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Abstract 

 
 
 
Dissecting the Roles of mTOR Complexes in the Neurologic Manifestations of Tuberous 

Sclerosis Complex 
 

by 

Vasiliki Karalis 

Doctor of Philosophy in Molecular and Cell Biology 

University of California, Berkeley 

Professor Helen Bateup, Chair 

 
The mechanistic target of rapamycin (mTOR) is a kinase found in two multi-protein 

complexes, mTOR complex 1 (mTORC1) and 2 (mTORC2). These complexes are 
integral parts of an evolutionarily conserved signaling pathway known as the mTOR 
pathway. mTORC1 and mTORC2 are controlled by an array of intra and extracellular 
stimuli via different upstream regulators. The two complexes are known to exert distinct 
functions by phosphorylating downstream targets and ultimately orchestrate cell growth 
and metabolism. Aberrant mTOR activity is associated with numerous diseases, with 
particularly profound impact on the nervous system. Specifically, mutations in genes 
encoding for mTOR regulators result in a collection of neurodevelopmental disorders 
known as mTORopathies. 

Tuberous Sclerosis Complex (TSC) is one of the most well characterized 
mTORopathies. TSC is caused by mutations in the TSC1 or TSC2 genes, which encode 
proteins that negatively regulate mTORC1 signaling. Current therapeutic strategies focus 
on rapamycin and its analogs that are inhibitors of mTORC1. However, several studies 
have shown that chronic rapamycin inhibits both mTORC1 and mTORC2 in a cell-type 
specific manner, raising the possibility that mTORC2 suppression might also exert 
therapeutic benefits in TSC. This idea has been corroborated by some studies showing 
that mTORC2 is involved in cellular processes that are altered in TSC, such as 
myelination  and mGluR-dependent synaptic long-term depression. Most recently a study 
showed that mTORC2 suppression can provide therapeutic benefits in other 
mTORopathies. 

It is currently unknown which mTOR complex is most relevant for TSC-related 
brain phenotypes. To model TSC we used in vitro systems of primary hippocampal 
cultures where we examined postnatal loss of Tsc1 and we also used the Emx1-Cre 
mouse line to conditionally delete Tsc1 embryonically from forebrain excitatory neurons.  
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To investigate which mTOR complex is responsible for TSC neurologic 
manifestations we used genetic strategies to target Raptor and Rictor and selectively 
reduce mTORC1 or mTORC2 activity respectively. Interestingly, our study revealed that 
the two complexes regulate each other’s activity and loss of either Raptor or Rictor affects 
the activity of both complexes.  

As it has been previously shown loss of Tsc1 results in increased mTORC1 activity 
and decreased mTORC2. We found that reduction of Raptor, but not Rictor, rebalances 
both mTORC1 and mTORC2 signaling and improves the morphology of Tsc1 knock-out 
neurons in vitro. We also observed that Raptor reduction in vivo, was sufficient to prevent 
several neurologic phenotypes in a mouse model of TSC, including mTORC1 
hyperactivity, neuronal hypertrophy, demyelination, network hyperactivity and premature 
mortality.  

Finally, we examined Raptor manipulation as a therapeutic strategy by postnatally 
injecting shRNA in mice with embryonic loss of Tsc1. We found that postnatal Raptor 
downregulation can rescue both cell and non-cell autonomous mechanisms including 
mTORC1 hyperactivity, neuronal hypertrophy, and myelination. We also found that 
shRptor can significantly extend survival and improve the overall development of Tsc1-
KO mice. Notably, when we examined the effects of Raptor manipulation as therapeutic 
strategy for TSC-related seizure activity we found that downregulation of Raptor did not 
improve the phenotype. Interestingly, neither rapamycin treatment was able to rescue this 
phenotype suggesting that this seizure like activity in our in vitro model, cannot be rescued 
via mTORC1 suppression after it has been established. 

Overall, this thesis provides novel insights in the regulation and function of the 
mTOR pathway in neurons. We identify mTORC1 as the complex that drives neurologic 
manifestations in mouse models of TSC and propose that Raptor manipulation could be 
a promising therapeutic strategy for TSC and potentially other mTORopathies. We have 
also established an in vitro model where we can study TSC related seizure-like activity. 
This model reveals that cell-autonomous changes that drive neuronal hyperactivity due 
to Tsc1 loss can become mTORC1 independent over time. Together this data generates 
new insights that will aid in understanding more in depth the molecular mechanisms that 
drive TSC neurologic manifestations and provide important information for the 
development of novel preventative and therapeutic strategies. 
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Chapter 1: Introduction  
Current approaches and future directions for the treatment of mTORopathies 

 
 
This chapter is modified from the review article published as “Current approaches and 
future directions for the treatment of mTORopathies” in Developmental Neuroscience, 
2021; 1-16. doi:10.1159/000515672 by Vasiliki Karalis and Helen S. Bateup. It has been 
modified and reproduced here with full permission of the authors 
 
 

 
Vasiliki Karalis 
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The history of rapamycin  
 

In 1964 a scientific expedition in Easter Island led to the discovery of one of the 
most widely studied compounds today. Microbiologist Georges Nógrády was intrigued by 
the fact that while the presence of horses was associated with a bacterial infection called 
tetanus, in Easter Island, where horse population was larger than the human population, 
the prevalence of tetanus was very low. To understand this paradox Nógrády collected 
soil samples from the island[1].  

These samples were later given to a scientific team in Ayerst Pharmaceuticals that 
was interested in naturally occurring medicinal compounds. The team there identified a 
novel antifungal compound produced by the Streptomyces hygroscopicus bacteria and 
named it rapamycin after Rapa Nui, the Polynesian name for Easter Island. Dr. Suren N. 
Sehgal who was part of that team went on to demonstrate that in addition to acting as an 
antifungal, rapamycin showed strong immunosuppressant and anti-tumor properties [1]. 
In 1991 Michael N Hall and George P. Livi working independently identified the molecular 
target of rapamycin (TOR) in budding yeast [2, 3] and a few years later followed the 
discovery of the mammalian TOR homologue that was later named mechanistic target of 
rapamycin or mTOR [4, 5].  
 
The mechanistic target of rapamycin 
  

The serine/threonine-protein kinase mTOR (mechanistic target of rapamycin) was 
discovered just over 25 years ago [4, 5]. Initial studies on mTOR focused on its role in 
cancer, as it is a key regulator of cell growth and proliferation [6]. However, subsequent 
studies revealed broader roles for mTOR as a signaling hub, coordinating information 
between the intra and extracellular environment. mTOR was found to respond to various 
stimuli including amino acids, trophic factors and energy status and in turn regulate the 
balance between anabolic (i.e. protein synthesis) and catabolic (i.e. autophagy) 
processes [7]. 

mTOR’s role in protein synthesis made this pathway a point of interest for 
neuroscientists in the early 2000s. De novo protein synthesis had been identified as a 
requirement for long-term synaptic plasticity in neurons [8, 9] and mTOR was known to 
control the translational regulators ribosomal protein S6 kinase beta-1 (S6K1 or p70S6K1) 
and 4E binding proteins (4E-BPs) [10]. Indeed, in 2002, mTOR was shown to be required 
for the late phase of hippocampal long-term potentiation (LTP), as LTP was inhibited by 
rapamycin in brain slices [11]. From then on, the list of mTOR’s functions in neurons has 
steadily expanded. Today, mTOR signaling has been linked to fundamental neural 
processes such as progenitor proliferation, neuronal migration, cell survival, axon and 
dendrite development, membrane excitability and synaptic properties [12, 13]. Consistent 
with its multifaceted roles in the nervous system, deregulation of mTOR signaling is 
associated with numerous neurological and psychiatric disorders [14-16]. 

In this chapter I will discuss: 1) how mutations in genes that encode mTOR 
regulators lead to disorders with shared neurological manifestations (“mTORopathies”), 
2) the current status of therapeutic interventions for mTORopathies in patients and animal 
models, and 3) potential considerations for developing improved treatment strategies for 
mTOR-related disorders.  
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The architecture and function of the mTOR complexes  
 

The regulatory-associated protein of mTOR (RAPTOR) was the first mTOR binding 
partner to be discovered and was identified as an obligatory component of mTOR 
complex 1 (mTORC1) [17, 18]. A few years later, a second mTOR complex was found 
(mTOR complex 2, mTORC2), after the discovery of a protein that bound to mTOR 
independently of RAPTOR, the rapamycin-insensitive companion of mTOR (RICTOR) 
[19]. mTORC1 and mTORC2 share some of the same protein components, while others 
are unique to each complex (shown in Fig. 1A). Shared proteins include the mTOR kinase 
itself, mTOR-associated protein, LST8 homolog (mLST8 also known as GβL), DEP 
domain-containing mTOR interacting protein (DEPTOR), TELO 2 interacting protein 1 
(TTI1) and telomere maintenance 2 (TELO2) [20-22]. Specific to mTORC1 are RAPTOR 
and proline-rich AKT1 substrate 1 (AKT1S1 or PRAS40) [23]. Besides RICTOR, 
mTORC2 also contains proline-rich protein 5 or 5-like (PRR5/5L or PROTOR1/2) and 
target of rapamycin complex 2 subunit MAPKAP1 (MAPKAP1 or mSIN1) [24, 25] (shown 
in Fig. 1A). 

