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Summary

Objective—Hyperactivation of the mechanistic target of rapamycin (mTOR) pathway has been
demonstrated in human cortical dysplasia (CD) as well as in animal models of epilepsy. While
inhibition of mTOR signaling early in epileptogenesis suppressed epileptiform activity in the
neuron subset-specific Pten knockout (NS-Pten KO) mouse model of CD, the effects of mTOR
inhibition after epilepsy is fully established were not previously examined in this model. Here, we
investigated whether mTOR inhibition suppresses epileptiform activity and other
neuropathological correlates in adult NS-Pten KO mice with severe and well-established epilepsy.

Methods—The progression of epileptiform activity, mTOR pathway dysregulation, and
associated neuropathology with age in NS-Pten KO mice were evaluated using video-
electroencephalography (EEG) recordings, western blotting, and immunohistochemistry. A cohort
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of NS-Pten KO mice was treated with the mTOR inhibitor rapamycin (10 mg/kg i.p., five days/
week) starting at postnatal week 9 and video-EEG monitored for epileptiform activity. Western
blotting and immunohistochemistry were performed to evaluate the effects of rapamycin on the
associated pathology.

Results—Epileptiform activity worsened with age in NS-Pten KO mice, with parallel increases
in the extent of hippocampal mMTORC1 and mTORC?2 dysregulation and progressive astrogliosis
and microgliosis. Rapamycin treatment suppressed epileptiform activity, improved baseline EEG
activity, and increased survival in severely epileptic NS-Pten KO mice. At the molecular level,
rapamyecin treatment was associated with a reduction in both mTORC1 and mTORC?2 signaling
and decreased astrogliosis and microgliosis.

Significance—These findings reveal a wide temporal window for successful therapeutic
intervention with rapamycin in the NS-Pten KO mouse model and support mTOR inhibition as a
candidate therapy for established, late-stage epilepsy associated with CD and genetic
dysregulation of the mTOR pathway.
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Introduction

Cortical dysplasia (CD) is a malformation of cortical development that is a prevalent cause
of intractable pediatric epilepsy’. CD has been linked to mutations in the genes encoding
known regulators of the mechanistic target of rapamycin (mTOR; also known as mammalian
target of rapamycin?2) signaling pathway, including TSC1/23, PI3K, mTOR, AKT34, and
STRADa®: 8, suggesting an important role for this pathway in the pathophysiology of CD
and the associated epilepsy phenotype.

The mTOR pathway regulates a number of important functions, including cell growth,
proliferation, protein synthesis, neuronal morphology, and cortical development? 7, and has
recently gained attention in epilepsy research as a candidate novel therapeutic target. In
genetic mouse models, hyperactivation of mTOR signaling due to loss of the upstream
regulators phosphatase and tensin homolog (PTEN) or tuberous sclerosis complex (TSC) has
been associated with cortical malformations and the development of epilepsy®. In some
rodent models of acquired temporal lobe epilepsy (TLE), aberrant mTOR signaling has been
shown to play crucial roles in epileptogenesis and the maintenance of epilepsy?: 10. Evidence
for increased mTOR activation has also been demonstrated in human CD# 11-13 T5C13: 14
and TLE1% 16 tissue.

mTOR is a serine/threonine kinase that exerts it functions through two distinct complexes,
mTORC1 and mTORC22. Association of mTOR with Raptor characterizes mTORC1, a
rapamycin-sensitive complex that mediates protein synthesis by activating the translational
machinery. Association of mTOR with Rictor characterizes mTORC2, a rapamycin-
insensitive complex involved in cell survival, metabolism, and actin dynamics. Although
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mTORC2 is insensitive to acute rapamycin exposure, it can be disrupted by prolonged
rapamycin treatmentl’.

To investigate the role of mMTOR signaling in epilepsy and CD, we previously characterized
neuron subset-specific Pten knockout (NS-Pten KO) mice that exhibited hyperactive mTOR
signaling and mimicked features of human CD, including neuronal hypertrophy, cortical and
hippocampal disorganization, aberrant mossy fiber sprouting, and epilepsy8-21, These
abnormalities were evident after four to six weeks of postnatal development and worsened
with age. Interestingly, treatment with rapamycin, an mTOR inhibitor, during postnatal
weeks 4 and 5 resulted in short-term suppression of epileptiform activity, neuronal
hypertrophy, and mossy fiber sprouting in these mice2% 21, |_ong-lasting suppression of
epileptiform activity was further achieved with intermittent treatment consisting of two
weeks on and four weeks off the drug?l. Without treatment, epilepsy exacerbated and these
mice died prematurely8-21, In both studies, treatment was initiated early during epilepsy
development, when epileptiform activity and many of the associated pathologies were not
fully developed. Thus, one important question that remains unanswered is whether mTOR
inhibition would be effective if it is started at late stages of the pathology, when the brain
circuitry is aberrantly wired and epilepsy is well-established. Therefore, in the present study,
we investigated the effects of mTOR inhibition in adult NS-Pten KO mice with severe,
chronic epilepsy and fully developed neuropathological correlates.

