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ARTICLE INFO ABSTRACT
Keywords: Mechanistic target of rapamycin (mTOR) regulates cell proliferation, growth and survival, and is activated in
Acquired epilepsies cancer and neurological disorders, including epilepsy. The rapamycin derivative (“rapalog”) everolimus, which
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allosterically inhibits the mTOR pathway, is approved for the treatment of partial epilepsy with spontaneous
recurrent seizures (SRS) in individuals with tuberous sclerosis complex (TSC). In contrast to the efficacy in TSC,
the efficacy of rapalogs on SRS in other types of epilepsy is equivocal. Furthermore, rapalogs only poorly
penetrate into the brain and are associated with peripheral adverse effects, which may compromise their ther-
apeutic efficacy. Here we compare the antiseizure efficacy of two novel, brain-permeable ATP-competitive and
selective mTORC1/2 inhibitors, PQR620 and PQR626, and the selective dual pan-PI3K/mTORC1/2 inhibitor
PQR530 in two mouse models of chronic epilepsy with SRS, the intrahippocampal kainate (IHK) mouse model of
acquired temporal lobe epilepsy and Tsc1°FAP CKO mice, a well-characterized mouse model of epilepsy in TSC.
During prolonged treatment of IHK mice with rapamycin, everolimus, PQR620, PQR626, or PQR530; only
PQR620 exerted a transient antiseizure effect on SRS, at well tolerated doses whereas the other compounds were
ineffective. In contrast, all of the examined compounds markedly suppressed SRS in Tsc1*AP CKO mice during
chronic treatment at well tolerated doses. Thus, against our expectation, no clear differences in antiseizure ef-
ficacy were found across the three classes of mTOR inhibitors examined in mouse models of genetic and acquired
epilepsies. The main advantage of the novel 1,3,5-triazine derivatives is their excellent tolerability compared to
rapalogs, which would favor their development as new therapies for TORopathies such as TSC.

Abbreviations: BBB, blood-brain barrier; CKO, conditional knockout; EEG, electroencephalogram; HPD, hippocampal paroxysmal discharge; HVSW, high-voltage
spike wave; IHK, intrahippocampal kainate; mTOR, mechanistic target of rapamycin; PEG, polyethylene glycol; PI3K, phosphoinositide 3-kinase; PKB, protein kinase
B; PND, postnatal day; SE, status epilepticus; SBECD, sulfobutyl-ether-p-cyclodextrin; SEGA, subependymal giant cell astrocytoma; SRS, spontaneous recurrent
seizures; TLE, temporal lobe epilepsy; TSC, tuberous sclerosis complex.
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1. Introduction

Current epilepsy therapies are primarily symptomatic and target ion
channels or neurotransmitters involved in seizure generation and
spread. Yet these drugs also modulate normal brain functions, resulting
in respective adverse effects (Rogawski et al., 2016). In addition, at least
one third of epilepsy patients do not respond to current antiseizure
medications (Devinsky et al., 2018). Epilepsies are complex and het-
erogeneous disorders, so more recently developed etiology-specific
therapies are thought to possess significant advantages over previous,
less specific treatments (Devinsky et al., 2018). Indeed, epilepsy was
among the first disease areas that began applying principles of precision
medicine to its treatment (Leach, 2018). One of the most important
examples of etiology-specific therapy of epilepsy is treatment of patients
with tuberous sclerosis complex (TSC) with everolimus, a drug that
allosterically inhibits the mechanistic target of rapamycin (mTOR)
pathway (Ostendorf and Wong, 2015). TSC is caused by mutations in the
TSC1 or TSC2 genes, which result in dysregulation of the phosphoino-
sitide  3-kinase (PI3K)/protein kinase B  (PKB/Akt)/mTOR
(PI3K/Akt/mTOR) signaling pathway and a clinical manifestations
characterized by hamartomas throughout the body, cortical malforma-
tions (known as tubers), subependymal giant cell astrocytomas (SEGAs)
and medically intractable epilepsy (Jeong and Wong, 2015). Everolimus
is approved for the treatment of SEGAs, kidney tumors, and partial ep-
ilepsy in individuals with TSC (Lechuga and Franz, 2019). Because of its
immunosuppressant activity its use may, however, be associated with
adverse effects, which prevent prolonged chronic treatment in some
individuals (Franz et al., 2016).

Other genetic epilepsies caused by disrupted mTOR activity
(“TORopathies”) include PTEN hamartoma syndrome and focal cortical
dysplasia, which is the most common cause of medically refractory ep-
ilepsy in the pediatric population, but mTOR hyperactivation has also
been described in the brains of humans with acquired focal epilepsies
(Jeong and Wong, 2015; Ostendorf and Wong, 2015; Griffith and Wong,
2018). Furthermore, mTOR activation has been shown to occur in ani-
mal models of acquired epilepsy, for example following traumatic brain
injury, neonatal hypoxia, or status epilepticus (SE) induced by pilocar-
pine or kainate (Galanopoulou et al., 2012; Wong, 2013; Citraro et al.,
2016). In such models, mTOR activation leads to mossy fiber sprouting,
neuronal death, and neurogenesis, which may promote epileptogenesis
(Citraro et al., 2016; Godale and Danzer, 2018). Thus, inhibiting mTOR
has been suggested both as late symptomatic treatment of seizures or
early preventative therapy in patients at risk of developing epilepsy
(Vezzani, 2012; Jeong and Wong, 2015; Ostendorf and Wong, 2015;
Griffith and Wong, 2018). Whereas there is convincing evidence in
mouse models of TSC for antiseizure (antiepileptic) and anti-
epileptogenic (epilepsy-preventing) efficacy of mTOR inhibitors, data
from models of acquired epilepsies are instead equivocal (Galanopoulou
et al., 2012; Wong, 2013; Citraro et al., 2016; Jozwiak et al., 2020).
Furthermore, most published experimental studies in animal models of
epilepsy used rapamycin (sirolimus) despite the fact that everolimus is
the only mTOR inhibitor approved for epilepsy treatment and has higher
bioavailability and a higher potency to deplete mTOR complex 2
(mTORC?2) signaling in the long term, as compared to rapamycin (Kla-
witter et al., 2015). As a consequence of TORC1 inhibition by rapamycin
and related compounds (“rapalogs™), class IA PI3Ks are over-activated
by the loss of a negative feedback loop, resulting in a
PI3K/TORC2-dependent increase in PKB/Akt activity, which may
compromise the therapeutic efficacy of rapamycin in seizure disorders
(Laplante and Sabatini, 2012). Compounds targeting the catalytic site of
both TORC1 and TORC2 are therefore expected to provide a more effi-
cient block of signaling downstream of PI3K (Hassan et al., 2014;
Chiarini et al., 2015; Janku et al., 2018; Hillmann and Fabbro, 2019).