Both complexes work as integrators of extra and intracellular signals to orchestrate 
cellular responses [12, 26] (shown in Fig. 1A). mTORC1 is regulated by various inputs 
including nutrients, growth factors, neuropeptides, and neurotransmitters [12]. In 
response to these stimuli, mTORC1 controls fundamental cellular processes such as 
protein synthesis, metabolism and autophagy. In neurons, mTORC1 controls 
differentiation, migration, cell morphology, intrinsic excitability and synaptic properties 
[12, 13]. Our knowledge of the functions of mTORC2 in the central nervous system is still 
limited. Several studies, however, have shown that mTORC2 responds to growth factors, 
hormones and neurotransmitters to regulate cytoskeletal organization and thus can 
impact neuronal morphology and synaptic physiology [12, 27, 28].  
 
mTORopathies  
 
  The critical importance of balanced mTOR signaling is underscored by the fact that 
mutations in genes encoding mTOR regulators cause neurodevelopmental disorders 
collectively termed mTORopathies (Table 1) [29, 30]. Some of the most well characterized 
genes associated with mTORopathies are TSC1, TSC2, PTEN, AKT, STRADA, and 
DEPDC5 [31]. While mutations in these genes can affect multiple organ systems, I will 
focus on their shared neurologic and psychiatric manifestations, which can include 
cortical malformations, intellectual disability, epilepsy, and autism spectrum disorder 
(ASD).  
 
Phosphatase and tensin homolog (PTEN) hamartoma tumor syndrome (PHTS) 

PHTS is a spectrum of multi-system disorders caused by LoF germline mutations 
in PTEN [32]. PTEN is a phosphatase that negatively regulates the PI3K/AKT/mTOR 
pathway by dephosphorylating phosphatidylinositol (3,4,5)-trisphosphate (PIP3) at the 
cell membrane. LoF mutations in PTEN cause elevated PIP3 that recruits several proteins 
including 3-phosphoinositide-dependent protein kinase-1 (PDK1) and AKT family 
members. PDK1 and subsequently mTORC2 phosphorylate and fully activate AKT, which 
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in turn phosphorylates and inhibits TSC2 leading to increased mTORC1 activity (shown 
in Fig. 1C) [33].  
 PHTS disorders include Cowden syndrome (CS), Bannayan–Riley–Ruvalcaba 
syndrome and adult Lhermitte–Duclos disease [32]. These disorders are associated with 
increased cancer and tumor risk [32]. Neuropsychiatric manifestations associated with 
LoF mutations in PTEN include macrocephaly, developmental delay, ASD, and 
intellectual disability [32]. Some studies have also identified patients carrying PTEN 
mutations who present with cortical malformations and seizures [34-36]. In addition, 
PTEN mutations have been linked to ASD and PTEN is one of the most prominent risk 
genes in idiopathic ASD [37, 38].  
  
Malformations of cortical development (MCD) 

MCD is a group of disorders characterized by abnormal development of the 
cerebral cortex, such as focal cortical dysplasia (FCD), megalencephaly (ME), and 
hemimegalencephaly (HME) [39]. FCD is defined by focal regions of the cortex that 
contain enlarged, dysplastic, and mislaminated neurons and glia, which can be 
observable by MRI and vary in size and location [40]. ME is defined by increased head 
circumference two standard deviations above the age-related mean, which is caused by 
increased growth of brain structures. HME is the enlargement of an individual hemisphere 
of the cerebral cortex [41, 42]. MCDs are common causes of pediatric epilepsy, ID and 
neurological deficits [43]. Epilepsy in MCD patients is often intractable, occasionally life-
threatening, and can require surgical resection [44, 45]. Studies of resected tissue from 
FCD and HME patients have shown increased phosphorylation of the mTORC1 
downstream target, ribosomal protein S6 [46-49]. More recent sequencing studies 
revealed that somatic brain mutations in mTOR regulators including mTOR itself, 
PIK3CA, RHEB, AKT3, TSC1 and TSC2 [50-53] can result in focal cortical dysplasia 
(Table 1), which share several features with syndromic disorders including cortical 
malformations and epilepsy [52, 54]. In addition, mutations in DEPDC5, NPRL2 and 
NPRL3, which are components of the mTORC1 inhibitor GATOR complex 1 [55], have 
been linked to FCD, infantile spasms, focal epilepsy and sudden unexpected death in 
epilepsy (SUDEP) [56-58].   
 Mutations in STRADA and NF1, which encode negative regulators of mTORC1 
[59, 60] have been identified in syndromes that present with MCD, epilepsy and cognitive 
deficits. Specifically, LoF mutations in STRADA cause polyhydramnios, megalencephaly, 
and symptomatic epilepsy syndrome (PMSE) [61] and LoF mutations  
in NF1 cause neurofibromatosis type 1 (NF1) syndrome [62]. Polyhydramnios refers to 
excess amniotic fluid during pregnancy, which is a hallmark of PMSE. Aside from 
mTORopathies, aberrant mTOR signaling has been detected in several 
neurodevelopmental disorders such as Fragile X syndrome, Down syndrome and 
idiopathic ASD [63-65]. In addition, mTOR dysregulation has been observed in several 
psychiatric disorders and neurodegenerative diseases [12, 14, 15, 66]. However, a direct 
causal link between mTOR and these disorders has yet to be defined. In particular, given 
that mTOR signaling is highly responsive to neuronal activity [67], it is possible that altered 
mTOR signaling may occur as a secondary phenotype to changes in network activity in 
many of these diseases. 
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Tuberous Sclerosis Complex (TSC) 
TSC is a multisystem developmental disorder with varying symptom severity 

caused by mutations in either the TSC1 or TSC2 genes that encode for the proteins 
tuberin and hamartin, respectively [68, 69]. TSC1, TSC2 and TBC1 domain family 
member 7 (TBC1D7) form a protein complex that acts as an essential negative regulator 
of mTORC1 [70-72] (shown in Fig. 1B). Loss of either TSC1 or TSC2 results in 
destabilization of the complex, leading to loss of its GTPase activating protein (GAP) 
activity towards the GTP-binding protein Rheb (RHEB), a direct activator of mTORC1 
[73]. Loss-of-function (LoF) mutations in TSC1 or TSC2 therefore lead to constitutive 
mTORC1 activity.  
 TSC neuropathology includes focal malformations called tubers that contain 
enlarged and dysplastic neurons, astrocytes, and so called “giant” or “balloon” cells [74]. 
Tubers form during embryonic development and are primarily found in the cortex and 
occasionally in other regions such as the cerebellum [75, 76]. Tubers, or the peri-tuberal 
cortex can become seizure foci [77, 78] and may be surgically resected as a treatment 
for intractable epilepsy in TSC [79]. Approximately 80% of individuals with TSC develop 
benign growths emanating from the ventricular walls called subependymal nodules 
(SENs) [80]. In 5-15% of TSC patients, SENs can progress to benign glioneuronal tumors 
called subependymal giant cell astrocytomas (SEGAs) [80]. A prevailing model is that 
TSC-associated brain lesions including SEGAs and tubers are caused by somatic 
second-hit mutations [31, 81]. According to this model, individuals with TSC have a 
germline heterozygous LoF mutation in TSC1 or TSC2 and during brain development a 
small number of neural progenitor cells acquire a somatic mutation that disrupts the 
expression of the functional allele, causing bi-allelic inactivation. In this scenario, 
progenitor cells with a second-hit mutation give rise to abnormal, dysplastic tuber cells 
that are surrounded by cells with normal-appearing morphology, which are derived from 
heterozygous progenitors. This model, in which the secondary mutation occurs 
stochastically, is consistent with the variable number, size and location of cortical tubers 
observed in individuals with TSC. Second-hit mutations have been consistently observed 
in resected SEGAs and TSC-associated tumors (called hamartomas) in peripheral organs 
[82-84]. However, they have only been identified in a subset of cortical tubers, resulting 
in some debate over the origins of cortical tuber cells [85-88].  
 TSC is also associated with several neuropsychiatric conditions, collectively 
termed “TAND” (TSC-Associated Neuropsychiatric Disorders) [89]. Approximately 80-
90% of TSC patients develop seizures that can begin in infancy (infantile spasms) [90]. 
Earlier onset and increased severity of TSC-related seizures is correlated with greater 
risk of intellectual disability (ID), ASD, and attention deficit hyperactivity disorder (ADHD) 
[90-94]. Impaired and disordered myelination has also been observed in individuals with 
TSC using brain imaging techniques [95, 96]. Interestingly, while mutations in TBC1D7 
have not been reported in TSC patients, they have been identified in individuals with 
macrocephaly/megalencephaly and ID [97, 98], presentations that are shared among 
several mTORopathies.  
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Current treatment strategies for TSC and other mTORopathies 
 