NS-Pten KO mice have been previously described8-20, Littermate wildtype (WT) and NS-
Pten KO mice were generated by breeding heterozygotes. All experiments utilized mice of
both genders. Animal care and use were in compliance with the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals and approved by the Institutional
Animal Care and Use Committee at Baylor College of Medicine.

Rapamycin treatment

Rapamycin (LC Laboratories, Woburn, MA, USA) was dissolved in a vehicle solution of
4% ethanol, 5% polyethylene glycol 400, and 5% Tween 8020, 13 NS-Pten KO and 11 WT
mice were treated with rapamycin (10 mg/kg body weight) by intraperitoneal (i.p.)
injections five days per week, starting at postnatal week 9. 14 NS-Pten KO and 10 WT mice
were treated with vehicle. 15 NS-Pten KO and 11 WT mice that did not receive any
treatment were included as naive controls. No significant differences were observed between
naive and vehicle-treated mice for each genotype (data not shown), and therefore, these were
pooled into control groups consisting of roughly equal numbers of naive and vehicle-treated
animals (hereafter referred to as WT or NS-Pten KO controls). Approximately half of the
mice from each treatment group were used for video-EEG while the other half was used for
western blotting.
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Video-electroencephalography (EEG)

Cortical EEG electrodes were implanted at postnatal week 3 or 5-7 as previously
described?%: 21, Mice were monitored with synchronous video-EEG recording using Stellate
or NicoletOne systems (Natus, San Carlos, CA, USA) for 4-6 consecutive hours per week
thereafter. EEG activity was analyzed as described in the supporting material.

Western blotting

Western blotting on whole hippocampal tissue was performed as previously described?2.
Optical densities of all immunoreactive bands were normalized to actin levels for loading
control. Phosphorylated protein levels were subsequently normalized to total protein levels.
Results were expressed as percentages of 8—-9 week-old WT mice (Figs. 2, 3) or control WT
mice (Fig. 6).

Immunohistochemistry

Statistics

Results

Immunohistochemistry on paraformaldehyde-fixed brain sections were performed as
previously described?2. Cell nuclei were visualized by standard Nissl staining. Images were
captured using an LSM 710 confocal system (Zeiss, Thornwood, NY, USA) or BX51
microscope (Olympus, Center Valley, PA, USA). All images directly compared were
uniformly processed.

Statistics were performed using Prism 5 software (GraphPad, La Jolla, CA, USA).
Parametric tests were applied to data that conformed to normal distribution. Nonparametric
tests were used for non-normal data. Specific tests were used as noted in the figure legends.
The significance level was set at p< 0.05. Data are presented as mean + standard error of the
mean (SEM).

Additional methods can be found in the supporting material.

Epilepsy progressively worsens with age in NS-Pten KO mice

NS-Pten KO mice exhibit abnormal EEG activity and spontaneous seizures2% 21, To further
characterize the progression of the epilepsy phenotype, we monitored NS-Pten KO and WT
mice with video-EEG recordings starting at postnatal week 3 for several weeks.
Epileptiform activity in the form of spikes, repetitive spike and polyspike activity, and
seizures was present in NS-Pten KO mice early on and became more frequent with age. In
comparison, no abnormal EEG activity was observed in WT mice at any age (Fig. 1A).
Quantification of EEG activity revealed a significant increase in the time NS-Pten KO mice
spent in epileptiform activity at postnatal week 9 compared to postnatal week 4 (p<0.001)
(Fig. 1B). In 9 week and older NS-Pten KO mice, subclinical polyspike and seizure activity
occurred almost continuously throughout the recording periods (Fig. 1C). Superimposed
upon the subclinical epileptiform activity, NS-Pten KO mice also displayed intermittent
motor seizures involving myoclonic jerks, overt tail and forelimb tonus-clonus, wild
running, and loss of postural control. Electrographically, the motor seizures were typically
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associated with a characteristic increase in spike frequency and amplitude that progressed
into spike-and-wave patterns lasting =10 sec in total and followed by post-ictal depression of
EEG activity (Fig. 1D). These motor seizures occurred more frequently at later time points,
during postnatal weeks 8-11, compared to earlier, during postnatal weeks 3-6 (p=0.045)
(Fig. 1E). Taken together, these data indicate the presence of a progressively worsening
epilepsy phenotype in NS-Pten KO mice.

