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mTOR Hyperactivity Levels Influence the Severity of
Epilepsy and Associated Neuropathology in an Experimental
Model of Tuberous Sclerosis Complex and Focal Cortical
Dysplasia
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Department of Neurosurgery, and 2Department of Cellular and Molecular Physiology, Yale University School of Medicine, New Haven, Connecticut 06520

Tuberous sclerosis complex (TSC) and focal cortical dysplasia (FCD) are focal malformations of cortical development (FMCDs) that are
highly associated with intractable epilepsy. TSC and FCD are mTORopathies caused by a spectrum of pathogenic variants in the mecha-
nistic target of rapamycin (mTOR) pathway genes leading to differential activation of mTOR signaling. However, whether the degree of
mTOR hyperactivity influences disease severity remains unclear. Here, we examined the effects of differential mTOR hyperactivity levels
on epilepsy and associated neuropathology in a mouse model of TSC and FCD. Constitutively active Rheb (Rheb“*), the canonical
activator of mTOR complex 1 (mTORC1), was expressed in mouse embryos of either sex via in utero electroporation at low, intermediate,
and high concentrations to induce different mTORCI activity levels in developing cortical neurons. We found that Rheb “* expression
induced mTORCI hyperactivation and increased neuronal soma size and misplacement in a dose-dependent manner. No seizures were
detected in the low Rheb“* mice, whereas the intermediate and high Rheb“* mice displayed spontaneous, recurrent seizures that
significantly increased with higher Rheb “* concentrations. Seizures were associated with a global increase in microglial activation that
was notably higher in the regions containing Rheb “*-expressing neurons. These data demonstrate that neuronal mTOR hyperactivity
levels influence the severity of epilepsy and associated neuropathology in experimental TSC and FCD. Overall, these findings highlight the
importance of evaluating the outcome of individual variants on mTOR activity levels and support personalized medicine strategies based
on patient variants and mTOR activity level for TSC, FCD, and potentially other mTORopathies.
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(s )

Tuberous sclerosis complex (TSC) and focal cortical dysplasia (FCD) are epileptogenic cortical malformations caused by pathogenic
variants in mechanistic target of rapamycin (mTOR) pathway genes leading to differential mTOR hyperactivation. Here, we present novel
findings that neuronal mTOR hyperactivity levels correlate with the severity of epilepsy and associated neuropathology in a mouse model
of TSC and FCD. Our findings suggest the need to evaluate the outcome of individual variants on mTOR activity levels in clinical assess-
ments and support personalized medicine strategies based on patient variants and mTOR activity level. Additionally, we present useful
modifications to a previously described mouse model of TSC and FCD that allows for titration of seizure frequency and generation of a
mild to severe epilepsy phenotype as applicable for preclinical drug testing and mechanistic studies. /
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malformations of cortical development (FMCDs) that are highly
associated with epilepsy and cognitive impairments (Leventer et
al., 2008). TSC- and FCD-related epilepsies are often intractable
to medical therapy and account for the majority of childhood
epilepsy cases requiring surgical treatment (Harvey et al., 2008;
Bliimcke et al., 2017). FMCDs in TSC, known as tubers, and in
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Tuberous sclerosis complex (TSC) and focal cortical dysplasia
(FCD) are neurodevelopmental disorders characterized by focal
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FCD, particularly type II (FCDII), share a number of neuro-
pathological features, including cortical dyslamination due to
neuronal misplacement; the presence of enlarged, dysmorphic
neurons; glial activation; and enhanced mechanistic target of
rapamycin (mTOR) signaling (Aronica etal., 2012; Vezzani et al.,
2012; Crino, 2015). The mTOR pathway is a key regulator of cell
growth and development and aberrant mTOR signaling is impli-
cated in the cellular and molecular changes leading to cortical
malformations and epilepsy in TSC and FCD (Lipton and Sahin,
2014).

TSC tubers and FCDII are caused by brain somatic (with or
without germline) mutations in regulators of the mTOR path-
way, leading to constitutive mTOR hyperactivation (Crino, 2015;
Marsan and Baulac, 2018). TSC tubers result from mutations in
TSC1 or TSC2 (Orlova and Crino, 2010), whereas FCDII has
more recently been linked to mutations in MTOR, DEPDCS5,
NPRL2, NPRL3, PIK3CA, PTEN, TSCI, and TSC2 (Marsan and
Baulac, 2018). More than 2500 pathogenic variants in TSCI and
TSC2and numerous variants in other mTOR pathway genes have
been identified to date (Northrup etal., 1999; Marsan and Baulac,
2018). Different variants can lead to different clinical phenotypes,
with some patients presenting with few signs and symptoms and
others exhibiting severe manifestations (Curatolo et al., 2015;
Iffland and Crino, 2016; Rosset et al., 2017). The broad pheno-
typic spectrum in TSC and FCD can be attributed to differences
in the developmental time points at which the mutations occur,
the proportion of cells with the mutations, or the outcome of the
gene variants on mTOR activity. Indeed, data from studies in
patient tissue and cell lines suggest that distinct variants may
confer different degrees of mTOR pathway activation (Nellist et
al., 2005; Grabiner etal., 2014; Lim etal., 2015,2017; Mirzaa et al.,
2016). However, to our knowledge, no studies have examined the
relationship between cellular mTOR activity levels and the sever-
ity of TSC and FCD phenotypes. Although mTOR hyperactiva-
tion in animal models consistently recapitulates human TSC and
FCD features, including neuronal hypertrophy, cortical dyslami-
nation, and epilepsy (Wong and Roper, 2016), it is unknown
whether this is an all-or-nothing occurrence in which mTOR
hyperactivation induces the phenotypes after reaching a certain
threshold or a graded event in which increasing mTOR activity
levels leads to progressively worsening phenotypes. Given that
the mTOR pathway is an emerging therapeutic target for TSC-
and FCD-related epilepsy, understanding how cellular levels of
mTOR hyperactivity influence disease outcome may be crucial
for establishing optimal treatment strategies.