Several clinical studies have demonstrated the utility of rapamycin and its 
analogues (rapalogs), such as sirolimus and everolimus, as treatments for TSC and other 
mTORopathies including PHTS, NF1 and PMSE [99-101]. Rapamycin is an allosteric 
mTOR inhibitor that binds to FK506-binding protein 12 (FKBP12). The rapamycin-
FKBP12 complex then binds to the FKBP-rapamycin binding domain on mTOR and 
blocks its catalytic domain [4, 102]. The first clinical evidence of rapalog efficacy for 
neurological manifestations came from Franz et al. in 2006 who showed SEGA regression 
in five TSC patients following rapamycin treatment [103]. Several larger follow-up studies 
corroborated the effectiveness of everolimus treatment in TSC patients with SEGAs [104-
106]. Clinical studies have also shown that rapalogs can be useful treatments for other 
TSC-related phenotypes including seizures [106-108], with one study demonstrating 40% 
reduction of seizure severity in 40% of patients in a trial of over 300 patients spanning a 
broad age range [107]. However, not all studies have reported successful outcomes with 
rapalogs in individuals with TSC-related seizures [109]. Recent clinical studies such as 
“Stopping TSC Onset and Progression 2: Epilepsy Prevention in TSC Infants (STOP2) 
(https://clinicaltrials.gov/ct2/show/NCT04595513)” have focused on early treatment or 
prevention of seizures in infants and children with TSC, as it may be difficult to control 
seizures with rapalogs or other drugs after prolonged occurrence [110, 111]. Notably, 
other antiseizure medications, including vigabatrin for infantile spasms, have been 
successfully used in TSC patients [112]. 
 A limited number of studies have explored the effect of rapalogs on the cognitive 
and psychiatric conditions associated with TSC. In 2017, Krueger et al. found that a 6-
month long everolimus treatment did not significantly improve neurocognitive function or 
behavioral abnormalities in children with TSC [113]. Similarly, in 2019, Overwater et al, 
showed that 12-month everolimus treatment in children with TSC did not improve 
intelligence quotient (IQ) or ASD symptoms [114]. However, a study involving 35 
Japanese patients showed promising results of everolimus treatment on both TSC-related 
ASD behavioral symptoms and seizures [115]. The mixed results of these studies suggest 
that while rapalogs can be effective at treating neuropsychiatric aspects of TSC in some 
individuals, further research and development of therapeutic approaches is warranted. 
 While rapalogs are extensively used in clinical trials as therapeutic interventions 
for mTORopathies, there are limitations to their usage. For instance, rapamycin does not 
equally block the phosphorylation of all mTORC1 substrates [116]. Specifically, while 
rapamycin abolishes phosphorylation of ribosomal protein S6, inhibition of 4E-BP1 
phosphorylation is incomplete [117], suggesting that phenotypes arising due to 4E-BP1 
deregulation may be largely rapalog-resistant. In addition, while the phenotypes of 
mTORopathies are generally thought to be due to mTORC1 hyperactivity (although see 
further discussion below), it is known that chronic rapamycin treatment inhibits both 
mTORC1 and mTORC2, likely via sequestering mTOR kinase and prohibiting mTORC2 
formation [118]. This non-selective inhibition, in addition to on-target off-tissue effects, 
has been shown to contribute to the adverse effects associated with rapalog treatment 
such as glucose intolerance, insulin resistance and new-onset diabetes [119-121]. These 
side-effects are an important consideration given that long-term treatment with rapalogs 
may be required as the beneficial results can be reversible. For example, upon cessation 

https://clinicaltrials.gov/ct2/show/NCT04595513
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of rapalog treatment, seizures can resume and SEGAs can regrow [103]. However, 
studies in mice have shown that intermittent, low-level dosing of rapamycin can maintain 
the mTOR inhibiting effects while minimizing unwanted systemic side effects [122]. 
Consistent with this, it was shown that the antiepileptic properties of rapamycin in a mouse 
model of TSC could be maintained with as long as 24 day inter-treatment intervals [123].  
 
Development of novel drug-based therapeutics  
 

Currently, much research is geared towards the development of new drugs, 
including novel rapalogs, with more favorable pharmacokinetic characteristics, greater 
selectivity towards mTORC1, and fewer or less severe side effects. A recently developed 
rapalog, DL001, showed higher selectivity for mTORC1 when compared to rapamycin 
and had substantially fewer side effects when tested in mice [124]. In addition to rapalogs, 
a second generation of ATP-competitive mTOR kinase inhibitors have been under 
development [125]. These inhibitors target the catalytic site of mTOR and while all 
downstream mTORC1 targets are equally affected, these inhibitors exhibit no selectivity 
between the two mTOR complexes, similar to extended rapamycin treatment. Recent 
studies have attempted to improve selectivity by targeting mTOR regulators. For example, 
the small molecule NR1 potently binds to Rheb and selectively inhibits mTORC1 activity 
in mice [126]. More recently, another small molecule, EN6, inhibits mTORC1 by binding 
to an ATP-proton pump that normally aids mTORC1 recruitment onto the lysosome, which 
is necessary for its activation [127]. In vitro, EN6 was shown to suppress phosphorylation 
of both S6 and 4E-BP1, increase autophagy, and did not affect the mTORC2 target AKT 
[127].  
 The off-tissue effects of systemically administered small molecules are often a 
challenge in drug development. The ability to selectively target aberrant mTOR signaling 
in the brain would be transformative to long-term management of patient care. One 
recently developed strategy is a dual-molecule approach aiming to restrict mTOR 
inhibition to the brain. Specifically, Shokat et al. used RapaLink-1, a brain permeable 
mTOR inhibitor, along with RapaBlock, a brain impermeable FKB12 ligand. RapaBlock 
inhibits RapaLink-1 function outside the brain and thus prevents mTOR inhibition in 
peripheral tissues [128]. This approach has the potential to overcome the problem of 
systemic side effects.  

While small molecule mTOR inhibitors are an active area of research, the question 
of whether we fully understand the functions of the mTOR complexes and the 
consequences of manipulating these functions remain. The variability of the clinical data 
underscores the importance of further exploring the mechanisms underlying 
neuropsychiatric presentations in mTORopathies. In addition, treatment strategies may 
need to be optimized and tailored toward specific phenotypes. For example, when 
targeting cells in tumors, complete suppression of mTORC1 activity may be beneficial to 
inhibit cell growth and eventually induce cell death. However, balancing mTOR activity 
rather than completely inhibiting it, may be a more desirable outcome for treating 
neuropsychiatric conditions. Thus, it will be important to examine alternative treatment 
strategies and utilize robust models to study these disorders.  
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Animal models of mTORopathies 
 