Aberrant mMTORC1 and mTORC?2 signaling increases with age in NS-Pten KO mice

Given that aberrant mTOR signaling plays a crucial role in the development of epilepsy in
NS-Pten KO mice?% 21, we investigated whether the observed progressive epilepsy
phenotype (Fig. 1) was associated with parallel changes in the extent of mMTOR
dysregulation. We narrowed our studies to the hippocampal formation as there is marked
deletion of Pten in dentate gyrus (DG) granule cells!® 19 and seizures have been shown to
originate in both the hippocampus and cortex in NS-Pten KO mice2L. In addition, Pten loss
and seizures in NS-Pten KO mice have been associated with hippocampal abnormalities,
including pronounced disorganization, dysplasia, cytomegaly, and aberrant mossy fiber
sprouting8-21, To evaluate the levels of mTOR activation in the hippocampus of NS-Pten
KO and WT mice over time, western blotting was performed using whole hippocampal
tissue collected at postnatal weeks 2, 4, 6, and 8-9. Phosphorylation levels of the S6
ribosomal protein [p-S6 (S240/244)]%3 and AKT [p-AKT (S473)]24 were used as markers
for mTORC1 and mTORC2 activation, respectively. We also compared the distribution of
p-S6 and p-AKT in 6 week-old NS-Pten KO and WT hippocampi using
immunohistochemistry.

Levels of p-S6 in WT and NS-Pten KO hippocampi at postnatal week 2 were significantly
higher compared to adult WT levels at postnatal weeks 8-9 (p<0.001). In WT mice, p-S6
levels decreased with age, consistent with previous findings in rats2>. However, in NS-Pten
KO mice, p-S6 levels remained persistently elevated throughout all of the evaluated time
points. By postnatal weeks 6 and 8-9, p-S6 levels were significantly higher in NS-Pten KO
compared to age-matched WT mice (p<0.001) (Fig. 2A). Hippocampal levels of p-AKT
remained unchanged between postnatal weeks 2 and 8-9 in WT mice but increased with age
in NS-Pten KO mice. By postnatal week 4, p-AKT levels were significantly higher in NS-
Pten KO compared to age-matched WT mice (p<0.05). This difference was larger by
postnatal weeks 6 and 8-9 (p<0.001) (Fig. 2B).

In 6 week-old WT mice, basal staining for p-S6 was found in the CA1 and CA3 pyramidal
cell layers as well as in the DG granule cell layer at relatively lower intensity (Fig. 2C top
left panel). In contrast, markedly stronger staining for p-S6 was found in the DG granule cell
layer in NS-Pten KO mice. Relatively less p-S6 staining was found in the CA3 area of NS-
Pten KO compared to WT mice, while no visible differences were found in the CALl area
between the two groups (Fig. 2C bottom left panel). In both WT and NS-Pten KO mice, p-
S6 was enriched within DG granule cells, as evidenced by co-localization of p-S6 with the
neuronal marker NeuN. DG granule cells also appeared notably larger in NS-Pten KO mice,
consistent with previous studies!®-20 (Fig. 2C right panels). Basal staining for p-AKT in WT
mice was found in the CA1, CA3, and DG cell layers, with signals being most prominent in
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the CA3 area. (Fig. 2D top left panel). In comparison, p-AKT staining in NS-Pten KO mice
was stronger in the molecular and granule cell layers of the DG area (Fig. 2D bottom left
panel). Less p-AKT staining was found in the CA3 area of NS-Pten KO compared to WT
mice, while no visible differences were observed in the CA1 area between the two groups.
In both WT and NS-Pten KO mice, p-AKT staining was found within DG granule cells (Fig.
2D right panels).

Taken together, these data reveal an age-dependent increase in mMTORC1 and mTORC?2
dysregulation in the hippocampus of NS-Pten KO mice in parallel with the development of a
progressively worsening epilepsy phenotype. Furthermore, aberrant mMTORC1 and mTORC?2
activation was mainly distributed in the DG area, consistent with a region where substantial
Pten loss has been reported in this model8: 19,

Glial markers increase with age in NS-Pten KO mice

As mTOR signaling has been shown to play a role in a number of glial properties?® and
hippocampal gliosis has been widely associated with seizures and epilepsy?’, we performed
western blotting on whole hippocampal tissue from NS-Pten KO and WT mice collected at
postnatal weeks 2, 4, 6, and 8-9 to evaluate the protein levels of the astrocyte and microglia
markers GFAP and IBAL, respectively. We found no changes in the levels of GFAP
between age-matched NS-Pten KO and WT mice at postnatal weeks 2 and 4. However, at
postnatal weeks 6 and 8-9, GFAP levels in NS-Pten KO mice were significantly increased
compared to age-matched WT mice (p<0.001) (Fig. 3A). Similarly, IBA1 levels were
unchanged between age-matched NS-Pten KO and WT mice at postnatal weeks 2, 4, and 6,
but were significantly increased in NS-Pten KO compared to WT mice at postnatal weeks
8-9 (p<0.05) (Fig. 3B).