In this study, we investigated whether there is a correlation
between mTOR hyperactivity levels and the severity of disease
phenotypes using experimental FMCDs recapitulating TSC
tubers and FCDII in mice. In this model, a constitutive active
Rheb (Rheb“*), the canonical activator of mTOR complex 1
(mTORCI1), was expressed in developing cortical neurons via in
utero electroporation to mimic persistent mTOR activation in
disease states. By using different concentrations of Rheb “* plas-
mids, we were able to induce different levels of mTOR hyperac-
tivation in a dose-dependent manner. We found that increasing
mTOR hyperactivity levels caused a corresponding increase in
neuronal soma size and misplacement. Additionally, increased
mTOR hyperactivity levels were associated with higher seizure
frequencies. These findings highlight the importance of evaluat-
ing individual gene variants in the context of mTOR activity lev-
els and support personalized medicine strategies based on patient
variants and mTOR activity level.
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Materials and Methods

Animals. All animal procedures were performed in accordance with Yale
University Institutional Animal Care and Use Committee’s regulations.
All experiments were performed on CD-1 mice of either sex (Charles
River Laboratories).

In utero electroporation and DNA plasmids. Timed-pregnant embry-
onic day 15 (E15) (£0.5) mice were anesthetized with isoflurane and a
midline laparotomy was performed to expose the uterine horns. A DNA
plasmid solution consisting of either pCAG-GFP (Addgene, catalog
#11150; 4.8 pg/ul) or pCAG-GFP (1-3 pg/ul) + pCAG-Rheb “* (also
known as pCAG-Rheb SI6H, gift from T. Machama and K. Hanada; Mae-
hama et al., 2008, 1.5, 2.5, or 3.5 ug/ul) together with 0.03% Fast Green
dye (for visualizing injection) was injected (1-1.5 ul) into the right lateral
ventricle of each embryo using a glass pipette. Following injection, a 5
mm tweezer-type electrode was positioned on the embryo head and six
42V, 50 ms pulses at 950 ms intervals were applied using a pulse gener-
ator (ECM830; BTX) to electroporate the plasmid constructs into neural
progenitor cells. We preferentially targeted expression in layer 2/3 (L2/3)
in the medial prefrontal cortex (mPFC). The uterine horns were returned
to the abdominal cavity and embryos were allowed to continue with their
normal development. Pups were screened at postnatal day 0 (P0) to verify
successful electroporation via expression of GFP on a fluorescence-
enabled stereomicroscope (SZX16; Olympus) before recruitment for
video-EEG monitoring.

EEG head mount implantation. Prefabricated EEG head mounts (Pin-
nacle Technology, catalog #8201-EEG) were implanted in 2- to 4-month-
old mice. Mice were anesthetized with isoflurane and positioned on a
stereotaxic frame using ear bars. A rostrocaudal midline incision was
made in the skin to expose the skull surface. Four pilot holes (two bilat-
eral holes 1 mm anterior to bregma and two bilateral holes 5 mm poste-
rior to bregma, each 1.5 mm lateral to sagittal suture) were tapped
through the skull to dura using a 23-gauge needle to accommodate the
EEG head mount. The head mount was attached on top of the skull by
threading four stainless steel screws (Pinnacle Technology, catalog
#8209) into the pilot holes. Silver conductive paint (Electron Microscopy
Science) was applied around the screw threads to ensure a solid connec-
tion with the head mount. The entire implant was insulated using dental
acrylic. Mice were allowed to recover in their home cages for at least 5
days before video-EEG monitoring.

Video-EEG monitoring and analysis. Mice were housed in individual
recording chambers in a light-, temperature-, and humidity-controlled
room during video-EEG monitoring. Mice were freely moving inside the
chambers and had ad libitum access to food and water. Synchronous
video-EEG recording was acquired using a three-channel EEG tethered
system (Pinnacle Technology, catalog #8200-K1-iSE3) and Sirenia Ac-
quisition software (Pinnacle Technology). Mice were continuously re-
corded 24 h/day for 5-7 consecutive days. The average recording
duration per animal was 120.5 = 29.6 h (*SD).

Seizure frequency and duration were analyzed using Sirenia Seizure
Basic software (Pinnacle Technology). All analyses were performed
blinded to experimental groups. The entire EEG traces were manually
reviewed for the occurrence of seizures, defined as a sudden onset of
high-amplitude activity with a characteristic pattern of progressive fre-
quency and amplitude changes over the course of the event lasting =10s.
Seizure onset was defined by high-amplitude firing >2X baseline and
seizure termination was defined by a return to baseline activity. Video
data were inspected for behavioral correlates including myoclonic jerks,
tonic-clonic activities, convulsions, and loss of postural control (rearing
and falling) and were used as secondary verification of seizures. For each
individual animal, the mean number of seizures per day was obtained by
dividing the total number of seizures by total recording hours and mul-
tiplied by 24. For each individual animal, mean seizure duration was
obtained by measuring and averaging the duration of each seizure within
that animal.

The average starting ages of EEG recording for each of the experimen-
tal groups were as follows: 12.2 = 0.93 (control), 11.3 % 0.27 (low
Rheb©*), 11.2 = 0.38 (intermediate Rheb“*), and 14.8 *+ 3.80 (high
Rheb “*) weeks (= SD). Although the average age was higher in the high
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Rheb “* group (range 9.4—19 weeks) compared with the other Rheb “*

groups (p = 0.0058; one-way ANOVA with Tukey’s post hoc test), there
was no significant correlation between seizures and age within this group
for the given age range (r = 0.3756, p = 0.2272; Spearman’s rank—order
correlation, data not shown).

Brain slice preparation and immunofluorescence staining. After the end
of video-EEG monitoring, mice were deeply anesthetized with sodium
pentobarbital (85 mg/kg, i.p.) and transcardially perfused with ice-cold
PBS, pH 7.4, followed by ice-cold 4% PFA diluted in PBS. Whole brains
were dissected and postfixed in 4% PFA for 2 h and then cryoprotected in
30% sucrose diluted in PBS for 24—48 h at 4°C until brains sank.