Various animal models have been generated to enable investigations into the 
underlying mechanisms of mTORopathies. In early studies, drosophila and rat models of 
TSC were used to uncover the roles of Tsc1 and Tsc2 in the cell cycle, proliferation and 
cancer [129-133]. Subsequently, numerous genetic mouse models have been developed 
harboring mutations in genes that encode for mTOR regulators including Strada [134, 
135], Nf1 [136] and Depc5 [137] (Table 2). Here, we will focus on several of the most well-
studied mouse models with mutations in the Tsc1, Tsc2 or Pten genes (Table 2). Germline 
homozygous loss of these genes is embryonically lethal [138-141]. While mice with 
heterozygous LoF mutations in Tsc1, Tsc2 or Pten can exhibit some synaptic, cellular 
and behavioral phenotypes [140, 142-149], they often do not fully recapitulate the 
spectrum and severity of human disease phenotypes. In particular, mice with 
heterozygous Tsc1 or Tsc2 mutations do not exhibit robust mTORC1 hyperactivity, 
cortical malformations, or significant spontaneous seizures.       
 The use of Cre-dependent conditional knock-out mice avoids the confound of 
embryonic lethality and enables the generation of models with cell type- and 
developmental stage-specific mutations. Several mouse models with deletion of either 
Tsc1, Tsc2 or Pten in specific cell types have been generated, which recapitulate various 
disease phenotypes including dysmorphic neurons, astrogliosis, hypomyelination, 
mislamination, seizures and behavioral alterations (as reviewed previously [12, 150]). In 
these models, the onset and severity of phenotypes depend on the developmental stage 
of the genetic perturbation. For example, studies of Tsc1 conditional knock-out mice 
(Tsc1-cKO) have shown that Cre expression driven by the Emx1 or Syn1 promoters, 
which lead to loss of Tsc1 from neurons during mid-embryogenesis, causes spontaneous 
seizures first observable at two weeks of age with premature mortality and a median 
survival of ~18-35 days [151, 152]. Loss of Tsc1 or Pten from postmitotic neurons 
between 2-4 weeks of age using Camk2a-Cre mice results in seizures that begin later, 
between 5-10 weeks of age, with a median survival of approximately 50 days [153-155]. 
This demonstrates that seizures can occur independent of early developmental 
alterations. A study by Zou et al. using a tamoxifen-inducible system showed that GFAP-
Cre-driven Tsc1 loss primarily from astrocytes at 2 weeks of age, but not at 6 weeks, was 
sufficient to cause seizures, signifying that the timing of the perturbation affects the 
phenotypic severity [156]. These findings are important to consider when interpreting the 
results of therapeutic interventions in these models. For example, later-onset seizures 
may arise from distinct cellular or circuit mechanisms and may therefore respond 
differently to treatment compared to early developmental seizures. In addition, studies 
that provide treatment prior to or at the onset of seizures (i.e. prevention) may have a 
better outcome than those in which treatment occurs after seizures have already begun. 
 Cell type-specific disruption of mTOR regulators has revealed brain regions and 
cell types that may be key drivers of cognitive and behavioral deficits in TSC and PHTS. 
For instance, LoF mutations in Tsc1, Tsc2 or Pten in Purkinje cells (PC) of the cerebellum 
induce ASD-like phenotypes including altered sociability and cognitive inflexibility [157-
159]. Selective loss of Tsc1 from dopaminergic (DA) neurons using Slc6a3(DAT)-Cre 
mice leads to cognitive inflexibility in a reversal learning task [160], while DA-neuron 
specific loss of Pten impairs social preference and novelty [145]. Selective loss of Tsc1 
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from serotonergic neurons using Slc6a4(SERT)-Cre mice was also sufficient to cause 
autism-like behaviors including social behavior deficits and increased repetitive behaviors 
[161]. Deletion of Tsc1 from one of the primary targets of dopamine neurons, striatal 
projection neurons (SPNs), results in enhanced motor routine learning, which only occurs 
when Tsc1 is lost from direct pathway, but not indirect pathway, SPNs [162]. In addition, 
deletion of Tsc1 from thalamic neurons during mid-embryonic development leads to 
repetitive grooming [163]. Notably, loss of Tsc1 from cerebellar, dopaminergic, 
serotonergic or striatal neurons can induce behavioral alternations in the absence of 
seizures. Therefore, different cell types and circuits may be responsible for the distinct 
neuropsychiatric manifestations of TSC and related disorders. 
 Novel approaches have emerged to capture the focal nature of mTOR-driven 
cortical malformations using in utero electroporation in mice to induce mutations in a small 
population of cortical cells. In one study, Cre was electroporated at ~E15 into the cortex 
of Tsc1flox/- mouse embryos to induce a second-hit mutation. This led to the formation of 
cortical heterotopic nodules with neuronal hypertrophy and abnormal migration together 
with decreased seizure threshold [164]. Similarly, Lim et al. used in utero electroporation 
to induce CRISPR/Cas9-based gene disruption of Tsc1 or Tsc2. These mice exhibited 
spontaneous seizures, neuronal hypertrophy and cortical mislamination [53]. Focal, 
constitutive activation of Rheb in the developing mouse cortex, which results in robust 
mTORC1 hyperactivity, has also been shown to result in neuronal hypertrophy, 
misplacement and spontaneous seizures [165].  
 As a complement to these animal models, human stem cell-based models of TSC 
and other mTORopathies have emerged over recent years due to advances in human 
stem cell and genome engineering [166-170]. These systems can capture human or 
patient-specific aspects of cell biology, genetics and brain development and thus provide 
an important complement to mouse models. Together, animal and human cellular models 
of mTORopathies provide a platform from which investigate key outstanding questions, 
in particular: 1) what is the neurodevelopmental impact of mutations in mTOR regulators? 
2) what are the molecular, cellular and circuit mechanisms that drive pathophysiology? 3) 
which brain regions and cell types are responsible for different disease manifestations? 
and 4) what is the best therapeutic approach to maximize improvement and minimize side 
effects?  
  
Drug-based therapies in animal models 
 

There is a large literature examining the effects of rapalogs in animal models of 
mTOR-related disorders. These studies have revealed a range of possible outcomes 
including full reversal of neuropsychiatric phenotypes even after they have been 
established, prevention of phenotypes by pre-symptomatic mTOR inhibition, rescue 
within certain critical treatment windows, or a lack of response to rapalog treatment.  One 
of the first studies to show efficacy of rapalogs in treating brain phenotypes was in a 
conditional mouse model of TSC. Meikle et al. showed that by administering rapamycin 
every other day starting at P7-P9 in Syn1-Cre;Tsc1-cKO mice they could shift median 
survival from 33 to over 100 days and reverse neuronal hypertrophy and demyelination 
phenotypes [171]. In subsequent work, Carson et al began rapamycin treatment at P13 
in Emx1-Cre;Tsc1-cKO mice and were able to prevent premature mortality and largely 
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reverse glial pathology. However, abnormal neuronal lamination was rapamycin-resistant 
[152]. Lin et al. showed that mislamination in a mouse model of hyperactive mTORC1 
could, in fact, be prevented through administration of a constitutively active mutant 4E-
BP1 if this occurred at the same time as the manipulation that caused mTORC1 
hyperactivity [172]. Similarly, a study examining Pten loss from dentate gyrus neurons 
showed that rapamycin could prevent but not reverse abnormal migration [173]. Together, 
these studies show that while seizures may be partly treatable with postnatal rapamycin, 
abnormal lamination and neuronal migration are early developmental phenotypes that 
may be preventable by mTORC1 suppression but cannot be reversed at later stages of 
development. For phenotypes such as these it will be key to determine how much they 
contribute to disease manifestations and whether functional improvement can be 
achieved in the absence of complete rescue of these abnormalities. 
  The idea of critical periods for treatment has gained attention in recent studies. 
Two studies led by Tsai et al. showed that mice which lack Tsc1 from cerebellar Purkinje 
cell’s exhibit social deficits and repetitive behaviors [157, 174]. The authors demonstrated 
that treatment starting within the first week of life could rescue both phenotypes [157]. 
However, treatment starting at 6 weeks of age, after the phenotypes were already 
established, could only reverse social behavior aberrations, but not behavioral inflexibility 
or repetitive behaviors [174]. Cox et al. characterized the effects of rapamycin on dendritic 
arborization and spine deficits caused by embryonic Tsc1 deletion from cortical neurons 
at two different time points. In the early treatment group (P1-P7) they could rescue 
abnormal arborization and with later treatment (P15-P27) they could reverse abnormal 
spine maturation [175]. Critical periods might also exist for treatment of seizures in 
mTORopathies. Studies reporting the most success have either treated animals prior to 
symptom onset or have shown rescue in models in which the mutation occurs later in life 
[150]. It is possible that early on, potentially during epileptogenesis, seizures are sensitive 
to rapamycin [176] but once epilepsy is established, seizures are less responsive to 
mTOR inhibition. Together, these data suggest that it is important to identify critical 
periods for disease phenotypes in order to determine the optimal timing of treatment. 
Treatment given past the critical window may be responsible for some of the differential 
drug effectiveness observed in clinical studies.   