Immunohistochemistry on 7-9 week-old brains revealed uniform distribution of GFAP-
labeled astrocytes and IBA1-labeled microglia throughout the hippocampus in both NS-Pten
KO and WT mice, however, the staining appeared more intense in NS-Pten KO hippocampi
(Fig. 3C, D). Notably, many of the microglia in the CAL area of NS-Pten KO mice were
hypertrophied and ameboid compared to ramified microglia in WT mice (Fig. 3D insets).

Taken together, these data reveal increased levels of astroglial and microglial markers in
older NS-Pten KO that were not found in younger mice, suggesting an age-dependent
occurrence of gliosis in parallel with worsening epilepsy and mTOR dysregulation.
Furthermore, changes in microglia morphology that are consistent with microglial
activation?8 were observed more frequently in NS-Pten KO hippocampi, suggesting the
presence of reactive microgliosis.

Rapamycin treatment suppresses epileptiform activity and improves baseline EEG activity
in severely epileptic NS-Pten KO mice

We previously demonstrated that early onset of mTOR inhibition with rapamycin treatment
at postnatal week 4 suppressed epileptiform activity and prevented epilepsy progression in
NS-Pten KO mice2%: 21, To determine whether mTOR inhibition at late and advanced stages
of the pathology also attenuated epileptiform activity in NS-Pten KO mice, we delayed
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rapamycin treatment until postnatal week 9 in the present study (Fig. 4A). By this age, the
epilepsy phenotype was fully established and severe as evidenced by continuous subclinical
epileptiform activity and superimposed recurrent motor seizures (Fig 1). While no abnormal
EEG activity was observed in control and rapamycin-treated WT mice, we found marked
epileptiform activity in control NS-Pten KO mice that was attenuated with rapamycin
treatment (Fig. 4B). Quantification of EEG activity after 3—4 weeks of treatment, at
postnatal weeks 12—13, revealed a significant reduction in the time rapamycin-treated NS-
Pten KO mice spent in epileptiform activity compared to age-matched control NS-Pten KO
mice (p=0.008) (Fig. 4C). Further analyses comparing epileptiform activity after 3-4 weeks
of treatment to within-subject activity before treatment showed a significant decrease in
epileptiform activity following treatment in NS-Pten KO mice (p=0.005). In comparison, no
significant changes were found in control NS-Pten KO mice (Fig. 4D). In support of
improved epileptiform activity, rapamycin-treated NS-Pten KO mice exhibited a significant
decrease in spike (p=0.0043) (Fig. 4E) and motor seizure (p=0.026) (Fig. 4F) frequency
compared to control NS-Pten KO mice. Taken together, these data suggest that rapamycin
treatment at late stages of the pathology suppresses the epilepsy phenotype in NS-Pten KO
mice.

Total power analysis of baseline EEG activity revealed no significant differences between
control WT and NS-Pten KO mice at postnatal week 8. However, by postnatal weeks 12-13,
there was a significant decrease in WT (p<0.001) and an increase in NS-Pten KO (p<0.05)
total power (Fig. S1). Rapamycin treatment significantly suppressed the aberrant total power
increase in NS-Pten KO mice compared to control NS-Pten KO mice (p<0.05) such that no
differences were observed between rapamycin-treated NS-Pten KO mice and control WT
mice by postnatal weeks 12-13 (Fig. 4G). These data suggest that late rapamycin treatment
also improves baseline EEG activity in NS-Pten KO mice.

Rapamycin treatment increases survival in severely epileptic NS-Pten KO mice

NS-Pten KO mice undergo premature death, with an average lifespan of 10.7 + 1.9

weeks!8: 19, Given that early exposure to rapamycin has been shown to increase the
longevity of NS-Pten KO mice?!, we determined whether late onset of rapamycin treatment
also had an effect on their survival. Of the control NS-Pten KO mice in this study, only 33%
(4 out of 12 mice) survived to postnatal 16. Rapamycin-treated NS-Pten KO mice lived
significantly longer than control NS-Pten KO mice (p=0.034), with 86% (6 out of 7 mice) of
these mice surviving to postnatal week 16. In comparison, all of the control and rapamycin-
treated WT mice in this study lived beyond postnatal week 16 (Fig. 5). Taken together, these
data suggest that late rapamycin treatment in severely epileptic NS-Pten KO mice
effectively prolongs their survival.

Rapamycin treatment suppresses mTORC1 and mTORC2 signaling and glial markers in
severely epileptic NS-Pten KO mice

Given that long-term rapamycin treatment may affect both mTORC1 and mTORC2
signaling? 17, we evaluated the effects of prolonged late rapamycin treatment on these
pathways in NS-Pten KO and WT mice. Western blot analyses revealed a rapamycin-
mediated reduction in p-S6 below control WT levels in NS-Pten KO and WT hippocampi
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after two weeks of treatment (p<0.05) (Fig. 6A). Hippocampal p-AKT levels were not
significantly altered by rapamycin treatment in WT mice but were significantly reduced in
rapamycin-treated NS-Pten KO mice compared to control NS-Pten KO mice (p<0.001) (Fig.
6B).