In the present study, we compared the efficacy of the allosteric
mTOR inhibitors rapamycin and everolimus to suppress spontaneous
recurrent seizures (SRS) in the intrahippocampal kainate (IHK) mouse
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model of temporal lobe epilepsy (TLE), a widely used model of acquired
focal epilepsy (Henshall, 2017; Duveau and Roucard, 2017). As
mentioned above, mTOR hyperactivity has been reported previously for
this model, but rapamycin or more effective novel catalytic inhibitors of
the PI3K/Akt/mTOR pathway were not capable of preventing epilepsy
(Shima et al., 2015; Gericke et al., 2020). These novel catalytic (ATP--
competitive) inhibitors, i.e., the mTORC1/2 inhibitor PQR620 (Rageot
et al.,, 2018) and the dual pan-PI3K/mTORC1/2 inhibitor PQR530
(Rageot et al., 2019, Fig. 1) were also included in the present study. We
have shown recently that these two compounds exhibit a much better
brain permeability and tolerability than rapamycin and everolimus
(Brandt et al., 2018; Rageot et al., 2018, 2019; Gericke et al., 2020). In
addition, we included the novel brain-penetrant catalytic mTORC1/C2
inhibitor PQR626 (Fig. 1), which has been optimized for systemic sta-
bility in humans (Borsari et al., 2020). For comparison with the efficacy
of the allosteric and catalytic mTOR and PI3K/mTOR inhibitors in the
kainate model of acquired epilepsy, respective efficacy in a mouse TSC
model was evaluated. Our hypothesis was, based on the more complete
inhibition of the hyperactive PI3K/Akt/mTOR pathway, that the cata-
lytic inhibitors PQR530, PQR620 and PQR626 would be more effective
to suppress SRS than the allosteric inhibitors rapamycin and everolimus.

2. Materials and methods
2.1. Animals

For the intrahippocampal kainate (IHK) mouse model, male CD-1
mice were obtained from Charles River (Sulzfeld, Germany) at an age
of 7 weeks. Similar to NMRI mice (which we used previously for the IHK
model), CD-1 is a Swiss strain-derived multipurpose mouse outbred
strain (Chia et al., 2005), which is widely used in epilepsy research
(Loscher et al., 2017). Animals were housed under controlled conditions
(ambient temperature 22-24 °C, humidity 30-50%, lights on from 6:00
a.m. to 6:00 p.m.). Food and water were provided ad libitum. Mice were
adapted to the laboratory conditions for at least one week before used in
experiments. Experiments were performed according to the EU council
directive 2010/63/EU and the German Law on Animal Protection
(“Tierschutzgesetz™). Ethical approval for the study was granted by an
ethical committee (according to §15 of the Tierschutzgesetz) and the
governmental agency (Lower Saxony State Office for Consumer Pro-
tection and Food Safety; LAVES) responsible for approval of animal
experiments in Lower Saxony (reference number for this project:
14/1659). All efforts were made to minimize both the suffering and the
number of animals. All animal experiments of this study are reported in
accordance with ARRIVE guidelines (Kilkenny et al., 2010).

For the TSC mouse model, Tsc11°/1°*_GFAP-Cre knockout (Tsc1FAP
CKO) mice of either sex with conditional inactivation of the Tsc1 gene
were bred at PsychoGenics using breeding pairs obtained from Michael
Wong’s Laboratory (Washington University, St. Louis, MO) to generate a
knockout of Tsc1 in glial fibrillary acidic protein (GFAP)-expressing cells
(Uhlmann et al., 2002). All mice were handled according to the Psy-
choGenics ethical guidelines. Light/dark cycles were maintained at 12
h/12 h, temperature was 20-23 °C, and humidity ~50%. Food and
water were provided ad libitum. Assessment and approval of the study
was obtained by the Association for Assessment and Accreditation of
Laboratory Animal Care (approval IACUC 282_0616).

2.2. Intrahippocampal kainate (IHK) mouse model

In this model, SE is induced by unilateral injection of kainate into the
CA1 sector of the dorsal hippocampus (Suzuki et al., 1995; Bouilleret
etal., 1999). For this purpose, CD-1 mice were anesthetized with chloral
hydrate (500 mg/kg i.p.) and kainate monohydrate (0.21 pg in 50 nl
saline) was stereotaxically injected into the right CA1 area of the dorsal
hippocampus as described previously (Twele et al., 2016a). Stereotaxic
coordinates (in mm from bregma) were AP, —2.2; LL, —1.7; DV, —1.4,
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Fig. 1. Structures of rapalogs (rapamycin, everolimus) and novel catalytic (ATP-competitive) inhibitors of mTORC1/C2 (PQR620, PQR626) and PI3K/mTORC1/

C2 (PQR530).

using the mouse brain atlas of Paxinos and Franklin (2012). The correct
location of the injection was confirmed in separate mice of the cohorts
used for the present experiments, and coordinates were adapted if
needed. Kainate was slowly injected over 60 s with a 0.5 pl
micro-syringe. After injection of kainate, the needle of the syringe was
maintained in situ for additional 2 min to limit reflux along the injection
track. For EEG recordings, the animals were immediately implanted
with bipolar electrodes aimed at the site of kainate injection in the
ipsilateral CA1, using the same coordinates as for kainate injection (see
Twele et al., 2016a). A screw, placed above the left parietal cortex,
served as the indifferent ground electrode. Additional skull screws, su-
perglue (Pattex® Ultra Gel; Henkel, Diisseldorf, Germany), and dental
acrylic cement (Paladur®; Kulzer GmbH; Hanau, Germany) anchored
the entire headset. During all surgical procedures and for about 1 h
thereafter mice were kept on a warming pad to avoid hypothermia.

Furthermore, mice received electrolyte/glucose solution (Sterofundin®
VG-5; B. Braun Melsungen AG; Melsungen, Germany) subcutaneously to
compensate for loss of fluid and food during the day of surgery. Vid-
eo/EEG monitoring was used to verify that kainate induced an SE.
Furthermore, starting about 6 weeks after kainate, continuous video/-
EEG monitoring over 4 days was used for analysis of SRS (Fig. 2A). Only
mice with frequent electrographic SRS (>3/h) were used for drug
studies, which started about 8 weeks after kainate.