Rapalogs have been the main pharmacological approach used in animal and cell 
models to inhibit mTORC1 in the context of genetic mTORopathies. However, as 
discussed above, chronic rapamycin inhibits both mTOR complexes and may not be 
effective at targeting all cell types in the brain, for example dopamine neurons [160]. In 
addition, a study assessing the effect of prenatal rapamycin treatment in wild-type animals 
showed that a single dose at embryonic day 16 resulted in adverse effects including motor 
abnormalities and increased anxiety that persisted in adulthood [177]. Thus, strong and 
non-specific suppression of mTOR activity, particularly in the developing brain, may not 
be an optimal therapeutic approach. Further work is needed to understand the basic 
biology of the two mTOR complexes, especially in neurons, the contribution of each 
complex to specific disease endophenotypes, and whether selective targeting of one 
complex will yield improved treatment with fewer side effects. 
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Genetic approaches to manipulating mTORC1 and mTORC2 in disease models  
 

Several studies have attempted to selectively manipulate mTORC1 or mTORC2 
in the mouse brain by disrupting their specific components, Raptor or Rictor, respectively. 
Such studies have revealed that while the two complexes share some common functions 
such as regulation of somatodendritic morphology [178], they also have distinct functions 
and differentially impact a range of processes from development to synaptic transmission 
to behavior [27, 28, 179]. The distinct contributions of the two mTOR complexes to neural 
development and function suggest that therapeutic approaches for modifying disease 
phenotypes may benefit from an ability to control each complex independently and in a 
temporally precise manner.  
 Recent studies have begun disentangling the contribution of mTORC1 and 
mTORC2 to disease phenotypes in genetic mouse models of mTORopathies. Huang et 
al. crossed germline Pten+/- mice with mice that had heterozygous loss of Rptor from 
forebrain neurons (Emx1-Cre;Rptorfl/+) [180]. Pten+/- mice exhibited neuronal hypertrophy 
in cortical layer V and a deficit in social approach behavior. Partial downregulation of 
mTORC1 in Pten+/- mice was sufficient to correct both neuronal hypertrophy and social 
deficits [180]. Chen et al. used CamK2a-Cre mice to induce loss of Pten in postmitotic 
forebrain neurons [155]. Pten-cKO animals exhibited hyperactivity of both mTORC1 and 
mTORC2 signaling, macrocephaly, seizures, premature mortality, and behavioral 
abnormalities. Concomitant deletion of Rictor in Pten-cKO mice prolonged their lifespan 
by approximately two-fold (i.e. median survival shifted from ~50 to ~110 days postnatal) 
but did not completely prevent premature mortality as all mice died between ~P90-P130. 
In this study, mTORC2 downregulation also prevented seizures and corrected behavioral 
abnormalities. Postnatal intracerebroventricular injection with an antisense 
oligonucleotide (ASO) targeting Rictor at four weeks of age was sufficient to improve 
seizures and behavioral deficits in Pten-cKO mice. Rptor deletion in Pten-cKO mice 
normalized brain size; however, surprisingly, neither seizures nor behavioral impairments 
were improved, and the median survival was only modestly increased by a few days [155]. 
These studies show that both mTORC1 and mTORC2 complexes contribute to Pten-
related pathology in mice. One discrepancy between the ability to prevent behavioral 
phenotypes with Raptor (Huang et al.) or Rictor (Chen et al.) manipulation might be 
because Huang et al. used constitutive Pten+/- animals while Chen et al. studied 
homozygous loss of Pten from postnatal forebrain neurons. It would be interesting to 
investigate whether embryonic Pten haploinsufficiency can also be rescued via 
manipulation of mTORC2.  
 While TSC phenotypes tend to be ascribed to mTORC1 hyperactivity, the studies 
described above in Pten mouse models suggest that there could be a potential 
contribution of mTORC2. It should be noted, however, that while Akt signaling is elevated 
in response to Pten loss, phosphorylation of Akt at the mTORC2 site (Ser473) is 
consistently reduced in the context of Tsc1 or Tsc2 mutations [166, 181]. Prior to study 
described in chapter 2, the contribution of mTORC1 and mTORC2 signaling to the 
neuropsychiatric presentations of TSC had not been comprehensively investigated. 
However, a recent study demonstrated that heterozygous loss of Rptor restored several 
TSC-related phenotypes in mice with loss of Tsc1 from dopamine neurons (Slc6a3-
Cre;Tsc1-cKO) [160]. These mice exhibited dopamine neuron hypertrophy and impaired 
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striatal dopamine release that led to deficits in cognitive flexibility. Concomitant 
heterozygous loss of Rptor, while not sufficient to prevent somatic hypertrophy, 
significantly improved striatal dopamine release and prevented cognitive inflexibility. 
Notably, the authors showed that homozygous deletion of Rptor in Tsc1-cKO dopamine 
neurons caused neuronal hypotrophy and was not able to improve dopamine release 
deficits [160]. This demonstrates that complete suppression of mTORC1 can be just as 
detrimental to neuronal function as mTORC1 hyperactivation. These findings underscore 
the idea that rebalancing rather than completely suppressing mTORC1 signaling may be 
a preferable therapeutic approach for mTOR-related brain disorders.  
 
 The importance of considering tissue- and mTOR complex-selectivity of 
therapeutic approaches was signified by two studies conducted in a mouse model of 
fragile X syndrome (Fmr1-KO), which exhibits mTORC1 hyperactivity [182]. Yan et al. 
selectively downregulated mTORC1 by injecting shRNA targeting Rptor directly into the 
hippocampal CA1 region of Fmr1-KO mice; rescuing, in part, aberrant spine morphology, 
synaptic function and memory deficits [183]. In contrast, a different study showed that 
orally administered rapamycin in Fmr1-KO mice did not reverse behavioral deficits and 
had adverse effects on social behavior and sleep in both control and Fmr1-KO mice [184]. 
These studies suggest that selective manipulation of a specific mTOR complex within a 
targeted brain region, as opposed to systemic non-specific inhibition, might be a more 
beneficial strategy for the treatment of disorders with altered mTOR signaling.  
 
Conclusions 
 
  While the mTOR pathway has been extensively studied in many systems, it 
remains enigmatic due to its significant complexity and breadth of actions. Research 
using in vitro and in vivo models has revealed a multitude of upstream regulators and 
downstream targets can vary significantly based on cell type and developmental stage. 
Given this complexity, it is not surprising that results from treatment with rapamycin and 
its analogues have had mixed success. In both people and in animal models, rapalogs 
exhibit variability in their efficacy and side effects. While it will be interesting to see how 
recently developed dual-drug strategies that enable brain-specific targeting of rapalogs 
affect neuropathophysiology, the development of alternative therapeutic strategies is 
warranted. One exciting approach currently under development is gene therapy [185]. 
While this has traditionally meant the delivery of a gene that is lacking via a virus-based 
carrier, it has expanded to include approaches such as ASOs and CRISPR/Cas9-based 
systems, including those that modify gene expression without altering the genome 
sequence [186, 187]. Although there are still several limitations and barriers to the wide-
spread implementation of these technologies, gene-based therapies offer potential 
advantages of selective brain region- and cell type-targeting [188, 189].  
 In summary, building off the initial success of rapalogs as therapeutic treatments 
for mTORopathies, new insights into the basic biology of the mTOR complexes and their 
functions in different neural cell types will facilitate the generation of improved treatments 
for mTOR-related disorders. Based on our current information, therapeutic strategies that 
1) target the most relevant mTOR complex for disease phenotypes, 2) are given at the 
optimal age and stage of disease progression, 3) act on disease-relevant cellular targets 
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with minimal off-tissue activity, and 4) rebalance signaling to physiologic levels, are likely 
to be most successful.  
 
Dissertation research goals  
 

Several recent studies have challenged the mTORC1-centric view in the field of 
mTORopathies and drawn attention to the possibility that mTORC2 is involved in 
pathophysiology. These studies suggest that while mTORopathies share neurologic 
phenotypic manifestations, the underlying mechanisms might differ. Such findings 
highlight the need to 1) study each mTORopathy as a unique disorder, 2) dissect the 
molecular mechanisms that underlie each phenotypic manifestation within each disorder 
independently, and finally 3) further our understanding of the mTOR signaling cascade in 
the nervous system both in physiological and disease-like states.  

The overall goal of my dissertation project was to elucidate which mTOR complex 
underlies the neurologic manifestations in Tuberous Sclerosis Complex and determine 
whether selective manipulation of this complex can provide a promising therapeutic 
strategy. Further, I explored therapeutic interventions for seizure-like activity in an in vitro 
model of TSC, and finally I performed experiments to dissect the signaling crosstalk 
between the mTOR complexes in neurons. 
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Figures and Tables 
  
Figure 1 
 

 
 
Figure 1. Mutations in regulators of mTOR signaling cause mTORopathies. 
(A) mTOR is a protein kinase found in two distinct multiprotein complexes, mTORC1 and mTORC2, which 
are composed of shared and unique protein components. Several upstream regulators collectively work to 
control the activity of the two complexes in response to various stimuli including growth factors and 
nutrients. Mutations in genes that encode for mTOR regulators (denoted in pink) result in 
neurodevelopmental disorders, collectively termed mTORopathies (see Table 1). Current treatments for 
mTORopathies include rapalogs, which are derivatives of rapamycin that suppress mTORC1 activity and 
indirectly inhibit mTORC2 signaling when administered chronically.  
(B) The TSC complex functions as a GTPase activating protein (GAP) for the small GTPase Rheb, which 
is a direct activator of mTORC1. 
(C) PI3K converts PIP2 into PIP3 via phosphorylation at the cell membrane. PIP3 recruits the kinase PDK1 
that, along with mTORC2, phosphorylates and activates AKT. In turn, AKT phosphorylates TSC2, inhibiting 
the TSC1/TSC2/TBC1D7 complex, and promoting mTORC1 activity. PTEN is a phosphatase that 
negatively regulates mTOR signaling by dephosphorylating and converting PIP3 to PIP2.   
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Table 1. mTORopathy genes, disorders and clinical manifestations 
 