Given that hippocampal GFAP and IBA1 protein levels were altered in NS-Pten KO mice
(Fig. 3) and mTOR activation has been shown to modulate glial activity26, we also
examined the effects of rapamycin treatment on GFAP and IBA1 levels in NS-Pten KO and
WT hippocampi. Rapamycin treatment had no significant effects on GFAP or IBAL levels in
WT mice. However, the aberrantly elevated levels of GFAP and IBAL in NS-Pten KO mice
were significantly reduced following rapamycin treatment (p<0.05 and p<0.01, respectively)
(Fig. 6C, D). GFAP levels in rapamycin-treated NS-Pten KO mice were significantly
reduced compared to control NS-Pten KO mice (p<0.05) but the levels remained
significantly higher than that of control WT mice (p<0.05), thereby suggesting a partial
effect (Fig. 6C). IBAL levels in rapamycin-treated NS-Pten KO mice were suppressed to
levels resembling that of control WT mice (Fig. 6D).

Taken together, these data confirm suppression of both mMTORC1 and mTORC2 signaling in
NS-Pten KO mice with the late rapamycin treatment paradigm. This treatment was further
associated with a reduction in hippocampal GFAP and IBA1 levels, suggesting that mTOR
inhibition decreases ongoing expression of glial markers in NS-Pten KO mice.

Discussion

mTOR inhibitors have emerged as promising novel therapies for epilepsy, and efforts are
ongoing to better understand their clinical utility in mTORopathies (disorders of mTOR
signaling) such as CD and TSC. In the present study, we evaluated whether late intervention
with the mTOR inhibitor rapamycin would effectively suppress epilepsy in the NS-Pten KO
mouse model of CD once the pathology has become established and severe. Here, we have
shown that epileptiform activity worsens with age in NS-Pten KO mice with parallel
increases in mTOR pathway dysregulation, astrogliosis, and microgliosis. Furthermore, we
have demonstrated that rapamycin treatment at advanced stages of the pathology attenuates
epileptiform activity, reduces aberrant levels of glial markers, and extends the lifespan of
these mice. Together, these findings support rapamycin treatment as an effective therapy for
established epilepsy in this model. Furthermore, our findings that demonstrate the presence
of astrogliosis and microgliosis in NS-Pten KO mice, which can be suppressed by
rapamycin treatment, add a novel aspect to the epilepsy phenotype that has not previously
been described in this model.

NS-Pten KO mice demonstrate an epilepsy phenotype in association with neuronal Pten
deletion and mTOR hyperactivationL: 18-20 \We found that NS-Pten KO mice progressed
from having occasional spike activity at postnatal week 4 to continuous polyspike and
seizure activity later in adult life, suggesting the presence of an ongoing, progressive
epileptogenic process in these animals. Consistent with worsening epilepsy, we also found
an increase in the frequency of superimposed recurrent motor seizures in older NS-Pten KO
mice. However, the sensitivity of this analysis may be limited due to intermittent recording
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time and it is possible that the actual frequency is higher. Given that seizures tend to be
variable and occur in clusters?®-32, longer recording periods may provide more definitive
results.

Given the involvement of mTOR signaling in neuronal hyperexcitability and epilepsy
development33, the worsening epilepsy phenotype in NS-Pten KO mice may be related to
the persistent increases in mTOR dysregulation observed in these animals. As increased
mTOR activation following seizure induction has been shown in models of TLE acquired
secondary to chemoconvulsant stimulants® 10: 22: 34 one possible explanation for why
mTOR signaling continues to increase over time in NS-Pten KO mice may be that seizures
per seinduce more pathway dysregulation. This in turn could contribute to worsening of
seizures, more mTOR dysregulation, and perpetuation of the cycle. As the majority of Pten
loss in this model occurs in the DG, an area where adult neurogenesis has been extensively
described3®, an additional explanation may be that new postnatally born neurons add to the
existing pool of Pten-negative neurons with aberrant mTOR activation and thereby
exacerbate mTOR dysregulation and epilepsy. In support of this idea, mnTOR
hyperactivation due to Pten deletion in a small number of postnatally born DG granule cells
has been shown to cause epilepsy3®. Future studies are needed to evaluate whether
postnatally born neurons in the current model are indeed Pten-negative and whether this
correlates with the levels of mTOR hyperactivity and epilepsy severity.