Brains were serially cut into 50-um-thick coronal sections using a
freezing microtome and stored in PBS + 0.01% sodium azide. One series
of sections was mounted on slides and coverslipped with mounting me-
dia (ProLong Diamond Antifade Mountant; Invitrogen) to evaluate neu-
ronal soma size, placement, and count. Other series of sections were used
for immunofluorescence staining to evaluate expression of phosphory-
lated ribosomal protein S6 (p-S6; mTORC1 marker) and ionized
calcium-binding adaptor molecule 1 (IBA1; microglia marker). For
staining, free-floating sections were washed in PBS + 0.1% Triton X-100
(PBS-T) for 2 X 10 min and permeabilized in PBS + 0.3% Triton X-100
for 20 min. Sections were then incubated in blocking buffer (5% goat
serum + 0.3% BSA + 0.3% Triton X-100 in PBS) for 1 h at room
temperature followed by incubation in primary antibodies (anti-rabbit
p-S6, S240/244, Cell Signaling Technology, catalog #5364, 1:2000, or
anti-rabbit IBA1, Wako, catalog #019-19741, 1:1000, diluted in blocking
buffer) overnight at 4°C. The following day, sections were washed in
PBS-T for 3 X 10 min and incubated in secondary antibodies (goat
anti-rabbit IgG-647 plus; Invitrogen, catalog #A3273, 1:1000, diluted in
blocking buffer) for 1 h at room temperature. Sections were then washed
in PBS-T for 3 X 10 min, incubated in DAPI for 10 min, and rinsed in
PBS before being air-dried and coverslipped with mounting media (Pro-
Long Diamond Antifade Mountant; Invitrogen).

Microscopy and image analysis. Fluorescence images were acquired
using a confocal microscope (Fluoview FV1000; Olympus) with 10X and
20X objective lenses. All image analyses were done using ImageJ and
were performed blinded to experimental groups. Cell counts were per-
formed using the Cell Counter plugin for Image]. Representative images
were prepared using Image] and Adobe Photoshop. All images meant for
comparison were uniformly processed.

Cortical p-S6 staining intensity was quantified from single optical sec-
tion images containing both the ipsilateral (electroporated) and con-
tralateral cortices within the same plane of view. Two to three brain
sections were analyzed per animal. For each section, the mean gray value
was measured in three randomly selected, nonoverlapping 120 um X
120 pm region of interests (ROIs) surrounding the electroporated cells
on the ipsilateral cortex. Three ROIs surrounding non-electroporated
cells on the contralateral cortex were also measured as internal controls.
ROIs on the contralateral cortex were chosen to match the position of the
ROIs on the ipsilateral cortex. All ROIs were selected within 300 wm from
the pial surface. Cellular p-S6 staining intensity was quantified from
single optical section images of either the ipsilateral or contralateral cor-
tex. Two to three brain sections were analyzed per animal. For each
section, the mean gray value was measured in all visible, nonoverlapping
GFP " cells on the ipsilateral cortex (by tracing around the cells) and in
position-matched cells on the contralateral cortex. Sixteen to 101 neu-
rons were analyzed per animal. Data for both cortical and cellular p-S6
staining intensity are reported as a percentage of contralateral cortex to
avoid confounding effects of variabilities in the quality of sectioning or
staining and for directly evaluating Rheb “*-induced p-S6 changes.

Neuron size and placement were analyzed from maximum intensity
projection images created from a 20-um-thick z-stack of optical sections
taken at 2 wm increments of the ipsilateral cortex. Neuron size was quan-
tified by tracing the soma and measuring the area of GFP ™ cells. A total
of 21-60 neurons from two to three brain sections were analyzed per
animal. The percentage of neurons in L2/3 was quantified by counting all
GFP ™ cells within an 850 wm X 850 wm ROI surrounding the ipsilateral
cortex. Cells within 300 wm from the pial surface were considered cor-
rectly located in L2/3, whereas cells outside that boundary were consid-
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ered misplaced. The distribution of neurons was quantified by dividing
the cortex into 10 evenly spaced bins (bin size: 85 um width X 675 um
height) parallel to the pial surface in coronal sections and counting the
number of GFP * cells in each bin. Only cells within the gray matter of the
cortex were quantified. One brain section was analyzed per animal for
cell placement analyses. Data are shown as the percentage of total GFP *
cells.

To determine the number of electroporated cells per brain section, a
rostrocaudal series of 10—17 coronal sections at 300 wm intervals were
scanned on a fluorescence microscope for the section with the most
apparent number GFP ™ cells for each animal. Single optical section im-
ages were then acquired on a confocal microscope for the selected brain
sections and the number of GFP * cells in the cortex was determined.

Microglia density and size were analyzed from sum slice and maxi-
mum intensity projection images created from a 20-um-thick z-stack of
optical sections taken at 2 wm increments, respectively. Microglia density
was determined by counting all IBA1 ™ cells within a 500 wm X 500 wm
ROI surrounding each of the ipsilateral and contralateral cortices. Two
brain sections were analyzed per animal. Microglia size was quantified by
tracing the soma and measuring the area of all nonoverlapping IBA1 ™
cells within a 200 wm X 200 um ROI surrounding the ipsilateral cortex.
A total of 25-51 cells from two to three brain sections were analyzed per
animal.

Experimental design and statistical analysis. A total of 7 control, 8 low
Rheb “*, 7 intermediate Rheb “*, and 12 high Rheb “* mice were moni-
tored with video-EEG recording. Animals were then euthanized for post
hoc histology and immunohistochemical analyses. Tissue was available
for 7 control, 8 low Rheb“?, 6 intermediate Rheb “* mice, and 5 high
Rheb “* mice. Only four high Rheb “* mice had complete data for seizure
correlation studies. Tissue from the high Rheb “* group was not available
for microglia analysis and is therefore not included. Multiple brain sec-
tions were evaluated per animal. The exact number of slices and cells
evaluated per animal for each experiment are outlined above in the “Mi-
croscopy and image analysis” section. All statistical analyses were per-
formed using Prism 7 software (GraphPad Software). Differences among
groups were assessed by one-way ANOVA, two-way repeated-measures
ANOVA (with Tukey’s or Bonferroni’s post hoc test), Pearson’s product—
moment correlation, Spearman’s rank—order correlation, or Mann—
Whitney U test, as appropriate. Individual tests are specified in the
results, figure legends, and Table 1. Repeat measures within an animal
were averaged to yield one sample replicate for statistical analysis. For all
analyses, sample size (1) refers to number of animals. The significance
level was set at p < 0.05. All data are presented as mean = SEM.