Gene 
mutation

s 

Associated Diseases and 
Syndromes Clinical Manifestations* Refs 

  Abbreviatio
n Neurological Psychiatri

c  

TSC1 

TSC2 

Tuberous 
Sclerosis 
Complex 

TSC 

Tubers, SENs, 
SEGAs, 
Epilepsy, 
Infantile 
spasms, 

Altered white 
matter 

ID, ASD, 
ADHD, 
other 

behavioral 
conditions 

[36, 
38, 42, 
51-58] 

 

PTEN 

PTEN 
hamartoma 

tumor syndrome 

(incl. Cowden 
syndrome, 

Bannayan-Riley-
Ruvalcaba 

syndrome and 
Lhermitte-Duclos 

disease) 

PHTS Macrocephaly ID, ASD [61, 
63-67] 

MTOR 

PIK3CA 
RHEB 

AKT3 

TSC1 

TSC2 

DEPDC5 

NPRL2 
NPRL3 

Malformations of 
cortical 

development 
MCD 

FCD, 

HME, 

ME, 

Epilepsy, 

Infantile 
spasms 

ID [68-74, 
85-87] 

NF1 Neurofibromatosi
s type 1 NF1 Macrocephaly, ID, ASD, 

ADHD, [91] 
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Epilepsy, 

Ataxia, 

Altered white 
matter 

Learning 
disabilities 

STRADA 

Polyhydramnios, 
megalencephaly, 
and symptomatic 

epilepsy 
syndrome 

PMSE 
ME, 

Epilepsy 

ID, 
Psychomot

or 
retardation 

[90] 

TBC1D7 -  Macrocephaly/
ME ID [59-60] 

 
(ADHD) Attention deficit hyperactivity disorder, (ASD) Autism spectrum disorder, (FCD) Focal cortical 
dysplasia, (HME) Hemimegalencephaly, (ID) Intellectual disability, (ME) megalencephaly, (SENs) 
subependymal nodules, (SEGAs) subependymal giant cell astrocytomas  
*Listed are the primary neuropsychiatric presentations of these diseases as listed in the references noted, 
the NIH Genetic and Rare Diseases Information Center, and OMIM database. Other manifestations may 
be present in these disorders and not all patients may present with all manifestations listed here. 
 
 
 
Table 2 Summary of mouse models discussed in this chapter 

 
 

Disorder 
 

 
Animal model 

 

 
Refs 

 

 

 

 

 

 

 

 

 

Tsc1-/- (germline KO) [136] 

Tsc2-/- (germline KO) [137,138] 

Tsc1+/- (germline Het) [136,140-
141], 

Tsc2+/- (germline Het) [137-138, 
140,145,147] 

Tsc1fl/fl;Emx1Cre [150] 

Tsc1fl/fl;Syn1Cre [149] 

Tsc1fl/fl;Camk2aCre [151-152] 

Tsc1fl/fl;GFAPCreER [154] 
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TSC Tsc1fl/fl;L7Cre [155, 172] 

Tsc2-/fl;L7Cre [156] 

Tsc1fl/fl;Slc6a3Cre [158] 

Tsc1fl/fl;Slc6a4Cre [159] 

Tsc1fl/fl;Drd1a-Cre [160[ 

Tsc1fl/fl;Adora2a-Cre [160] 

Tsc1fl/fl;Gbx2CreER [161] 

Tsc1fl/fl + Cre in utero 
electroporation 

[173] 

Tsc1flox/- + Cre in utero 
electroporation 

[162] 

   

 

 

 

PHTS 

PTEN-/- (germline KO) [139] 

PTEN+/- (germline Het) [139,143-144, 
180] 

PTEN fl/fl;CamK2aCre [152-153] 

PTEN fl/fl;L7Cre [157] 

PTENfl/fl;Slc6a3Cre [143] 

PTEN fl/fl + AAV-Cre [171] 

   

 

PMSE 

Strada-/- (germline KO) [133] 

Strada shRNA in utero 
electroporation 

[132] 

   

 

 

Depdc5 fl/fl;Syn1Cre [135] 

RhebCA in utero 
electroporation 

[163, 170] 
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MCD 

Tsc1 CRISPR/Cas9 
editing in utero 
electroporation 

[82] 

Tsc2 CRISPR/Cas9 
editing in utero 
electroporation 

[82] 

 
Listed are the primary mouse models discussed in this chapter. Comprehensive reviews of animal models 
of mTORopathies can be found in references [12, 134, 142, 148] 
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Chapter 2 
Raptor downregulation rescues neuronal phenotypes 

in mouse models of Tuberous Sclerosis Complex 
 
 

This chapter was previously published in its entirety  as “ Raptor downregulation rescues 
neuronal phenotypes in mouse models of Tuberous Sclerosis Complex” in bioRxiv, 2021 
July (DOI: 10.1101/2021.07.21.453275) by Vasiliki Karalis, Franklin Caval-Holme and 
Helen S. Bateup. It has been reproduced in here with full permission of the authors. 
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Introduction 
 

Tuberous Sclerosis Complex (TSC) is a neurodevelopmental disorder resulting in 
benign tumors in multiple organs and focal cortical malformations called tubers[74]. Some 
of the most significant problems associated with TSC are the neurological and psychiatric 
aspects[76]. Approximately 85% of TSC patients develop epilepsy, which often begins in 
infancy and becomes intractable in two-thirds of cases[90, 94]. TSC is also associated 
with varying degrees of intellectual disability, cognitive impairments, and behavioral 
conditions including autism spectrum disorder and attention deficit hyperactivity 
disorder[89].  

Current treatment strategies for TSC include inhibitors of mTOR signaling called 
rapalogs, which are analogs of the naturally occurring macrolide rapamycin[4, 102]. 
Rapamycin has been successful in treating neuropsychiatric phenotypes in rodent models 
of TSC, especially when treatment is started early in development[171, 190]. In the clinic, 
rapalogs are moderately effective at treating seizures and subependymal giant cell 
astrocytomas (SEGAs), which are benign brain tumors that affect about 5-15% of TSC 
patients[103-107]. However, symptoms can return after treatment cessation[103] and 
chronic rapalog use is associated with significant side-effects including 
immunosuppression and systemic metabolic changes such as insulin resistance[119]. In 
addition, several recent clinical trials have reported that rapalogs did not significantly 
improve the cognitive and psychiatric aspects of TSC[113, 114]. As a result, additional 
therapeutic interventions are needed. 

TSC is caused by loss-of-function mutations in either the TSC1 or TSC2 genes[68, 
69]. At the biochemical level, the protein products of TSC1 and TSC2 form a complex that 
inhibits Rheb, a small GTPase that activates mTOR complex 1 (mTORC1)[73]. The Tsc2 
protein harbors the GTPase activating protein (GAP) domain, while Tsc1 is required for 
complex stability[191]. mTORC1 is composed of several proteins including mTOR and 
the obligatory component Regulatory-associated protein of mTOR (Raptor)[17, 18, 192]. 
mTORC1 is a kinase that phosphorylates several targets including p70S6K and the 4E 
binding proteins (4E-BPs), which are involved in translational control[10, 193, 194]. 
P70S6K in turn phosphorylates ribosomal protein S6, a canonical read-out of mTORC1 
activity[195]. The activity of mTORC1 is regulated by various intra- and extracellular 
signals including growth factors, insulin, nutrients, and neural activity[12, 67]. When 
active, mTORC1 promotes anabolic cellular processes such as protein, lipid and 
nucleotide synthesis and suppresses catabolic processes, including autophagy[12, 26]. 
In the absence of regulation by the TSC1/2 complex, mTORC1 is constitutively active[73]. 

Rapamycin is thought to suppress mTORC1 signaling by inducing a trimeric 
complex between itself, mTOR and FK506-binding protein 12 (FKBP12)[192]. Binding of 
rapamycin-FKBP12 on mTORC1 occludes access of some substrates to the catalytic site 
of the mTOR kinase[192]. While acute administration of rapamycin selectively reduces 
mTORC1 signaling, chronic treatment also suppresses the activity of a second mTOR 
complex, mTORC2, potentially by preventing de novo mTORC2 assembly[118]. 
mTORC2 shares several protein components with mTORC1 but instead of Raptor, 
mTORC2 contains Rapamycin-insensitive companion of mTOR (Rictor) as an essential 
component[19, 26, 196]. mTORC2 has been reported to control aspects of cytoskeletal 
organization, cell survival and metabolism[12], although its functions in neurons are not 
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well understood. The most well characterized phosphorylation target of mTORC2 is 
Ser473 of Akt[197]. While mTORC1 and mTORC2 have conventionally been thought to 
have distinct upstream regulators and targets, studies in various systems have revealed 
potential points of crosstalk between the two complexes[198, 199].   