Worsening of the epilepsy phenotype could also partly be due to the induction of secondary
mechanisms that exacerbate seizures. As glial contributions to neuronal hyperexcitability
and epileptogenesis have been implicated?’: 37, the astrogliosis and microgliosis that was
found in NS-Pten KO mice may contribute to worsening epilepsy. Although increases in the
glial markers could arguably be an indirect effect of neuronal Pten loss, these events did not
occur until seizures became significantly prominent, thus supporting these findings as
effects secondary to seizures. Furthermore, while mTOR dysregulation was mainly observed
in the DG and less so in the CA1 and CA3 areas, astrogliosis and microgliosis were rather
diffuse in the hippocampus. Given the established role for astrocytes and microglia in brain
inflammation and the involvement of inflammatory mediators in epilepsy?’, it would be
interesting to investigate whether glial-mediated brain inflammation occurs in NS-Pten KO
mice and whether it plays a role in the epilepsy progression.

Intervention with mTOR inhibitors early in epilepsy development has successfully
prevented epilepsy in this2% 21 and related genetic models®, and therefore, mTOR inhibitors
have emerged as potential disease-modifying agents for human epilepsies associated with
mutations in the mTOR pathway. In a recent clinical trial, everolimus (a rapamycin-
derivative) treatment effectively reduced seizures by more than 50% in 12 out of 20 TSC
patients with refractory epilepsy38. However, some patients did not respond to treatment,
raising the question of whether the timing of intervention is critical for a positive outcome.
Successful rapamycin-mediated suppression of epilepsy has previously been described in
symptomatic TSC KO mice3? and in a different Pten KO mouse model9, but these
treatments were started relatively soon after the onset of epilepsy. Thus, to determine
whether rapamycin treatment suppresses advanced and fully established epilepsy, we waited
longer before initiating treatment. By the time rapamycin was administered in the present
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study, NS-Pten KO mice exhibited severe mTOR pathway dysregulation and chronic
epileptiform activity. We found that rapamycin treatment was effective in suppressing
mMTORC1 and mTORC2 hyperactivation and epilepsy even after the pathology had become
well-established. This suggests, in agreement with other studies, that mTOR plays a critical
role in the maintenance of epilepsy and serves as important antiepileptic target in some
epilepsies. Interestingly, rapamycin treatment also reduced aberrant levels of glial drug?5: 41,
Thus, rapamycin-mediated suppression of these events may also contribute to the
improvement of epilepsy in NS-Pten KO mice.

NS-Pten KO mice die prematurely on average by postnatal weeks 10-1118: 19, |In a previous
study, an early single course of rapamycin treatment did not affect the survival of these
mice. However, with additional intermittent treatment, their lifespan was significantly
increased?L. Our present findings that late rapamycin treatment also prolonged survival in
NS-Pten KO mice further suggest that while repeated exposure to rapamycin may be
necessary for these beneficial effects, early initiation is not required.

Traditionally, research in animal models of epilepsy has mainly focused on mTORC1 due to
its sensitivity to rapamycin® 10: 20-22;39; 40 However, prolonged rapamycin treatment also
perturbs mTORC?2, as shown in this and previous studies’: 40, mTORC?2 regulates actin
cytoskeletal dynamics that are implicated in neuronal morphology and synapse functions? 7,
and dysregulation of mMTORC2 signaling may therefore be an important contributor to
epilepsy. Thus, it is possible that some of the effects observed with rapamycin treatment in
NS-Pten KO mice are mediated, at least in part, through mTORC2 suppression. Additional
studies focused on understanding the roles of mMTORCL1 versus mTORC?2 in the pathogenesis
of epilepsy are needed, however, this has been challenging due to the lack of mTORC2-
specific inhibitors.

In conclusion, we have provided evidence for a wide temporal window for successful
therapeutic intervention with rapamycin in the NS-Pten KO mouse model of CD. While
additional studies are required to identify the molecular targets downstream of the mTOR
pathway that are responsible for establishing epileptic networks, our findings provide
preclinical support for mTOR inhibition as an effective treatment for established, late-stage
epilepsy in a genetic model of CD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Epilepsy progressively worsens with age in NS-Pten KO mice
(A) Representative EEG traces from 9 week-old WT and 4, 6, and 9 week-old NS-Pten KO