Results

We previously reported that focal expression of Rheb “* in devel-
oping neurons by in utero electroporation in mice results in
mTORCI hyperactivation and typical features of TSC and FCD,
including neuronal hypertrophy, ectopic neuron placement, and
epilepsy (Gong et al., 2015; Hsieh et al., 2016; Lin et al., 2016).
Here, we extend this model to examine whether the levels of
mTORCI hyperactivity affect the severity of these phenotypes
(Fig. 1A,B). To induce differential mTORCI activity levels in
neurons, we electroporated three varying concentrations of the
Rheb <A plasmid, 1.5, 2.5, and 3.5 pg/ul (hereafter referred as
low, intermediate, and high, respectively), into the mouse cortex.
We performed electroporation at E15, which selectively intro-
duces the plasmid into neural progenitor cells that generate py-
ramidal neurons destined to L2/3. Moreover, we preferentially
targeted expression in the mPFC because 50-90% of the focal
malformations are found in the frontal lobes of patients (Braff-
man et al., 1992; Houser and Gomez, 1992; Baron and Barkovich,
1999; Colombo et al., 2009; Kabat and Krél, 2012). In all condi-
tions, mice were co-electroporated with a GFP reporter plasmid
to visualize targeted cells. As controls, littermates were electropo-
rated with GFP plasmid only.
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Table 1. Summary of statistical tests
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Post hoc comparisons
Figure  Test Statistical value p-value  n(no.ofanimals)  Groups compared Mean 1 Mean2  Significance
2« One-way ANOVA F = 1668 <0.0001 7 (control) Control vs low Rheb ** 956 1278 %
' 8 (low Rheb ) Control vs int Rheb 956 1437 **
6 (int Rheb %) Control vs high Rheb A 95.6 180.6 ek
5 (high Rheb %) Low vs int Rheb 127.8 1437 ns
Low vs high Rheb * 127.8 180.6 o
Int vs high Rheb 143.7 180.6 *
X% One-way ANOVA Fia09) = 1492 <0.0001 7 (control) Control vs low Rheb 889 1564  **
8 (low Rheb ) Control vs int Rheb * 88.9 143.9 *
6 (int Rheb ) Control vs high Rheb * 88.9 207.9 i
5 (high Rheb %) Low vs int Rheb 156.4 143.9 ns
Low vs high Rheb A 156.4 207.9 *
Int vs high Rheb “* 143.9 207.9 *
2F Pearson’s product—-moment  r = 0.8501 <€0.0001 7 (control)
correlation 8 (low Rheb )
6 (int Rheb )
5 (high Rheb %)
2H One-way ANOVA F3.22) = 2846 <0.0001 7 (control) Control vs low Rheb * 823 232.9 e
8 (low Rheb ) Control vsint Rheb * 823 3909 e
6 (int Rheb ) Control vs high Rheb 82.3 486.0 xR
5 (high Rheb %) Low vsint Rheb 2329 390.9 worxk
Low vs high Rheb 2329 486.0 i
Int vs high Rheb 390.9 486.0 FrHE
2 Pearson’s product—moment r=0.8257 <<0.0001 7 (control)
correlation 8 (low Rheb *)
6 (int Rheb )
5 (high Rheb )
3D One-way ANOVA Fia9 = 17.77 <0.0001 7 (control) Control vs low Rheb A 99.6 94.9 ns
8 (low Rheb ) Control vs int Rheb 996 56.0 R
6 (int Rheb ) Control vs high Rheb * 99.6 62.3 e
5 (high Rheb %) Low vs int Rheb 949 56.0 ok
Low vs high Rheb 94.9 62.3 o
Int vs high Rheb 56.0 623 ns
3F Two-way repeated- Interaction <<0.0001 7 (control) See graph for relevant significant
measures ANOVA Faz108 = 7.371 8 (low Rheb ) post hoc comparisons
Row effect: Fig 105 = 42.96  <0.0001 6 (int Rheb ")
Column effect:
Fi322) = 0.6691 0.5800 5 (high Rheb )
Subjects (matching): >0.9999
Fipp 108 = 6.3042-006
4B Spearman’s rank— order r=10.8709 <€0.0001 7 (control)
correlation 8 (low Rheb %)
7 (int Rheb %)
12 (high Rheb *)
4 Spearman’s rank— order r=06818 0.0018 8 (low Rheb®)
correlation 6 (int Rheb 4)
4 (high Rheb“4)
4D Spearman’s rank— order r=10.8693 <0.0001 8 (low Rheb )
correlation 6 (int Rheb %)
4 (high Rheb“*)
4 Mann-Whitney U U=1s 0.0208 7 (intRheb®)
12 (high Rheb “4)
4F Mann-Whitney U U=127 0.4240 6 (int Rheb ")
12 (high Rheb “4)
54 One-way ANOVA Fis 20 = 4783 0.0103 7 (control) Control vs low Rheb * 744 64.5 ns
8 (low Rheb ) Control vs int Rheb * 744 1385 *
6 (int Rheb ) Control vs high Rheb * 74.4 88.6 ns
5 (high Rheb %) Low vsint Rheb 64.5 138.5 o
Low vs high Rheb 64.5 88.6 ns
Int vs high Rheb “* 138.5 88.6 ns
58 Spearman’s rank— order r=0.4294 0.0754 8 (low Rheb )
correlation 6 (int Rheb %)
4 (high Rheb )
6B One-way ANOVA Fip1g = 6.166 0.0091 7 (control) Control vs low Rheb 131.7 1447 ns
8 (low Rheb ) Control vs int Rheb * 1317 167.1 *x
6 (int Rheb ) Low vs int Rheb 144.7 167.1 ns

(Table continues.)
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Table 1. Continued
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Post hoc comparisons
Figure  Test Statistical value p-value  n(no.ofanimals)  Groups compared Mean 1 Mean2  Significance
6C Spearman’s rank— order r=10.5502 0.0441 8 (low Rhebc)
correlation 6 (int Rheb )
6D Two-way repeated- Interaction: 0.0414 7 (control) Ipsi-contra
measures ANOVA Fore = 3913 8 (low Rheb ) Control 1317 136.0 ns
Row effect: 0.0494 4 (intRheb ™) Low 144.7 1382 ns
Faie = 4522 Intermediate 179.3 163.5 *
Column effect: 0.0006 Ipsi
Fio1e = 1205 Control vs low 1317 144.7 ns
Subjects (matching): 0.0022 Control vs int 131.7 179.3 HRRE
Faene = 4522 Low vsint 144.7 1793 o
Contra
Control vs low 136.0 138.2 ns
Control vs int 136.0 163.5 **
Low vsint 138.2 163.5 *
6F One-way ANOVA Fiprg = 7472 0.0043 7 (control) Control vs low Rheb A 497 516 ns
8 (low Rheb ) Control vs int Rheb 497 72.0 **
6 (int Rheb ) Low vs int Rheb “* 51.6 72,0 *

#p < 0,05, p < 0.01, **%p < 0,001, ****p < 0.0001.