For EEG-recording, mice were connected via a flexible cable to a
system consisting of 4 one-channel bioamplifiers (ADInstruments Ltd.,
Sydney, Australia) and analog-digital converters (PowerLab 8/30
ML870 or PowerLab 4/35 PL3504/P, ADInstruments). The data were
recorded (sampling rate 200 Hz, time constant 0.1 s, low pass filter of
>60 Hz, 50 Hz notch filter) and analyzed with LabChart 8 for Windows
software (ADInstruments). The EEG-recording was directly linked to

Kainate A A
Reciannd A. Intrahippocampal kainate mouse model of TLE
EEG electrode
implantation
Latent . . " - .
period Epilepsy with spontaneous recurrent electrographic and electroclinical seizures
K 6 8 10 12 14 16 18 20 22 weeks
Selection of Vehicle Rapamycin Everolimus PQR620 PQR530 PQR626 Vehicle
mice with control (5 mg/kg/d) (5 mg/kg/d) 100 mg/kg/d) (25 mg/kg/d) (100 mg/kg/d) control
frequent SRS
(23/h) by
video-EEG « Eight weeks after kainate, onset of vehicle and drug experiments in 13 epileptic mice
recording over « For each drug experiment, 4 consecutive days with continuous video-EEG recording
4 consecutive (one day predrug control, 3 days drug treatment)
days At least 2 weeks washout after each drug experiment
B. TSC mouse model
Epilepsy with spontaneous recurrent electrographic seizures
[ 21 o 35 48 53 postnatal days
EEG electrode Continuous (24/7) EEG recording
implantation

| Treatment with vehicle for PQR experiments

| Treatment with PQR530 (25 mg/kg/d)

| Treatment with PQR620 (100 mg/kg/d)

| Treatment with vehicle for rapamycin

Treatment with rapamycin (3 mg/kg)

Treatment with vehicle

I | Treatment with rapamycin (3 mg/kg)

Fig. 2. Schematic illustration of the experimental design of the drug experiments performed in this study in two mouse models of epilepsy. A: In the intra-
hippocampal kainate mouse model of TLE, kainate was injected in CD-1 mice at an age of about 8 weeks (indicated by “0”). The experiments were performed in two
cohorts, of which a total of 13 CD-1 mice with frequent SRS (>3/h) was randomly chosen for the drug experiments. These 13 mice were used for the vehicle and drug
experiments illustrated, so that each mouse received several treatments with washout periods of at least two weeks (mean 2.9 weeks) between two treatments. The
order of vehicle and drug administration differed between subgroups of these 13 mice (see Methods). B: In the Tsc1P CKO mouse model of TSC, experiments
started by EEG electrode implantation at an age of 21-27 days. For each vehicle or drug experiment, a separate group of mice was used (see Methods).
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simultaneous digital video-recording of four mice per system using four
infrared board cameras (Sony) merged by one video quad processor
(Monarcor TVSP-44COL). For video/EEG monitoring, mice were housed
singly in clear plexiglass cages. For monitoring during the dark phase,
infrared LEDs were mounted above the cages.

As described previously (Riban et al., 2002; Maroso et al., 2011;
Twele et al., 2016b), electroclinical and two types of electrographic SRS
were recorded in epileptic mice. Focal and secondarily generalized
electroclinical seizures were only rarely observed and thus not used as
readout for the pharmacological studies. In contrast to the infrequent
electroclinical seizures, highly frequent (>3/h) focal electrographic
seizures occurred in the EEG recorded from the kainate focus in the CA1.
Based on their morphology, these electrographic seizures were differ-
entiated into high-voltage sharp waves (HVSWs) and hippocampal
paroxysmal discharges (HPDs) as described by us in detail recently
(Twele et al., 2016b). Such electrographic seizures are not observed in
sham controls (Twele et al., 2017). In short, HVSWs are characterized by
sharp waves with high amplitude of at least 3-times the EEG baseline, a
frequency of at least 2 Hz, and an inter-event interval of at least 3 s.
During the inter-event interval, there is either no epileptic EEG activity
or only spikes with low amplitude. HVSWs can either show no clear
evolution or some evolution in frequency or pattern. A typical HVSW is
shown in Fig. 3A. HPDs typically start with large amplitude HVSWs,
followed by a train of lower-amplitude spikes of at least 5 s of increased
frequency (>5Hz; Fig. 3B). Similar to HVSWs, an inter-event interval of
at least 3 s is also used for HPDs. During this inter-event interval, there is
either no epileptic EEG activity or only spikes with an amplitude of <2
times the baseline. As shown in Fig. 3B, HPDs exhibit evolution in
morphology and frequency, which is not always seen with HVSWs. In
addition to these typical HPDs, a second type was observed, which
looked like a mixed event starting with HPD-like activity but then
evolving into HVSW-like activity. This type of mixed activity was
assigned to HPDs when we counted HVSWs and HPDs. As described
previously (Twele et al., 2016b), the duration of HVSWs was at least 5's,

A Electrographic seizure (IHK, HVSW)

B Electrographic seizure (IHK, HPD)

C Electrographic seizure (TSC)
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while HPDs were either short (5-20 s) or long (>20 s). HPDs could only
be detected near to the kainate focus in the ipsilateral hippocampus,
suggesting focal hippocampal seizures resembling hypersynchronous
high voltage spikes observed in sclerotic hippocampus of patients with
TLE (Riban et al., 2002). During direct observation of epileptic mice or
in the videos recorded during hippocampal HVSWs and HPDs, no clear
behavioral alterations were seen, but subtle alterations may have been
overlooked.

To analyze the highly frequent HPDs and HVSWs, we used a Lab-
Chart®-based algorithm, developed for efficient and large-scale EEG
analysis of early and late seizures, spikes, and spike clusters in the EEG of
a mouse model of viral encephalitis-induced epilepsy (Anjum et al.,
2018). This algorithm automatically detects and removes about 80% of
high-amplitude EEG artifacts (e.g., due to animal movement, head
scratching, grooming, chewing, or drinking), but some low-amplitude
artifacts are detected and removed by visual inspection of EEGs and
corresponding videos. For the present study, the algorithm was modified
to allow automatic detection and differentiation of HPDs and HVSWs.
For this, we used the definition of HPDs and HVSWs described above
except that an amplitude of at least 2 times the EEG baseline (instead of
3 times) was used as criterion, because preliminary data in epileptic
CD-1 mice indicated that this results in less variation of seizure fre-
quency when seizures are detected by the algorithm. The data were
normalized and threshold values calculated for spike amplitude, Teager
energy, and slope by using a median of minimum and maximum values
averaged over 200 data points or a 1-sec moving window, as described
earlier (Anjum et al., 2018). The algorithm scanned the data for HVSWs
and HPDs, respectively, based on spike frequency and duration of each
event as defined previously by our group (Twele et al., 2016b). The al-
gorithm detected the event automatically, but the investigators visual-
ized the electrographic activity simultaneously, therefore assuring the
correct identification of the different types of seizures.

Sensitivity and specificity of the algorithm to correctly identify HPDs
and HVSWs in the EEG were assessed by comparing SRS detected during

Fig. 3. Representative spontaneous electrographic
seizures recorded from the ipsilateral hippocampus
in the intrahippocampal kainate mouse model (A, B)
or from cortical electrodes in the TSC mouse model
(C). Electrographic seizures in epileptic mice of the
intrahippocampal kainate model are either mono-
morphic high-voltage sharp waves (HVSWs) as
illustrated in (A) or polymorphic hippocampal
paroxysmal discharge (HPD) as shown in (B). Most
HPDs start with HVSW-like activity, followed by
increased spike frequency but lower spike amplitude
compared to HVSWs. (C) Electrographic seizures in
Tsc1°FAPCKO mice are characterized by a stereo-
typical pattern involving an initial onset of a tonic,
repetitive spike discharge followed by a progressive
evolution in spike amplitude and frequency that
usually culminates in a bursting pattern and postictal
2s suppression.