mice are shown. NS-Pten KO mice exhibit progressively worsening epileptiform activity
with age, while no abnormal EEG activity was observed in WT mice at any age. (B)
Quantification of EEG activity in NS-Pten KO mice revealed a significant increase in the
time animals spent in epileptiform activity at postnatal week 9 compared to postnatal week
4. n=12-14 mice/group; ***p<0.001 by Kruskal-Wallis ANOVA with Dunn’s post-hoc test;
error bars = + SEM. (C) Compressed EEG traces from a 90-min epoch of a recording
session illustrating normal background EEG activity in WT mice and continuous subclinical
polyspike and seizure activity in NS-Pten KO mice at late pathological stages are shown.
(D) Representative EEG activity during a motor seizure that was associated with myoclonic
jerks, tail and forelimb tonus-clonus, and loss of postural control is shown. Motor seizures
were superimposed upon the continuous subclinical polyspike and seizure activity and were
typically associated with a characteristic increase in spike frequency and amplitude that
progressed into spike-and wave patterns, followed by post-ictal depression of EEG activity.
(E) The frequency of motor seizures was significantly higher during postnatal weeks 8-11
compared to postnatal weeks 3—-6. n=26-34 mice/group; *p=0.045 by Mann Whitney test;
error bars = + SEM.
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Figure 2. Aberrant mMTORC1 and mTORCS2 signaling increases with age in NS-Pten KO mice
(A, B) Representative western blots and quantification of (A) p-S6 and (B) p-AKT protein

levels in whole hippocampal tissue from 2, 4, 6, and 8-9 week-old NS-Pten KO and WT
mice are shown. (A) p-S6 levels were significantly higher in NS-Pten KO compared to age-
matched WT mice at postnatal weeks 6 and 8-9. Note that at postnatal week 2, both NS-
Pten KO and WT mice displayed significantly higher levels of p-S6 compared to 8-9 week-
old WT mice. (B) p-AKT levels were significantly higher in NS-Pten KO compared to age-
matched WT mice at postnatal weeks 4, 6, and 8-9. (A, B) n= 6-15 mice/group; *p<0.05,
***p<0.001 (compared to age-matched WT), $p<0.05, $+1p<0.001 (compared to 8-9 week-
old WT) by two-way ANOVA with Bonferroni post-hoc test; error bars = + SEM. (C, D)
Single confocal images of (C) p-S6- or (D) p-AKT-stained coronal sections of 6 week-old
NS-Pten KO and WT hippocampi are shown. High magnifications of DG gcl showing co-
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labeling with NeuN are presented in the right panels. (C) p-S6 staining appeared more
intense within DG gcl with weaker labeling in the CA3 area in NS-Pten KO compared to
WT mice. No visible differences were found in the CA1 area between the two groups. (D) p-
AKT staining appeared more intense within both DG gcl and DG ml with weaker labeling in
the CA3 area in NS-Pten KO compared to WT mice. No visible differences were found in
the CA1 area between the two groups. (C, D) n=3 mice/group. Abbreviations: DG, dentate
gyrus; gcl, granule cell layer; ml, molecular layer. Dotted lines outline the hippocampal
fissure.
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Figure 3. Glial markers increase with age in NS-Pten KO mice

(A, B) Representative western blots and quantification of (A) GFAP and (B) IBAL protein
levels in whole hippocampal tissue from 2, 4, 6, and 8-9 week-old NS-Pten KO and WT
mice are shown. (A) GFAP levels were significantly higher in NS-Pten KO compared to
age-matched WT mice at postnatal weeks 6 and 8-9. (B) IBA1 levels were significantly
higher in NS-Pten KO compared to age-matched WT mice at postnatal weeks 8-9. (A, B)
n=6-15 mice/group; *p<0.05, ***p<0.001 by two-way ANOVA with Bonferroni post-hoc
test; error bars = + SEM. Black vertical line on the blot denotes gap in loading order; all
bands are from the same gel and exposure time. (C, D) Photomicrographs of (C) GFAP- or
(D) IBA1-stained coronal sections of 7-9 week-old NS-Pten KO and WT hippocampi are
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shown. Nissl-stained cell nuclei are shown in purple. High magnifications of the DG, CA1,
and CAS3 areas are shown in the right panels. Staining for (C) GFAP and (D) IBA1 was
more intense in NS-Pten KO compared to WT mice. Several of the IBA1-stained microglia
in NS-Pten KO hippocampi were hypertrophied and ameboid compared to normal
appearing, ramified microglia observed in WT mice (insets). (C, D) n= 2—4 mice/group (2
WT, 3-4 KO).

Epilepsia. Author manuscript; available in PMC 2016 April 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nguyen et al. Page 18

Rapamycin N ehiande A ) P
A ) EITctrodle apamyen B Control AN AR e
implantation e ——— " m Fo s Mt b i MW
v-EEG monitoring Rapamycin ki Gk bl
I i et g Lt o Bkl |
0 56 7 8 9 10111213 Control oA
Age (weeks) NS-Pten KO ‘
+++ Epileptiform activity, spike, and total power analyses Rapam: Ci"WJﬁW W 4% Wi MWM
=== Motor seizure analysis Pamy! 'lﬁw : lw' ) M ) 1mv
5 sec
c Z75 D Zz E 3.0 0.4 25000 * *
> =
g g 25 5
© 60 0= ; 2 & 20000
£ £ X £ 0.3 i
5 53 9 2.0 = =
% 45 E 3 < g @ 15000
=] 2 o s = 3
2 o2 L 15 502 o
= ) ‘o » =
2 30 : 5 & 10 § = 10000
E *% ‘0 § 04 =
g 15: E ‘ 0.5 " 5000
& g " 5k
X0 M r— 0.0 0.0 0
@3 Control WT
8 Control NS-Pten KO B3 Rapamycin WT
BB Rapamycin NS-Pten KO . Control NS-Pten KO