Rheb “* expression induces mTORCI1 hyperactivation and
neuronal hypertrophy in a dose-dependent manner
To verify that increasing Rheb “* plasmid concentration leads to
increased levels of mMTORCI hyperactivation, we performed im-
munofluorescence staining for p-S6, a common marker of
mTORCI activity (Ma and Blenis, 2009), in brain sections from
2- to 4-month-old control- and Rheb“*-electroporated mice
(Fig. 2A). Because seizure activity may lead to secondary increases
in p-S6 throughout the brain (Buckmaster et al., 2009; Zeng et al.,
2009), we assessed p-S6 staining intensity on the ipsilateral cortex
and normalized to that of the non-electroporated contralateral
side for each animal to directly evaluate Rheb “*-induced p-S6
changes. In addition, we assessed p-S6 intensity both at the levels
of cortical tissue (Fig. 2B, C) and electroporated cells (Fig. 2D, E)
to compare the two approaches. We found significant increases in
both cortical and cellular p-S6 intensity in the low, intermediate,
and high Rheb “* conditions compared with control. Moreover,
the high Rheb “* condition displayed significantly increased cor-
tical and cellular p-S6 intensity compared with both the low and
intermediate Rheb “* conditions (p < 0.0001; one-way ANOVA
with Tukey’s post hoc test; Fig. 2B—E, Table 1). Additional corre-
lation analyses between cortical and cellular p-S6 intensity dem-
onstrate a significant correlation between the two variables (r =
0.8501, p < 0.0001; Pearson’s product-moment correlation; Fig.
2F, Table 1), suggesting that both analysis approaches are valid.
Together, these data support that increasing Rheb“* plasmid
concentration leads to increased mTORCI1 hyperactivity levels.
Because mTORCI hyperactivation causes neuronal hypertro-
phy (Kwon et al., 2003; Tavazoie et al., 2005; Kassai et al., 2014),
we also measured the soma size of GFP * electroporated neurons
asa proxy for mTORC]1 activity. We found significantly increased
soma size of electroporated neurons in the low, intermediate, and
high Rheb“* conditions compared with control. Moreover, the
soma size of the intermediate Rheb “* neurons was significantly
larger than those of the low Rheb “* neurons, whereas the soma
size of the high Rheb“* neurons was significantly larger than
both the low and intermediate Rheb “* neurons, indicating that
increasing Rheb“* concentration leads to increased neuronal
soma size (p < 0.0001; one-way ANOVA with Tukey’s post hoc
test; Fig. 2G,H, Table 1). Further evaluation of the relationship
between neuronal soma size and p-S6 level revealed a significant
positive correlation between these two markers of mTORCI ac-

tivity (r = 0.8257, p << 0.0001; Pearson’s product moment-cor-
relation; Fig. 2I, Table 1). Collectively, these data demonstrate
that Rheb“* expression induces mTORC1 hyperactivation and
neuronal hypertrophy in a dose-dependent manner in vivo.

High but not low levels of mTORCI1 hyperactivity cause
ectopic neuronal placement

We next evaluated the distribution of electroporated neurons in
brain sections from 2- to 4-month-old control- and Rheb“*-
electroporated mice (Fig. 3A). As expected, all electroporated
neurons in the control condition correctly integrated to L2/3.
Similarly, most electroporated neurons in the low Rheb“* con-
dition were properly positioned in L2/3, whereas only ~50% of
electroporated neurons in the intermediate and high Rheb “*
conditions were found in L2/3. Quantification of the percentage
of electroporated neurons in L2/3 revealed no statistical differ-
ences between the low Rheb“* and control conditions. In
contrast, the intermediate and high Rheb “* conditions were sig-
nificantly different from both the control and low Rheb“* con-
ditions, but not from each other (p < 0.0001; one-way ANOVA
with Tukey’s post hoc test; Fig. 3B—D, Table 1). The binned dis-
tribution of electroporated neurons across the cortex was similar
in control and low Rheb “* conditions but significantly different
in the intermediate and high Rheb“* conditions relative to con-
trol (p < 0.0001, interaction; two-way repeated-measures
ANOVA; Fig. 3E,F, Table 1). Together, these data indicate that
higher but not lower levels of mMTORCI hyperactivation lead to
ectopic neuronal placement. The finding that the low Rheb“*
condition, which sufficiently induced neuronal hypertrophy
(Fig. 2G,H ), did not cause neuronal misplacement suggests that
there is a different threshold level of mTORCI hyperactivation
required to induce neuronal misplacement compared with neu-
ronal hypertrophy.

Increasing levels of mMTORC1 hyperactivity lead to increased
seizure frequency

To determine whether increasing levels of mTORCI hyperactiv-
ity leads to a more severe seizure phenotype, we performed con-
tinuous video-EEG recording in 2- to 4-month-old control- and
Rheb “*-electroporated mice for 5-7 consecutive days. We de-
tected no seizures in the control (n = 7/7) and low Rheb“* (n =
8/8) mice. In contrast, 86% of the intermediate Rheb“* mice



Nguyen et al. e mTOR Hyperactivity Levels Influence TSC/FCD Phenotypes

GTP GDP

¥
@Dt

Age E15 PO

In utero electroporation

AN
N

Control

[cae e |

Experimental

[EAG) [GFP | + [EAG) [Rheb™] Low
[cAG) [ GFP_] + [GAG)[Rheb™] Int
[6AG) [Grv | + 6A®) [Rheb™] High

Verification
of expression

J. Neurosci., April 3, 2019 - 39(14):2762-2773 » 2767

2-4 months

Video-EEG monitoring

Histology &
immuno-
histochemistry

Figure 1. Experimental design and timeline. 4, Simplified diagram of Rheb “-induced mTORC1 activation. Rheb is a small GTPase upstream of mTORC1. GTP-bound Rheb directly binds to and
activatesmTORC1. The constitutively active mutant form of Rheb, Rheb 4, selects for the GTP-bound form, thereby leading to persistent activation of mTORC1. B, Timeline for experiments. Mice were
electroporated with GFP (control) or varying concentrations of GFP * Rheb * plasmids at E15, targeting L2/3 neurons in the cortex. Pups were screened for successful electroporation via GFP
expression at P0. Mice were monitored with video-EEG recording for 5-7 consecutive days at 2—4 months of age and afterward euthanized for histological and immunohistochemical analysis.