0.2mv

0.1 mV
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visual EEG analyses by experienced experimenters with SRS detected by
the algorithm in the same EEG samples of nine epileptic mice. For the
calculation of these statistical values, an algorithm was run by a person
blind to the visually analyzed data and both sets of results were then
compared to calculate sensitivity and specificity. These experiments
showed that the algorithm was able to detect the different types of SRS
that we characterized by visual EEG analysis with a sensitivity of
86-90% and specificity ranging from 90 to 99%.

Operator variability on the algorithm outcome was also assessed.
Analyzing the same 24-h EEG twice by different investigators resulted in
a correspondence of 100% for HPD events and duration, 98.9% for
HVSW event, and 99% for HVSW duration.

Overall, 24/7 EEG data from 13 CD-1 mice were analyzed. Compared
to visual EEG inspection, EEG analysis by the algorithm reduced the time
needed for analysis by >80% (Anjum et al., 2018). In some experiments,
individual data had to be excluded from final analysis because mice did
not exhibit SRS on the predrug control day or large parts of the EEG were
affected by artifacts (see Figs. 4 and 5 for individual number of mice per
experiment).

2.3. Drug studies in intrahippocampal kainate (IHK) mouse model

The treatment protocol used here (see Fig. 2A) was based on a pre-
vious study by Huang et al. (2010), in which rapamycin (5 mg/kg i.p.
once daily) was administered in epileptic rats for three consecutive days,
followed by treatment on every other day for a total of three weeks; a
suppressive effect on SRS was observed within the first couple of days.
We therefore decided to administer all drugs over 3 consecutive days.
Another reason for this prolonged treatment was that preliminary ex-
periments with a single dose treatment, using 5 mg/kg i.p. rapamycin,
failed to show any significant effect on SRS frequency (not illustrated).

Using epileptic mice with frequent SRS (>3/h), each drug experi-
ment consisted of video-EEG recording for 24 h before drug adminis-
tration, followed by 3 days with once daily drug administration
(Fig. 2A). In each mouse, the video-EEG was continuously recorded over
the four days of the experiment. Vehicle controls were treated in the
same way. The same groups of mice were used for several experiments
with inter-experiment intervals (i.e., drug washout periods) of at least 2
weeks (mean 2.9 weeks, range 2-6.5 weeks), to exclude carry-over ef-
fects of the drug treatment. The laborious experiments were performed
in two cohorts, using a total of 56 CD-1 mice for the IHK model (36 mice
in the first and 20 mice in the second cohort). Of these, a total of 13 CD-1
mice with frequent SRS (>3/h) was randomly chosen for the drug ex-
periments. Experiments in these 13 mice were performed in three sub-
groups of 4-5 mice each. In these subgroups, experiments always started
with administration of a drug vehicle (see Fig. 2A), but the subsequent
order of administration of the five different drugs (see below) was
randomly chosen in each subgroup. For final analysis, data of the three
subgroups were combined for each treatment.

All compounds were dissolved in 20% sulfobutyl-ether-p-cyclodex-
trin (SBECD or Captisol®; Cyclolab, Hungary). For preparation of drug
solution, substances were mixed with 20% SBECD solution and soni-
cated in an ultrasound water bath. 0.02 M HCl was added dropwise until
the pH of the solution was 3 £+ 0.1. Vehicle and drug solutions were
passed through a 0.2 pm filter unit and stored at 4 °C. Vehicle and drug
solutions were prepared once a week. In preliminary experiments with
rapamycin, we used a vehicle consisting of 4% ethanol, 5% polyethylene
glycol (PEG) 400 and 5% Tween 80; this vehicle had also been used in
previous experiments with rapamycin (Brandt et al., 2018). Therefore,
this vehicle was used for comparison with SBECD (Captisol) vehicle in
the experiments in the IHK model, to exclude that vehicles per se exerted
an effect on SRS.

All compounds (and vehicles) were administered orally (p.o.) by
gavage in a volume of 10 ml/kg once daily at the following doses:
rapamycin, 5 mg/kg; everolimus, 5 mg/kg; PQR530 (as hydrochloride),
25 mg/kg; PQR620 (as hydrocloride), 100 mg/kg; PQR626 (as
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Fig. 4. Effect of prolonged oral treatment with allosteric mTORCI inhibitors
(rapamycin and everolimus), catalytic mTORC1/2 inhibitors (PQR620,
PQR626) or a dual pan-PI3K/mTORC1/2 inhibitor (PQR530) on spontaneous
hippocampal paroxysmal discharges (HPDs) recorded from the ipsilateral hip-
pocampus in epileptic mice of the intrahippocampal kainate model. A group of
13 epileptic CD-1 mice with frequent electrographic seizures during predrug
control experiments was used for the drug trials illustrated in the figure. Each
drug or drug vehicle trial consisted of continuous video-EEG recording for 24 h
before drug administration (control day), followed by 3 consecutive treatment
days with once daily oral drug administration (by gavage) and continuous
video-EEG monitoring. The same mice were used for several experiments with
inter-experiment intervals of at least two weeks. Two different drug vehicles
(captisol and PEG) were compared (see Methods). Data are shown as boxplots
with whiskers from minimum to maximal values; the horizontal line in the
boxes represents the median value. In addition, individual data are shown. In
some experiments, individual data had to be excluded from final analysis
because mice did not exhibit SRS on the predrug control day or large parts of
the EEG were affected by artifacts; thus, group size of the individual experi-
ments shown here ranged between 7 and 13. Significant differences to the
control day of each drug or vehicle trial are indicated by asterisks (*P =
0.0195). (A) Frequency of HPDs per hour. (B) Average duration of HPDs in sec.

hydrochloride), 100 mg/kg. These doses have previously been shown to
block mTORC1/2 or PI3K/mTORC1/2 in the brain of epileptic mice

from the IHK model or naive mice (Shima et al., 2015; Gericke et al.,
2020; Borsari et al., 2020).

2.4. TSC mouse model

We used a previously established mouse model of TSC with
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Fig. 5. Effect of prolonged oral treatment with allosteric mTORC1 inhibitors
(rapamycin and everolimus), catalytic mTORC1/2 inhibitors (PQR620,
PQR626) or a dual pan-PI3K/mTORC1/2 inhibitor (PQR530) on spontaneous
high-voltage sharp waves (HVSWs) recorded from the ipsilateral hippocampus
in epileptic mice of the intrahippocampal kainate model. A group of 13
epileptic CD-1 mice with frequent electrographic seizures during predrug con-
trol experiments was used for the drug trials illustrated in the figure. Each drug
or drug vehicle trial consisted of continuous video-EEG recording for 24 h
before drug administration (control day), followed by 3 consecutive treatment
days with once daily oral drug administration (by gavage) and continuous
video-EEG monitoring. The same mice were used for several experiments with
inter-experiment intervals of at least two weeks. Two different drug vehicles
(captisol and PEG) were compared (see Methods). Data are shown as boxplots
with whiskers from minimum to maximal values; the horizontal line in the
boxes represents the median value. In addition, individual data are shown. In
some experiments, individual data had to be excluded from final analysis
because mice did not exhibit SRS on the predrug control day or large parts of
the EEG were affected by artifacts; thus, group size of the individual experi-
ments shown here ranged between 7 and 13. No significant differences to the
control day were found for any treatment. (A) Frequency of HVSWs per hour.
(B) Average duration of HVSWs in sec.