TSC-related phenotypes are canonically thought to be due to mTORC1 
hyperactivity; however, recent studies have raised the possibility that mTORC2 may also 
be involved. In particular, a study in mice with forebrain-specific disruption of Pten, a 
negative regulator of mTORC1 that is upstream of Tsc1/2, showed that downregulation 
of mTORC2, but not mTORC1, could prevent behavioral abnormalities, seizures, and 
premature mortality[155]. Moreover, it was shown that mTORC2, but not mTORC1, is 
required for hippocampal mGluR-dependent long-term depression (LTD)[27], a form of 
synaptic plasticity that is altered in mouse models of TSC[149, 200-202]. Therefore, a 
careful investigation of the relationships between Tsc1/2, mTORC1, and mTORC2 in the 
context of brain development and function is needed to design the most effective 
therapeutic strategy for TSC.  

Here we used in vitro and in vivo mouse models of TSC to investigate whether 
manipulation of mTORC1 or mTORC2 signaling via genetic reduction of Raptor or Rictor, 
respectively, could prevent TSC-related brain phenotypes. We find that reduction, but not 
complete elimination, of Raptor rebalances both mTORC1 and mTORC2 signaling in the 
context of Tsc1 loss. We show that heterozygous deletion of Rptor in conditional Tsc1 
knock-out mice (Tsc1-cKO) improves several phenotypes including neuronal 
hypertrophy, neural network hyperactivity, impaired myelination, altered cortical and 
hippocampal architecture, and premature mortality. By contrast, heterozygous or 
homozygous loss of Rictor does not ameliorate TSC-related neural phenotypes. Finally, 
we demonstrate that postnatal Raptor downregulation rescues neuronal hypertrophy, 
myelination deficits, improves overall development and extends survival of Tsc1-cKO 
mice. Our results highlight the central role of mTORC1 in driving TSC-related brain 
phenotypes in mouse models and establish Raptor as a potential target for treating the 
neurological presentations of TSC. 
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Results 

Chronic rapamycin treatment suppresses mTORC1 and mTORC2 signaling in Tsc1-cKO 
hippocampal cultures 

To investigate how loss of Tsc1 affects mTORC1 and mTORC2 signaling, we 
generated primary hippocampal cultures from Tsc1fl/fl mice[203] and treated them with 
adeno-associated virus (AAV) expressing GFP (control) or Cre (Tsc1-cKO) at two days 
in vitro (DIV 2) (Fig. 1a and Supplementary Fig. 1a,b). To assess mTORC1 signaling 
status we quantified Raptor protein levels and two canonical downstream phosphorylation 
targets, ribosomal protein S6 (p-S6 Ser240/244) and 4E-BP1 (p-4E-BP1 Thr37). To 
measure mTORC2 signaling we quantified Rictor protein levels and Akt phosphorylation 
at Ser 473 (p-Akt Ser473). We found that on DIV 14, Tsc1-cKO cultures had complete 
loss of Tsc1 and a small increase in Raptor protein suggesting potentially enhanced 
mTORC1 assembly (Fig. 1b-d). No significant changes in Rictor protein were observed 
(Fig. 1e). Phosphorylation of S6 was increased in Tsc1-cKO cultures, as expected (Fig. 
1f). However, we did not observe significant changes in p-4E-BP1 in this system (Fig. 1g), 
which may be due to the timing of Tsc1 loss, as discussed further below. In terms of 
mTORC2, we found that Tsc1 deletion decreased Akt phosphorylation at Ser473 (Fig. 
1h), indicating reduced mTORC2 activity. Together these data show that in hippocampal 
cultures, loss of Tsc1 has opposing effects on the two mTOR complexes: it increases 
mTORC1 signaling, particularly the p70S6K/S6 branch, and decreases mTORC2 activity.  

We next examined the effects of rapamycin on neuronal mTOR signaling to 
provide a benchmark for comparing the effects of genetic manipulation of the two mTOR 
complexes. Four-day treatment with 50 nM rapamycin had no effect on Tsc1 levels but 
reduced Raptor and modestly increased Rictor levels in Tsc1-cKO cultures (Fig. 1c-e). 
We observed the expected complete loss of p-S6 and partial reduction of p-4E-BP1 in 
both control and Tsc1-cKO cultures (Fig. 1f,g), indicative of suppressed mTORC1 
signaling. Notably, we observed a strong reduction of p-Akt in both control and Tsc1-cKO 
neurons treated chronically with rapamycin that was greater than with Tsc1 loss alone 
(Fig. 1h). Together, these data demonstrate that rapamycin treatment does not restore 
balanced mTOR signaling in Tsc1-cKO hippocampal cultures but rather strongly 
suppresses the p70S6K branch of mTORC1, partially decreases p-4E-B1, and further 
reduces mTORC2-dependent Akt phosphorylation. 
 
Downregulation of Raptor, but not Rictor, improves mTOR signaling abnormalities in 
Tsc1-cKO neurons 

To investigate whether genetic disruption of mTORC1 or mTORC2 could improve 
signaling abnormalities in Tsc1-cKO neurons, we crossed Tsc1fl/fl mice to mice with either 
floxed Rptor[204] or Rictor[205, 206] alleles for simultaneous Cre-dependent deletion of 
Tsc1 and Rptor or Tsc1 and Rictor, respectively (Fig. 2a,b and Supplementary Fig. 1c,d). 
We found that mTORC1 hyperactivity persisted in Tsc1-cKO cultures with deletion of 
Rictor, evidenced by significantly increased levels of p-S6 in Tsc1-cKO;Rictor-cKO 
cultures compared to controls (Fig. 2c,d). p-Akt-473 was strongly reduced in Tsc1-
cKO;Rictor-cKO neurons (Fig. 2c,d), similar to Tsc1-cKO cells. Thus, the mTOR signaling 
perturbations in Tsc1-cKO hippocampal cultures were not improved by genetic reduction 
of Rictor. 
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We next examined how reduction of Raptor affected mTOR signaling in Tsc1-cKO 

cultures. Homozygous deletion of Rptor effectively normalized p-S6 levels in Tsc1-cKO 
cultures harvested on DIV 14 (Fig. 2e,f). Deletion of Rptor also reversed the reduction of 
p-Akt caused by Tsc1 loss, suggesting a boosting of mTORC2 activity (Fig. 2e,f). The 
enhanced Akt phosphorylation resulting from Raptor loss may be due to relief of 
mTORC1-dependent negative feedback, either on mTORC2 itself or upstream regulators 
of both mTOR complexes[199]. These data indicate that Raptor downregulation could be 
an effective strategy for rebalancing mTOR signaling abnormalities due to loss of Tsc1.  

During this experiment, we noted that low levels of Raptor protein remained in the 
cultures, which could have accounted for the incomplete suppression of mTORC1 
signaling compared to rapamycin treatment (see Fig. 1 vs. Fig. 2e,f). To investigate this 
further, we added AAV-Cre to Tsc1-cKO;Rptor-cKO cultures on DIV 2 and harvested the 
cells at different time points. We found that while Tsc1 protein was virtually undetectable 
by DIV 14, residual Raptor protein remained. Raptor levels decreased over time such that 
by DIV 18 (16 days post-Cre) there was less than 1% of Raptor protein remaining 
(Supplementary Fig. 2a-g). This slow turn-over may reflect higher stability of Raptor 
protein bound within mTORC1. We therefore harvested Tsc1-cKO;Raptor-cKO cultures 
on day 18 to assess the consequences of more complete loss of Raptor on mTORC1 and 
mTORC2 signaling. At this time point, we found that concomitant deletion of Tsc1 and 
Rptor strongly reduced p-S6 and increased p-Akt levels (Fig. 3a,b). Interestingly, we did 
not observe a consistent reduction in 4E-BP1 phosphorylation (Fig. 3b), suggesting that, 
as with rapamycin[117], mTORC1 targets are differentially susceptible to Raptor 
downregulation. 