(n = 6/7) and 100% of the high Rheb CA mice (n = 12/12) exhib-
ited spontaneous, recurrent seizures (Fig. 4A). Quantification of
the daily seizure frequency revealed a significant positive correla-
tion between Rheb“* plasmid concentration and seizure fre-
quency (r = 0.8709, p < 0.0001; Spearman’s rank—order
correlation; Fig. 4B, Table 1). Further analyses revealed signifi-
cant positive correlations between seizure frequency and p-S6
intensity (r = 0.6818, p < 0.0018; Spearman’s rank—order corre-
lation; Fig. 4C, Table 1), as well as between seizure frequency and
neuronal soma size (r = 0.8693, p < 0.0001; Spearman’s rank—
order correlation; Fig. 4D, Table 1). The number of seizures per
day was significantly increased in the high Rheb“* compared
with the intermediate Rheb®* condition ( p = 0.0208; Mann—
Whitney U test; Fig. 4E, Table 1). However, no statistical differ-
ences in the duration of seizures were observed between the two
conditions (p = 0.4240; Mann—Whitney U test; Fig. 4F, Table 1).
The daily seizure frequency within individual animals remained
overall consistent over the course of the recording period in both
the intermediate and high Rheb “* conditions (Fig. 4G). Collec-
tively, these findings support that increasing levels of mTORC1
hyperactivity leads to increased seizures in mice. The low Rheb “*
condition did not result in seizures, in contrast to the intermedi-
ate and high Rheb “* conditions, suggesting that there is a thresh-
old level of mTORCI1 hyperactivation required for seizure
induction. Furthermore, our data from the intermediate and
high Rheb“* conditions support that, past the threshold level,
there is a graded event in which increased mTORCI1 hyperactivity
levels leads to increased seizure frequency.

Given that the proportion of cells with aberrant mTORC1
activation (i.e., number of electroporated cells) may affect seizure
severity, we compared the number of GFP ™ cells in the brain
section with the highest GFP * cell count from a rostrocaudal
series of sections for each animal. We found that the intermediate
Rheb “* condition had a higher GFP " cell count than the control
and low Rheb “* conditions, whereas none of the other groups was
different from each other (p = 0.0103; one-way ANOVA with
Tukey’s post hoc test; Fig. 5A, Table 1). Nonetheless, there was no
significant correlation between the number of GFP ™ cells and sei-
zure frequency among the Rheb“* conditions (r = 0.4294, p =
0.0754; Spearman’s rank—order correlation; Fig. 5B, Table 1), sup-

porting that the observed intergroup differences in seizure frequency
are due to differences in cellular mTORCI hyperactivity levels rather
than differences in the proportion of electroporated cells.

Rheb “*-induced seizures are associated with increased
microglial activation

Microglia activation, including alterations in microglia density
and morphology, have been described in human TSC tubers and
FCDII brain specimens (Boer et al., 2006, 2008a,b; Choi et al.,
2009; Iyer et al., 2010), but it is unclear whether these microglia
changes occur in the present mouse model. We thus immuno-
stained for the microglia-specific protein IBA1 in brain sections
from 2- to 4-month-old control, low Rheb“*, and intermediate
Rheb “* mice. Tissue was not available for the high Rheb “* con-
dition and was therefore not included. We observed prominent
increases in IBA1 " microglia staining in the intermediate Rhe-
b " condition compared with the control and low Rheb“* con-
ditions (Fig. 6A). Quantification of IBA1 ™ cell density in the
ipsilateral cortex revealed a significant increase in the intermedi-
ate Rheb “* condition compared with control (p = 0.0091; one-
way ANOVA with Tukey’s post hoc test; Fig. 6B, Table 1),
suggesting the presence of microglia activation. While analyzing
tissue from the intermediate Rheb“* condition, we noticed a
large intragroup difference in IBA1 * staining pattern, with some
animals displaying marked increases in microglia density and
others appearing similar to the control (open circles in Fig. 6B).
To determine whether these changes could be associated with
seizure activity, we performed correlation analyses between sei-
zure frequency and IBA1 ™ cell density. Indeed, we found a sig-
nificant correlation between IBA1 * cell density and seizures (r =
0.5502; p = 0.0441; Spearman’s rank—order correlation; Fig. 6C,
Table 1). To further investigate whether increased IBA1 " cell
density reflects a global change induced by seizures or a localized
effect associated with the electroporated, “disordered” neurons,
we compared IBA1 ™ cell density in the ipsilateral and contralat-
eral cortices. The two animals from the intermediate Rheb “*
conditions with =1 seizure in 7 days were excluded from this
analysis. We found that IBA1 ™" cell density on both the ipsilateral
and contralateral sides of the intermediate Rheb “* condition was
higher compared with the corresponding cortices in the control
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Rheb “ expression induces S6 phosphorylation and somatic hypertrophy in a dose-dependent manner. 4, Diagram of a coronal brain section illustrating the electroporated region

