% 31.82% | 21.21% 10.61% 0%
No-SE, Rictor KO 100% 35.19% 50% 3.75% 0%
SE + Rictor KO 100% 54.17% | 37.5% 16.67% 0%
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