conditional inactivation of the Tsc1 gene in glial fibrillary acidic protein
(GFAP)-positive cells (T 5c19FAP CKO mice), which develops progressive
epilepsy beginning at approximately 4 weeks of age, encephalopathy,
and premature death with 100 percent penetrance (Uhlmann et al.,
2002). Tsc1°FAP CKO mice were anesthetized with isoflurane with ho-
meostatic heating to maintain core temperature at 37 + 1 °C. An
8201-EEG head mount (Pinnacle Technology, Inc., Lawrence, KS) with
bihemispheric leads in the frontal and parietal cortices and an
indwelling local field potential electrode targeting the region above the
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CAl were used. Before, during, and after surgery, animals were
administered fluids, nutrition, antibiotics, and analgesics as require-
d/recommended by the Program of Veterinary Care (PVC) team and
IACUG, in concert with the Attending Veterinarian and/or according to
IACUC Guidelines of PsychoGenics.

Mice were implanted with electrodes at the age of postnatal day
(PND) 21 to PND27 (Fig. 2B). Starting at PND35, EEG was recorded
continuously using the Pinnacle Technology 8206 data conditioning and
acquisition system (DCAS), and real-time visualization of all EEG
channels from all mice was observed using Sirenia or PAL-8400 soft-
ware. Synchronized video recordings were collected for the duration of
the EEG recordings. Electrographic seizures (cf., Zeng et al., 2008) were
identified by their characteristic pattern of discrete periods of rhythmic
spike discharges that evolved in frequency and amplitude lasting at least
10 s, typically ending with repetitive burst discharges and voltage sup-
pression (see Fig. 3C). Behaviorally, most of the seizures were charac-
terized by a brief period of tonic stiffening of the trunk or extremities
without loss of upright posture, followed by a longer period of rhythmic
bouncing of the head and trunk with forelimb clonus. Occasionally,
other seizures were manifested by a complete behavioral arrest, running
movements of the extremities, or severe tonic posturing with loss of
upright posture as described previously (Uhlmann et al., 2002).

2.5. Drug studies in TSC mouse model

Vehicle (SBECD) was obtained from DavosPharma (Liberty, MO).
The PQR compounds were dissolved in acidified 23.5% SBECD (5.0 ml of
40% SBECD + 3.5 ml of H,O + 0.2 M HCI as needed). Solution pH was
adjusted to be within 2.2 and 2.7 using 0.2 M NaOH and diluted to a final
volume of 10.0 ml to yield a vehicle of 20% SBECD (pH 3.0 & 0.1). Mice
in the study were randomly assigned to one of the following treatment
groups (Fig. 2B): Vehicle (20% SBECD; PND21-53; p.o. by gavage once a
day (q.d.), n = 16), PQR620 (100 mg/kg; PND21-53; p.o. q.d, n = 13),
and PQR530 (25 mg/kg; PND21-53; p.o. q.d, n = 14). Dosing was per-
formed during the light cycle phase. Stock 40% SBECD was stored at
4 °C. Vehicle and compound solutions were prepared fresh weekly and
administered at 10 ml/kg. Data on PQR620 in the TSC mouse model has
been published recently (Rageot et al., 2018) and are included here for
comparison with PQR530.

For experiments with rapamycin, mice were randomly assigned to
one of the following treatment groups (Fig. 2B): (1) vehicle (5% Tween
80, 5% PEG400, 4% ethanol in saline; PND21-48; s.c., q.d., n = 10); (2)
rapamycin (3 mg/kg; PND21-48; s.c., q.d., n = 10); or (3) a combination
of vehicle (PND21-34; s.c., q.d.) and rapamycin (3 mg/kg; PND35-48; s.
c., q.d.), n = 8. Rapamycin was dissolved in the vehicle consisting of 5%
Tween 80, 5% PEG400, 4% ethanol in saline. Vehicle and compound
solutions were administered at 10 ml/kg.

2.6. Statistics

In the THK mouse model, the significance of inter-group differences
in seizure frequencies and duration were analyzed by nonparametric
analysis of variance (ANOVA) with posthoc Dunn’s multiple comparison
related to vehicle control. Before analysis, few outliers were detected
and removed by Grubb’s outlier test, using a significance level (alpha) of
0.001. In the TSC mouse model, the significance of inter-group differ-
ences in seizure frequencies and body weight were analyzed by two-way
ANOVA test with Dunnet’s multiple comparison related to vehicle
control. Significant differences in mortality were calculated using the
chi-square test.

3. Results
3.1. Drug studies in intrahippocampal kainate (IHK) mouse model

In total, seven experiments with 13 epileptic CD-1 mice were
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analyzed as illustrated in Figs. 4 and 5. Each experiment lasted 4 days
with continuous video-EEG monitoring, so overall 8736 h of video-EEG
(or 364 days of continuous EEG) had to be analyzed for SRS.

Epileptic mice of the IHK model exhibited two types of highly
frequent electrographic seizures, HVSWs (Fig. 3A) and HPDs (Fig. 3B).
In addition, electroclinical seizures were observed, which were, how-
ever, too infrequent to allow analysis of drug effects with the current
experimental design. As shown in Fig. 2, the experimental design con-
sisted of one day of pretreatment control, followed by three consecutive
treatment days with either vehicle or mTOR inhibitors. Individual fre-
quencies of HPDs and HVSWs largely varied (Figs. 4 and 5). The median
frequency of HPDs during the pretreatment control days ranged between
0.2 and 2.9 HPDs per hour (Fig. 4A), whereas median frequency of
HVSWs ranged between 2.7 and 16 HVSWs per hour (Fig. 5A). Median
duration of HPDs ranged between 40 and 55 s (Fig. 4B), whereas median
duration of HVSWs ranged between 21 and 31 s (Fig. 5B).

With one exception, none of the various treatments (including the
vehicles) exerted any significant effect on frequency or duration of
spontaneous electrographic seizures in the IHK model (Figs. 4 and 5).
Only with PQR620 a significant decrease in the frequency of HPDs was
observed at the first day of treatment (p = 0.0195), but this effect dis-
appeared at subsequent treatment days (Fig. 4A). A similar transient
trend was observed with PQR530, but this was not significantly different
from pretreatment control (p = 0.1349). With rapamycin, mice
appeared to exhibit less HPDs on the third day of treatment but, again,
this was not significantly different from pretreatment control (p =
0.2212).

3.2. Drug studies in TSC mouse model

As previously reported (Uhlmann et al., 2002; Erbayat-Altay et al.,
2007), vehicle treated Tsc1°FAP CKO mice exhibited frequent sponta-
neous electrographic seizures. A representative EEG trace is shown in
Fig. 3C, while the frequency of these SRS is shown in Fig. 6. Prolonged
daily treatment with either PQR530 or PQR620 almost completely
suppressed the seizures (Fig. 6A). This significant antiseizure effect (p <
0.05) was not transient but remained at about the same level over the
treatment period.