@ Rapamycin NS-Pten KO

Figure 4. Rapamycin treatment suppresses epileptiform activity and improves baseline EEG
activity in severely epileptic NS-Pten KO mice

(A) Timeline for video-EEG monitoring and rapamycin treatment. Mice were monitored
weekly with video-EEG recordings between postnatal weeks 8 and 13. Rapamycin was
administered at postnatal week 9 until death. All EEG analyses were performed at postnatal
week 12-13, after 3—4 weeks of treatment, except for motor seizure frequency, which was
evaluated during the entire period between postnatal weeks 9-13. (B) Representative EEG
traces illustrating normal activity in control and rapamycin-treated WT mice, epileptiform
activity in control NS-Pten KO mice, and attenuated epileptiform activity in rapamycin-
treated NS-Pten KO mice are shown. (C) Time spent in epileptiform activity was
significantly reduced in rapamycin-treated NS-Pten KO mice compared to control NS-Pten
KO mice. n=5-6 mice/group; **p=0.008 by Mann-Whitney test. (D) Within-subject
comparisons between postnatal week 8, before treatment, and postnatal weeks 12-13, after
3-4 weeks of treatment, revealed a significant decrease in epileptiform activity following
rapamycin treatment in NS-Pten KO mice. No changes were observed in control NS-Pten
KO mice. Data are presented as percentages of postnatal week 8. n=5-6 mice/group;
**p=0.0043 (compared to age-matched WT) by Mann-Whitney test, $+3p=0.005 (compared
to 100% at postnatal week 8) by one sample t-test. (E) Spike frequency was significantly
decreased in rapamycin-treated NS-Pten KO mice compared to control NS-Pten KO mice.
n=5-6 mice/group; **p=0.0043 by Mann-Whitney test. (F) Motor seizure frequency was
significantly decreased in rapamycin-treated NS-Pten KO mice compared to control NS-
Pten KO mice. n=6-11 mice/group; *p=0.026 by Mann-Whitney test. (G) Total power was
significantly increased in control NS-Pten KO compared to control WT mice. This aberrant
increase was significantly suppressed in the rapamycin-treated NS-Pten KO mice. n= 4-6
mice/group; *p<0.05 by one-way ANOVA with Tukey’s post-hoc test. For all graphs, error
bars = + SEM.
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Figure 5. Rapamycin treatment increases survival in severely epileptic NS-Pten KO mice
Kaplan-Meier survival curves for control and rapamycin-treated NS-Pten KO mice are

shown. 86% of the rapamycin-treated NS-Pten KO mice (6 out of 7 mice) lived to postnatal
week 16 compared to 33% of the control NS-Pten KO mice (4 out of 12 mice). Data from
control and rapamycin-treated WT mice are plotted for comparison; all WT mice lived
beyond postnatal week 16. n=3-12 mice per group; *p=0.034 by Kaplan-Meier log-rank

test.
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Figure 6. Rapamycin treatment suppresses mMTORC1 and mTORC?2 signaling and glial markers
in severely epileptic NS-Pten KO mice

(A-D) Representative western blots and quantification of (A) p-S6, (B) p-AKT, (C) GFAP,
and (D) IBAL protein levels in whole hippocampal tissue from 11 week-old control and
rapamycin-treated NS-Pten KO and WT mice are shown. (A) p-S6 levels were significantly
higher in NS-Pten KO compared to WT mice in the control group. Rapamycin treatment
suppressed p-S6 levels below control WT levels in both NS-Pten KO and WT mice. (B) p-
AKT levels were significantly higher in NS-Pten KO compared to WT mice in the control
group. Rapamycin treatment reduced p-AKT levels in NS-Pten KO mice to control WT
levels but did not affect p-AKT levels in WT mice. (C) GFAP levels were significantly
higher in NS-Pten KO compared to WT mice in the control group. Rapamycin treatment
decreased GFAP levels in NS-Pten KO mice, however, the levels still remained higher than
that of control WT mice. (D) IBAL levels were significantly higher in NS-Pten KO
compared to WT mice in the control group. Rapamycin treatment reduced IBA1 levels in
NS-Pten KO mice to control WT levels. n=7-14 mice/group; *p<0.05, **p<0.01,
***n<0.001 (compared to control WT unless otherwise noted by connecting lines) by one-
way ANOVA with Tukey’s post-hoc test; error bars = + SEM.
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