(green) of the cortex. Ipsilateral side is the electroporated cortex; contralateral side is the non-electroporated cortex. Red square indicates the area imaged in Figure 2B. Ipsi, Ipsilateral; Contra,
contralateral; ctx, cortex; cc, corpus callosum; ml, midline. B, Inverted grayscale images of p-S6 staining in ipsilateral and contralateral cortices from control and low, intermediate, and high Rheb A
mice. Scale bar, 200 wm. €, Quantification of p-S6 staining intensity in ipsilateral cortices. p << 0.0001 by one-way ANOVA. Tukey's post hoc test: *p << 0.05, **p << 0.01, ****p << 0.0001. D, Images
ofp-S6 staining (red) and GFP " cells (green) in ipsilateral cortices from control and low, intermediate, and high Rheb * mice. Scale bar, 100 um. E, Quantification of p-56 staining intensity in GFP *
(electroporated) cells. p << 0.0001 by one-way ANOVA. Tukey's post hoc test: *p << 0.05, **p << 0.01, ****p << 0.0001. F, Scatterplot of cellular versus cortical p-56 staining intensity. r = 0.8501,
p < 0.0001 by Pearson’s product-moment correlation. G, Images of GFP * cells from control and low, intermediate, and high Rheb “* mice. White squares on the top panel are enlarged on the
bottom panel. Scale bar, 50 wm (top and bottom). H, Quantification of GFP ™ cell somasize. p < 0.0001 by one-way ANOVA. Tukey's post hoc test: ****p < 0.0001. 1, Scatterplot of GFP ™ cell soma
size versus cortical p-S6 staining intensity. r = 0.8257, p << 0.0001 by Pearson’s product—moment correlation. Error bars indicate = SEM. Con, Control; Int, intermediate.

and low Rheb“? conditions ( p = 0.0414, interaction; two-way
repeated-measures ANOVA with Bonferroni post hoc test; Fig.
6D, Table 1), suggesting that microglial activation are globally
induced by seizures in this model. Interestingly, we also found a
significant difference in IBA1™ cell density between the ipsilat-
eral and contralateral cortices within the intermediate Rheb “*
condition, but not in the control and low Rheb“* conditions,
suggesting that the presence of disordered neurons leads to a
larger microglia activation.

Activated microglia undergo morphological changes from
small cell bodies with ramified (branched) processes to enlarged
cell bodies with long or short, thickened processes or ameboid-
shaped cells with no processes (Kettenmann et al., 2011). Quan-
tification of IBA1™ cell size in the ipsilateral cortex revealed
significantly larger cells in the intermediate Rheb“* condition
compared with the control and low Rheb “* conditions, whereas
no differences were observed between the control and low Rhe-

b“* conditions (p = 0.0043; one-way ANOVA with Tukey’s post
hoc test; Fig. 6E, Table 1). Further inspection of IBA1-stained
tissue from control, low Rheb “, and intermediate Rheb “* mice
revealed evident differences in the microglia morphological pheno-
types between these groups. Although most microglia had the ram-
ified phenotype in the control and low Rheb“* conditions, we
identified at least four different types of microglia morphologies,
including ramified, hypertrophic, bushy, and rod, that are consistent
with activated microglia states in the intermediate Rheb “* condition
(Fig. 6F). Overall, these findings further validate the presence of
microglial activation in association with Rheb “*-induced cortical
malformations and seizures in this model.

Discussion

TSC and FCD result from a spectrum of pathogenic variants in
the mTOR pathway that leads to differential mTOR hyperactiva-
tion (Crino, 2015). In this study, we demonstrate that the levels of
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mTOR hyperactivity correlate with the degree of neuronal hyper-
trophy, misplacement, and seizure frequency in an experimental
TSC and FCD model. In addition, we describe the presence of
microglia activation following mTOR-induced seizures.

The mTOR pathway regulates key processes involved in cell
growth, including protein synthesis, energy metabolism, and au-
tophagy, and aberrant mTOR activation has been implicated in
epilepsy (Meng et al., 2013; Ostendorf and Wong, 2015; Saxton
and Sabatini, 2017). Although the specific mechanisms underly-
ing mTOR-induced epilepsy remain unclear, it is thought that
structural changes following mTOR hyperactivation lead to cir-
cuit disorganization and altered intrinsic and network excitabil-
ity that promote seizure generation (Lasarge and Danzer, 2014).
Traditional methods for studying mTOR functions in epilepsy
involve knocking out negative regulators of mTOR in transgenic
mouse models to enhance mTOR activation (Feliciano et al.,
2013; Ostendorf and Wong, 2015). Although these approaches
have been instrumental in establishing the causative roles of
mTOR signaling in epilepsy, investigating how the levels of
mTOR hyperactivity influence epilepsy severity in these models
have been limited to either the homozygosity or heterozygosity of
the gene knock-out. In the present model, we expressed a consti-
tutive activator of mTORC1, Rheb“*, via in utero electropora-
tion. This method allowed us to manipulate the levels of
mTORCI activity by varying the amount of electroporated Rhe-
b“* plasmids. Although we did not quantify the copy numbers
that are transfected into cells under the different conditions, we
speculate that higher copy numbers will be transfected with
higher concentrations, thereby leading to higher levels of
mTORCI activation. Our data showing corresponding increases
in p-S6 and neuronal soma size with increasing Rheb “* plasmid
concentration support this notion. By varying the degree of
mTORCI hyperactivity, we show that there is a threshold level of
mTORCI hyperactivation required to induce seizures, followed

by a graded event whereby increasing mTORCI1 hyperactivity
levels leads to increased seizure frequency. Our findings that
higher mTOR hyperactivity levels contribute to more severe ep-
ilepsy suggest that differential levels of mTOR hyperactivation
caused by distinct pathogenic variants may contribute to the vari-
able phenotype severities in TSC and FCD.