Mice with conditional inactivation of the Tsc1 gene primarily in glia
(Tsc1%FAP CKO mice) develop glial proliferation, progressive epilepsy,
and premature death (Uhlmann et al., 2002; Erbayat-Altay et al., 2007;
Zeng et al., 2008). Survival curves may differ across different cohorts of
Tsc1%FAP CKO mice. For instance, Zeng et al. (2008) reported that 50% of
vehicle-treated Tsc1¢FA® CKO mice died by 9 weeks of age, with no
survival by 4 months, while Uhlmann et al. (2002) observed that mice
began to die at 3-4 months. In the present experiments, 30% of the
vehicle-treated mice died by 8 weeks of age, which was not significantly
altered by treatment with PQR530 or PQR620 before animals were
sacrificed at the end of the study (at PND55).

For rapamycin, two different treatment regimens were compared
(Figs. 2 and 6B). Mice treated with 3 mg/kg rapamycin from PND21-48
exhibited no seizures. Thus, the efficacy of this treatment regimen of
rapamycin was comparable to the efficacies observed with PQR530 and
PQR620. A second group that received vehicle from PND21-35 and
rapamycin (3 mg/kg) from PND36-48 showed no significant reduction
in the number of seizures at week 6 but a significant reduction at week 7
(p < 0.05).

Nine out of 26 mice (~35%) that received vehicle treatment begin-
ning PND21 perished by PND34 while no mortality was observed in the
rapamycin treated group (P = 0.032). Survival rate was also examined
across groups from the start of PND35 to PND48. By the end of week 7,
the vehicle only group sustained a mortality of 40% whereas 0% mor-
tality was recorded in the rapamycin-treated groups (P = 0.015).
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Fig. 6. Effects of mTOR and PI3K inhibitors on frequency of spontaneous
electrographic seizures caused by elimination of Tsc1 in GFAP-expressing cells.
Data are shown as boxplots with whiskers from minimum to maximal values;
the horizontal line in the boxes represents the median value. In addition, in-
dividual data are shown. Significant differences to the vehicle only group are
indicated by asterisk (*P < 0.05; **P < 0.01; ***P < 0.0001). (A) Tsc1FA?
conditional knockout (CKO) mice were treated postnatal days (PND) 21-53
with vehicle, PQR530 (25 mg/kg once per day by oral gavage), or PQR620
(100 mg/kg/day p.o.) and EEG was monitored continuously during PND35-53.
(B) Effect of rapamycin on spontaneous electrographic seizures in Tsc1%** CKO
mice. One group of mice received vehicle during PND21-48; a second group
received vehicle during PND21-34 and then rapamycin (3 mg/kg once daily s.
c.) during PND35-48; a third group received rapamycin (3 mg/kg once daily s.
c.) during PND21-48. Numbers of mice in vehicle groups decrease over time
due to death of some animals, as expected.

3.3. Tolerability

In the present study, no quantitative evaluation of adverse events
was performed during the experiments, but mice were closely observed
for any obvious behavioral alterations. As described previously (Brandt
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et al.,, 2018), the only observable adverse effect of treatments with
mTOR inhibitors was moderate sedation. When body weight was
monitored during the treatment period in Tsc1%AP CKO mice, both
PQR530 and PQR620 caused a moderate (~20%) and transient decrease
in body weight gain of female mice in the first two weeks of treatment,
but this disappeared during the remaining treatment period (Fig. 7A). A
similar transient effect on body weight gain was observed in male mice
(Fig. 7B). Rapamycin did not decrease body weight gain (Fig. 7C and D).

4. Discussion

The PI3K/Akt/mTOR pathway, which is a central player of intra-
cellular signaling in the brain by regulating neuronal survival, growth,
and plasticity, becomes hyperactive following epileptogenic brain injury
in animal models and in humans with acquired forms of epilepsy (Gal-
anopoulou et al., 2012; Wong, 2013; Citraro et al., 2016). To our
knowledge, only two previous studies examined the efficacy of mTOR
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inhibitors to block SRS in rodent models of acquired epilepsy. In the
study of Huang et al. (2010), rats with SRS developing after
pilocarpine-induced SE were treated for three weeks with rapamycin 5
mg/kg or vehicle daily for the first three days and then every other day
for the remaining treatment period. Rapamycin treatment markedly
reduced seizure frequency recorded over the 3 weeks of treatment. To
determine when this inhibitory effect of rapamycin treatment on chronic
SRS began, Huang et al. (2010) quantified seizure activity over a
five-day period beginning 24 h after the first rapamycin injection and
observed that the significant reduction in seizure frequency began
shortly after onset of treatment. However, the antiseizure effect of
rapamycin seemed to be restricted to generalized convulsive SRS,
whereas focal non-convulsive seizures were not suppressed. Further-
more, SRS were only recorded by video for 12 h/day, so focal electro-
graphic seizures were not monitored. This may partially explain why
Buckmaster and Lew (2011), who used continuous (24/7) video/EEG
monitoring of SRS in the pilocarpine model of TLE in mice, did not

B Body weight, males
20
- -o- Vehicle
-# PQR530
164 =~ PQR620
c
< 14+
°
3
> 12+
]
0
[vi]
10+
8=
6 ] ] ] 1 1 ] L] ] T 1 1 ] ] ] 1 1
20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
Postnatal days
D Body weight, males
201 i
-@- Vehicle
18d * Vehicle-Rapamycin
-# Rapamycin
16 * *
3
< 144
°
3
> 124
T
o
[ii]
104
8+
6 T 1 T ] T T T T 1 I T 1 1 1 T 1

20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50

Postnatal days

Fig. 7. Effects of mTOR and PI3K inhibitors on body weight in Tsc1°*4” conditional knockout (CKO) mice. Mice are the same in which seizures were recorded as
shown in Fig. 6. Data are shown as means + SEM; the body weight on postnatal day (PND) 21 was measured before onset of treatment. Significant differences to body
weight in vehicle controls are indicated by asterisk (*P < 0.05; **P < 0.01). A: Female Tsc1%FAP CKO mice were treated on postnatal days (PND) 21-53 with vehicle
(n = 8), PQR530 (25 mg/kg once per day by oral gavage; n = 6), or PQR620 (100 mg/kg/day p.o.; n = 6). B: Male Tsc1%"2P CKO mice were treated on PND21—53
with vehicle (n = 8), PQR530 (25 mg/kg once per day by oral gavage; n = 8), or PQR620 (100 mg/kg/day p.o.; n = 7). C: Female Tsc1°"A” CKO mice (n = 7) were
treated with vehicle during PND21-48; a second group (“vehicle- rapamycin”; n = 4) received vehicle during PND21-34 and then rapamycin (3 mg/kg once daily s.
c.) during PND35-48; a third group (n = 4) received rapamycin (3 mg/kg once daily s.c.) during PND21-48. D: Male Tsc1%**” CKO mice (n = 3) were treated with
vehicle during PND21-48; a second group (“vehicle- rapamycin”; n = 4) received vehicle during PND21-34 and then rapamycin (3 mg/kg once daily s.c.) during
PND35-48; a third group (n = 6) received rapamycin (3 mg/kg once daily s.c.) during PND21-48.
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observe any significant antiseizure effect during chronic treatment with
rapamycin, although the treatment suppressed mossy fiber sprouting.

We recently determined the electrical seizure threshold in epileptic
mice of the pilocarpine model and found that everolimus (5 mg/kg p.o.)
was much more effective than rapamycin (5 mg/kg i.p. or p.o.) to in-
crease seizure threshold (Brandt et al., 2018). Furthermore, the novel
catalytic mTORC1/C2 inhibitor PQR620 was more effective than rapa-
mycin and the catalytic dual pan-PI3K/mTORC1/2 inhibitor PQR530 to
increase seizure threshold in epileptic mice (Brandt et al., 2018).
Interestingly, everolimus was also significantly more effective than
rapamycin to attenuate neuroinflammation in response to kainate in
mice (Yang et al., 2017). Neuroinflammation in response to kainate
treatment was not mediated through the Akt pathway but was primarily
mediated by phosphorylation of extracellular signal related kinase
(ERK), which was more effectively attenuated by everolimus than by
rapamycin (Yang et al., 2017). Everolimus is significantly more effective
in inhibiting mTORC2 activation than rapamycin (Jin et al., 2014) and
so is PQR620 (Brandt et al., 2018; Rageot et al., 2018). It is generally
believed that many of the neurologic consequences of mTOR pathway
dysfunction are due to dysregulation of mTORC1 activity rather than of
mTORC2 (Crino, 2016). However, this dogma has been challenged
recently (Chen et al., 2019; Jansen, 2020), which will be discussed
below.

In the present study, neither the allosteric mTORC1 inhibitors
rapamycin and everolimus nor the novel catalytic mTORC1/2 or dual
pan-PI3K/mTORC1/2 inhibitors were capable of significantly sup-
pressing spontaneous electrographic seizures in the IHK model of ac-
quired TLE. The only exception was a transient antiseizure effect of
PQR620 on HPDs. These data thus substantiate and extend the findings
of Buckmaster and Lew (2011) in the pilocarpine model of TLE in mice
and indicate that SRS in such models are resistant to mTOR or
PI3K/mTOR inhibitors when analyses are based on continuous
video-EEG monitoring.

In contrast to the negative outcome of the IHK experiments, in the
Tsc1°FAP CKO mouse model, both PQR530 and PQR620 were highly
efficacious suppressing SRS when administered once daily over 3 weeks.
Similarly, as reported previously (Zeng et al., 2008), the allosteric mTOR
inhibitor rapamycin suppressed SRS. In a study by Meikle et al. (Meikle
et al., 2008) in a neuronal mouse model of TSC in which Tsc1 is ablated
in most neurons during cortical development, it was mentioned that
mice treated with everolimus (6 mg/kg i.p. every other day) did not
exhibit spontaneous clinical seizures, but data from seizure monitoring
were not shown.

With respect to survival of Tsc1°FAP CKO mice, no significant effects
of PQR530 or PQR620 were observed in the present study, in which
animals were treated from PND21-53. In contrast, when mice were
treated with PQR620 (100 mg/kg p.o. once daily) or PQR626 (50 mg/kg
p.o., twice daily) from PND21 to PND90, both compounds significantly
prevented or decreased mortality as compared to vehicle controls
(Borsari et al., 2020), which is similar to the effects reported previously
for rapamycin (Zeng et al., 2008) and everolimus (Meikle et al., 2008).

In contrast to PQR530, PQR620 and PQR626, rapamycin primarily
inhibits mTORC1, although chronic exposure to rapamycin has been
demonstrated to also inhibit mTORC2 activity, potentially through a
reduction of mTOR availability for formation of the complex (Saxton
and Sabatini, 2017). mTORC1 and mTORC2 are structurally and func-
tionally distinct complexes. mTORC1 is comprised of a group of binding
proteins including the regulatory-associated protein of mTOR (raptor)
and controls cell growth, cell proliferation, cell survival, and cell death
via modulating protein synthesis and autophagy (Laplante and Sabatini,
2012; Switon et al., 2017). Overactivation of mTORC1 has been
observed in numerous brain pathologies, including TSC, characterized
by neocortical gliosis, migratory heterotopia, neuron mispositioning,
and cell hypertrophy (Jeong and Wong, 2015). In contrast to mTORC1,
mTORC2 complexes with a separate group of accessory proteins
including rapamycin-insensitive companion of mTOR (rictor), and
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modulates processes related to cell structure and metabolism (Laplante
and Sabatini, 2012; Switon et al., 2017). In the brain, mMTORC2 has an
important role in cell survival and in the maintenance of the actin
cytoskeleton and is implicated in the morphological regulation of
actin-rich dendritic spines (Lipton and Sahin, 2014). Furthermore,
mTORC2 controls several neuroprotective signaling pathways through
phosphorylation of Akt at Ser473 (Laplante and Sabatini, 2012; Switon
et al., 2017).

Both, mTORC1 and mTORC2, are activated in human TLE (Talos
et al., 2018) and chronic rodent models of TLE (Goto et al., 2010; Lopes
etal., 2012; Brewster et al., 2013). Talos et al. (2018) suggested that the
strong neuroprotective mechanisms triggered by mTORC2 activation is
an argument against using total mTOR blockade by second-generation
inhibitors targeting the mTOR -catalytic site (dual mTORC1 and
mTORC2 inhibitors). This suggestion, however, is mainly based on
theoretical considerations. Indeed, in contrast to this suggestion, the
dual mTORC1 and mTORC2 inhibitor, KU0O063794, is neuroprotective
after spinal cord injury in mice (Cordaro et al., 2017), and knockdown of
rictor, a key component of mTORC2, has been shown to enhance neu-
roprotective activity of rapamycin in primary neurons (Xu et al., 2015).
The present data in Tsc1°FA® CKO mice with the catalytic inhibitors
PQR530 and PQR620, which inhibit both mTORC1 and mTORC2,
strongly suggest that concomitant inhibition of mTORC2 does not
impair the antiseizure effect compared to selective mTORC1 inhibitors
such as rapamycin. Furthermore, in a recent study in a mouse model of a
mTORopathy resulting from loss-of-function mutations in the phos-
phatase and tensin homolog (PTEN) gene, genetic deletion of mTORC2
(but not mTORC1) activity prolonged lifespan, suppressed seizures, and
normalized metabolic changes in the brain of mice lacking Pten (Chen
et al., 2019). It is important to learn more about the role of mTORC2 in
epilepsy or epileptogenesis in other mTORopathies, including TSC.