Therapeutic strategies based on mTOR pathway inhibition for
TSC- and FCD-related epilepsy are emerging. Although clinical
trials with the mTOR inhibitor everolimus improved seizure con-
trol in many TSC patients, 30—40% of patients did not satisfac-
torily respond to treatment (Krueger et al., 2013; Wiegand et al.,
2013; French et al., 2016). The wide array of variants along the
mTOR pathway in TSC and FCD has raised the question of
whether everolimus and other mTOR inhibitors provide the
same efficacy for TSC or FCD resulting from distinct mTOR
pathway variants (Iffland and Crino, 2017). Our findings that the
levels of mTOR hyperactivity influence epilepsy severity may il-
luminate why current therapeutics based on mTOR inhibitors
have variable outcomes on patients and suggest the need to con-
sider patient gene variants in the context of mTOR activation
levels in clinical assessments. As advanced genetic tools become
more common, new pathogenic variants in the mTOR pathway
are likely to be identified. Functional evaluation of these variants
to determine their impact on the mTOR pathway and disease
outcomes may aid in the establishment of a personalized and
potentially more effective treatment regimen.

mTOR hyperactivation in the developing cortex causes neu-
ronal hypertrophy and abnormal neuronal migration leading to
cortical dyslamination (Feliciano et al., 2011; Kassai et al., 2014;
Tsai et al., 2014; Hsieh et al., 2016; Lin et al., 2016). We demon-
strate that neuronal soma size strongly correlates with the levels
of mMTOR hyperactivity and is a reliable readout of cellular mTOR
activity level. Our cell size data showed a sigmoidal increase with
increasing Rheb “* concentrations, suggesting that there is a pla-
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teau level for either mTOR activation or
cell size. Nonetheless, determining the
plateau level may be technically challeng-
ing as excess plasmid concentrations
could be toxic to cells. Additionally, we
show that high but not low levels of
mTORCI hyperactivation result in neu-
ronal misplacement. We found most
neurons in the low Rheb “* condition to
be in the correct cortical layers despite
having mTORC1 hyperactivation and
neuronal hypertrophy. This finding sug-
gests that there is a threshold level of
mTORCI hyperactivity needed for neu-
ronal misplacement that is different than
for neuronal hypertrophy.

Until recently, the mechanisms by
which mTOR hyperactivation induce cor-
tical dyslamination has been unknown. A
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new study by Park et al. (2018) reported that brain somatic mu-
tations in the MTOR gene lead to neuronal misplacement and
cortical dyslamination by disrupting autophagy-mediated neu-
ronal ciliogenesis. Therefore, defective ciliogenesis is a potential
mechanism by which mTOR hyperactivation induced neuronal
misplacement in our model. Although neuronal misplacement
seems to parallel seizure occurrence (i.e., no misplacement or
seizures in low Rheb “*, misplacement and seizures in interme-
diate and high Rheb“*), the role of cortical dyslamination in
epileptogenesis is unclear. We previously used an inducible
Rheb “* plasmid to bypass neuronal misplacement and observed
that misplacement is not required for seizures and neuronal hy-
pertrophy (Hsieh et al., 2016). This finding was corroborated by
Park et al. (2018). Nonetheless, the specific contribution of cor-

tical dyslamination to seizure severity and other neurological
manifestations associated with mTOR hyperactivation remain
elusive and additional studies are needed to elucidate these issues.

Studies on brain somatic mutations along the mTOR pathway
have reported that the percentage of cells carrying the mutations
correlate with the extent of cortical malformations and pheno-
typic severity (Bliimcke and Sarnat, 2016; D’Gama et al., 2017).
Given that the proportion of cells with aberrant mTORC1 acti-
vation (i.e., number of electroporated cells) may affect epilepsy
severity in our studies, we compared the number of GFP * cellsin
individual animals. We found no correlation between GFP * cell
count and seizure frequency, suggesting the identified intergroup
differences in seizures is due to differences in cellular mTOR
hyperactivity levels rather than the proportion of cells with



2772 « ). Neurosci., April 3, 2019 - 39(14):2762-2773

mTORCI hyperactivation. Nonetheless, we do not preclude the
possibility that, within groups of similar Rheb “* concentrations,
increasing the number of electroporated cells or brain region
could lead to worsening seizures. Interestingly, studies by Pun et
al. (2012) using genetic knock-out of Pten, a negative regulator of
mTOR, in mice showed that Pten loss in 9-24% of hippocampal
cells sufficiently induced seizures, whereas <1% Pten loss did
not. Collectively, we speculate that both the degree of mTOR
hyperactivity within cells, as shown here, and the number of af-
fected cells contribute to epilepsy severity.

Activation of microglia, the main immune cells of the CNS,
have been found in brain specimens from TSC and FCD patients
(Boer etal., 2006, 2008a,b; Choi et al., 2009; Iyer et al., 2010). Our
data in mice demonstrating changes in microglia density and
morphology corroborate the findings in humans. Interestingly,
we observed microglial changes only in animals that displayed
recurrent seizures and in both the ipsilateral and contralateral
cortices, suggesting that microglia activation occurs as a conse-
quence of seizures. Whether this represents a neurotoxic or neu-
roprotective mechanism is unclear and constitutes an active field
of research (Eyo et al., 2017; Hiragi et al., 2018).

In addition to the biological implications of our study, we
present practical modifications to a previously described in utero
electroporation-based mouse model that allows for the titration
of seizure frequency and generation of a mild to severe epilepsy
phenotype as applicable for preclinical drug testing and mecha-
nistic studies (Hsieh et al., 2016). For example, electroporation
using lower Rheb “* plasmid concentrations can be used to gen-
erate mice for examining cellular or behavioral effects of mMTOR
hyperactivation in the absence of secondary changes due to sei-
zures, whereas higher Rheb CA concentrations can be used to
generate mice with frequent seizures to evaluate potential anti-
epileptic treatments. We emphasize that the Rheb “* concentra-
tions described in this study are relative and not absolute.
Investigator-dependent variability in plasmid preparation, injec-
tion volume, and electroporation techniques as well as electropo-
ration parameters (i.e., voltage, number of pulses, etc.) could
yield variable results. Therefore, investigators using this model
should empirically determine the optimal dose for their experi-
ments. Nonetheless, we demonstrate that a graded increase in
Rheb “* plasmid concentration results in increased mTOR hy-
peractivity levels and more severe phenotypes.

In summary, we show here that mTOR hyperactivity levels
influence the severity of epilepsy and associated neuropathology
in an experimental model of TSC and FCD. Our study suggests
that differences in mTOR hyperactivity levels may contribute to
the broad range of phenotypic severity in TSC and FCD and
support the need to evaluate mTOR hyperactivity levels resulting
from distinct patient variants. Future studies to address whether
increasing mTOR hyperactivity levels worsen other behavioral
and cognitive phenotypes may provide additional insights into
the role of mTOR signaling in these aspects of TSC and FCD.
Finally, whereas we limited our study to TSC and FCD strictly
based on pathological definitions, our findings are potentially
broadly applicable to other mTORopathies.
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