In addition to inhibiting both mTORC1 and mTORC2, the small
molecule 1,3,5-triazine derivatives PQR530, PQR620 and PQR626
rapidly penetrate into the brain, reach brain:plasma levels of >1, and are
eliminated from mouse brain with a half-life of only ~2-5 h (Brandt
et al., 2018; Rageot et al., 2018, 2019; Borsari et al., 2020). For com-
parison, rapamycin and everolimus only poorly penetrate into the brain
(brain:plasma ratios in mice are only 0.0057 and 0.016, respectively),
but are very slowly eliminated from the brain (Meikle et al., 2008; Abs
etal., 2013; Brandt et al., 2018; Borsari et al., 2020). Thus, high systemic
doses of rapalogs are needed to inhibit mTOR in the brain, which may
provide an advantage of brain-penetrant novel catalytic mTORC1/C2
inhibitors PQR530 and PQR620 to minimize systemic side effects
(Brandt et al., 2018; Borsari et al., 2020). Thus, as indicated by pre-
clinical experiments on maximal tolerated doses (MTDs) of the triazine
derivatives PQR530, PQR620 and PQR626 in rodents and preclinical
and clinical experience with the triazine derivative PQR309 (bimir-
alisib), the tolerability of the novel ATP-competitive inhibitors is ex-
pected to be high with a much broader therapeutic window than
observed for rapalogs (Beaufils et al., 2017; Bohnacker et al., 2017;
Brandt et al., 2018; Wicki et al., 2018; Hillmann and Fabbro, 2019;
Borsari et al., 2020).

The favorable brain penetration of the novel mTOR inhibitors that
we reported recently was determined in normal (healthy) mice and rats
(Brandt et al., 2018; Rageot et al., 2018, 2019; Borsari et al., 2020).
Epilepsy is known to induce alterations in the blood-brain barrier (BBB)
in both rodent models and patients, leading for instance to extravasation
of albumin and invasion of immune cells from blood into brain paren-
chyma (van Vliet et al., 2015; Loscher and Friedman, 2020). However,
we and others have previously demonstrated in rodent models of TLE
that these BBB changes do not lead to increased drug penetration into
the brain (Loscher and Friedman, 2020). Instead, drug penetration
through the BBB may be restricted by increased expression of efflux
transporters such as P-glycoprotein at the BBB (Loscher et al., 2020), but
the PQR compounds tested here are not substrates of such transporters
(Brandt et al., 2018; Borsari et al., 2020). Thus, it is unlikely that BBB
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changes explain that the novel brain-permeant mTOR inhibitors were
not more effective than rapalogs in suppressing SRS in the present
experiments.

However, in this respect it is important to note that rapamycin is
essentially 100% effective in the TSC mouse model at the dose (3 mg/
kg/d s.c.) used here, so superiority of the novel PQR compounds is
impossible to demonstrate in this situation. Currently, only everolimus is
approved for the treatment of partial epilepsy with SRS in individuals
with TSC. The EXIST-3 trial demonstrated efficacy of everolimus on
focal seizures in TSC (French et al., 2016; Franz et al., 2018), but the
efficacy is far from maximal — many patients did not respond and many
more did not respond completely, and the treatment was associated with
adverse effects. So there is a need for more efficacious and/or tolerable
treatments.

In the present study, slightly different methodology was used for
drug testing in the two epilepsy models, because the experiments were
performed in two different laboratories that used their standard pro-
tocols for pharmacological studies in these models. Differences included
the route of administration of rapamycin (p.o. in the IHK model vs. s.c.
in the TSC model), the dose of rapamycin (5 mg/kg in the IHK model vs.
3 mg/kg in the TSC model), and the duration of treatment of compounds
(8 consecutive days in the IHK model vs. 28-32 days in the TSC model),
respectively. The higher dose chosen for oral vs. s.c. administration of
rapamycin was based on previous data showing that plasma levels ob-
tained in mice were lower with oral than with s.c. administration (Baker
et al., 1978). Doses and route of administration of PQR530 and PQR620
were the same in both animal models, but, again, duration of treatment
differed between the models. We cannot exclude that these factors made
a difference in the seizure response in the IHK vs. TSC mouse models.
However, we consider this unlikely because the present data on lack of
any antiseizure activity of rapamycin, everolimus or the novel PQR
compounds on SRS in the IHK model of TLE are in line with the data
reported by Buckmaster and Lew (2011), who found that chronic
administration of rapamycin (1.5 or 3 mg/kg once daily i.p. over 2
months, starting 24 h after SE) exerted no antiseizure effects on SRS in
the pilocarpine model of TLE in mice. This also suggests that the timing
of treatment (>8 weeks after kainate in the present experiments vs. 24 h
after pilocarpine in the study of Buckmaster and Lew (2011)) does not
play a significant role for the effect of mTOR inhibition on SRS in mouse
models of acquired epilepsy. This suggestion is substantiated by our
recent study in the IHK model, in which prolonged treatment with
PQR530 or PQR620, starting 6 h after kainate, did not prevent the
development of SRS (Gericke et al., 2020). In this latter study we also
showed that doses and route of administration of the PQR compounds
used here block mTORC1/2 or PI3K/mTORC1/2 in the brain of epileptic
mice from the IHK model (Gericke et al., 2020).

In conclusion, the present study is the first that compared the anti-
seizure efficacy of the three current classes of mTOR inhibitors, i.e.,
allosteric mTORC1 inhibitors (rapamycin, everolimus); dual PI3K/
mTOR inhibitors that target both PI3K and mTORC1/mTORC2
(PQR530; Rageot et al., 2019); and ATP-competitive, ‘active-site’
mTORC1/mTORC2 inhibitors, which target the catalytic site of mTOR
only (PQR620; Rageot et al., 2018; PQR626; Borsari et al., 2020). The
novel ATP-competitive inhibitors differ from other recently developed
catalytic mTOR inhibitors (e.g., AZD2014) and the rapalogs rapamycin
and everolimus by having much better brain penetration (Brandt et al.,
2018; Rageot et al., 2018, 2019; Hillmann and Fabbro, 2019; Borsari
et al., 2020), thus favoring their use in neurological disorders such as
epilepsy, for which a role of dysregulated PI3K/Akt/mTOR signaling has
been suggested. No clear differences in antiseizure efficacy were found
across these three classes of mTOR inhibitors in mouse models of genetic
and acquired epilepsies. However, the compounds were used at doses
which appeared to be maximally effective in the TSC model, and thus
dose-response studies may be needed to identify differentiating features
in future studies. None of the compounds exerted any robust efficacy in
the THK model of acquired TLE, whereas consistent antiseizure efficacy
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was observed in the TSC mouse model. Thus, as indicated by preclinical
and clinical data, the main advantage of the novel 1,3,5-triazine de-
rivatives is their potential for improved tolerability compared to rapa-
logs (Hillmann and Fabbro, 2019), which would favor their
development as new therapies for TORopathies such as TSC. Overall, the
novel 1,3,5-triazine derivatives have potential, and a different phar-
macological profile than rapalogs (Hillmann and Fabbro, 2019), but
their superiority over rapalogs in the treatment of neurological disorders
such as TSC remains to be shown.
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