Our findings suggest that relatively low levels of Raptor protein may be sufficient 
to sustain mTORC1 signaling in the absence of negative regulation by the Tsc1/2 
complex. To further evaluate the relationships between Raptor, mTORC1, and mTORC2, 
we analyzed results from cultures harvested at different time points, which had complete 
loss of Tsc1 protein and variable loss of Raptor protein (as in Supplementary Fig. 2b,c). 
We plotted the correlation of Raptor protein levels with p-S6 and p-Akt, expressed as a 
percentage of control cultures from the same genotype and time point. We observed a 
non-linear relationship whereby p-S6 remained elevated in Tsc1-cKO cultures even when 
Raptor protein levels were reduced by up to 80% (Fig. 3c). Only when Raptor levels 
dropped below 20% of control did we observe a reduction in p-S6 levels. The inverse 
relationship was observed for p-Akt, which was consistently reduced with Tsc1 loss and 
increased sharply as Raptor levels fell below 20% (Fig. 3d). Similar relationships were 
observed in hippocampal cultures with downregulation of Raptor alone, which were wild-
type for Tsc1 (Supplementary Fig. 2h-j). In this case, mild mTORC1 suppression was 
observed with 20-80% loss of Raptor protein; however, when Raptor levels were less 
than 15% of control, p-S6 was strongly suppressed and p-Akt was robustly increased. 
Together, these analyses reveal a non-linear relationship between Raptor and mTORC1 
signaling such that relatively low Raptor protein levels appear to be sufficient to maintain 
mTORC1 activity in neuronal cultures.  
  These results suggest that partial reduction of Raptor protein may be an effective 
strategy to normalize both mTORC1 and mTORC2 signaling in Tsc1-cKO neurons. This 
would avoid the strong suppression of both complexes observed with rapamycin 
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treatment and the inhibition of mTORC1 and increase in mTORC2 activity observed with 
complete Raptor loss. To test this, we assessed mTOR signaling in cultures from 
Tsc1fl/fl;Rptorwt/fl mice, which had partial loss of Raptor in the Tsc1-cKO background. We 
harvested Tsc1-cKO;Raptor-cHet cultures on DIV 18 and found that the elevation in p-S6 
was reduced compared to Tsc1 deletion alone (Fig. 3e,f) (Tsc1-cKO;Raptor-cHet 125.9% 
+/- 6.6 % of control vs. Tsc1-cKO 181.6% +/-15.5% of control). In addition, while p-Akt-
473 was slightly reduced compared to control, the reduction was less than in Tsc1-cKO 
cultures (Fig. 3e,f) (Tsc1-cKO;Raptor-cHet 74.5% +/- 9.1% of control vs. Tsc1-cKO 58.2% 
+/- 4.0% of control). These data show that loss of one copy of Rptor can significantly 
ameliorate, although not completely prevent, the mTORC1 and mTORC2 signaling 
abnormalities associated with Tsc1 loss. Supplementary Figure 2k provides a summary 
of the effects of rapamycin, Rictor, and Raptor manipulations on p-S6 and p-Akt levels in 
Tsc1-cKO cultures.  
 
Reduction of Raptor prevents hypertrophy of Tsc1-cKO neurons 

Cellular hypertrophy is a well-established consequence of mTORC1 
hyperactivity[26]. To test whether genetic reduction of Raptor could improve somatic 
hypertrophy, we sparsely labeled cultured neurons with florescent proteins and measured 
soma size. In this experiment, control cells expressed GFP and mutant cells within the 
same culture expressed nuclear Cre-mCherry and cytoplasmic tdTomato (Fig. 3g). We 
observed the expected increase in soma size of Tsc1-cKO neurons compared to controls, 
which was reversed by four-day treatment with rapamycin (Fig. 3h and Supplementary 
Fig. 3a-f). Homozygous deletion of Rictor did not prevent cellular hypertrophy as Tsc1-
cKO;Rictor-cKO neurons exhibited significantly increased soma size compared to 
controls (Fig. 3h and Supplementary Fig. 3g-i). By contrast, both homozygous and 
heterozygous deletion of Rptor reduced the size of Tsc1-cKO neurons, effectively 
normalizing soma area to control levels (Fig. 3h and Supplementary Fig. 3j-o). Together, 
these results demonstrate that genetic reduction of Raptor, but not Rictor, is sufficient to 
prevent hypertrophy of Tsc1-cKO neurons in vitro. 
 
Genetic reduction of Raptor, but not Rictor, extends the life span of Tsc1-cKO mice 

To test whether Raptor reduction could improve TSC-related phenotypes in vivo, 
we used the Emx1IRESCre (Emx1-Cre)[207] mouse line to induce Tsc1 deletion around 
embryonic day 9.5 (E9.5), primarily in excitatory neurons of the cortex and hippocampus 
(Fig. 4a). Deletion of Tsc1 in Emx1-expressing cells leads to a severe phenotype 
characterized by poor development, seizures, and premature mortality in the first few 
weeks of life[152, 208]. To test whether genetic reduction of mTORC1 or mTORC2 could 
prevent these phenotypes, we generated mice with heterozygous or homozygous 
deletion of Rptor or Rictor in the Tsc1-cKO;Emx1-Cre background (Fig. 4b). We 
monitored the survival and body weight of mice born from these crosses for the first 40 
postnatal days. As expected, Tsc1fl/fl;Emx1-Cre+ (Tsc1-cKO) mice exhibited premature 
mortality with a median survival of 18.5 days (Fig. 4c,d and Supplementary Table 1). 
Tsc1-cKO mice of both sexes also had reduced body weight, although the timing of death 
was not correlated to weight (Fig. 4e-h, Supplementary Fig. 4a, and Supplementary Table 
2).  
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Loss of Raptor extended the life span of Tsc1-cKO mice in a gene dose-dependent 
manner, with homozygous Rptor deletion resulting in near normal survival (16/17 
Tsc1fl/fl;Rptorfl/fl;Emx1-Cre+ animals survived until at least P40, Fig. 4c and Supplementary 
Table 1). Heterozygous deletion of Rptor led to a significant shift in the median survival 
of Tsc1-cKO mice from 18.5 to 24.5 postnatal days and 26% of the Tsc1-cKO;Raptor-
cHet mice survived past P40 (Fig. 4c). While Tsc1-cKO;Raptor-cHet males and females 
had identical median survival, the length of life span extension was sex-dependent. After 
P26, the surviving female population stabilized with 40% of Tsc1-cKO;Raptor-cHet 
females surviving past P40 (Supplementary Fig. 4b and Supplementary Table 1). By 
contrast, the Tsc1-cKO;Raptor-cHet male population steadily declined and only 5% of 
mice survived past P40 (Supplementary Fig. 4b and Supplementary Table 1). Notably, 
while Tsc1-cKO;Raptor-cKO mice regularly survived past P40, they exhibited significantly 
decreased body weight (Fig. 4e,f and Supplementary Table 2). Similar body weight 
changes were observed with homozygous loss of Rptor in mice WT for Tsc1 
(Supplementary Table 2). Compared to WT mice, Tsc1-cKO;Raptor-cHet mice had 
reduced body weight but were significantly larger than Tsc1-cKO;Raptor-WT mice, 
suggesting improved physical development (Fig. 4e,f and Supplementary Table 2). The 
body weight differences between Tsc1;Raptor mice of different genotypes generally 
persisted among surviving mice at P150 (Supplementary Fig. 4c).  

A recent report in Ptenfl/fl;CamKII-Cre+ mice (Pten-cKO) showed that concurrent 
deletion of Pten and Rictor significantly shifted median survival from P~50 to ~110 days; 
however, no mice survived past P130. Surprisingly, homozygous Rptor deletion did not 
significantly affect the median survival age of Pten-cKO mice[155]. We generated 
Tsc1;Rictor;Emx1-Cre mice and found that heterozygous loss of Rictor did not affect the 
survival of Tsc1-cKO mice and homozygous loss of Rictor only slightly shifted the median 
survival from P18 to P20, with no Tsc1-cKO;Rictor-cKO animals surviving past P24 (Fig. 
4d and Supplementary Table 1). It was previously shown that Rictorfl/fl;Emx1-Cre+ animals 
exhibited reduced body weight[209]. Consistent with this, we observed decreased body 
weight in mice with homozygous loss of Rictor, independent of Tsc1 genotype (Fig. 4g,h 
and Supplementary Table 2). Together, these findings indicate that premature mortality 
due to loss of Tsc1 in forebrain excitatory neurons can be prevented by concomitant 
downregulation of mTORC1, but not mTORC2. 
 
Genetic downregulation of Raptor improves multiple TSC-related brain phenotypes 

Given that downregulation of Raptor extended the life span of Tsc1-cKO mice in a 
gene-dose dependent manner, we next examined whether TSC-related brain phenotypes 
could be improved. We explored a battery of common phenotypes in mouse models of 
TSC including macrocephaly, hypertrophic neurons, impaired myelination, and reactive 
astrogliosis[151, 152, 208]. We harvested brain tissue from P14-15 mice and found the 
expected cortical hypertrophy and elevated p-S6 phosphorylation in the forebrain of Tsc1-
cKO mice (Fig. 4i,j and Supplementary Fig. 4g,h ). Strikingly, when we examined the 
brains of Tsc1-cKO;Raptor-cKO mice, we found decreased overall brain size, severely 
reduced cortical thickness, and lack of a clear hippocampal structure (Fig. 4k and 
Supplementary Fig. 4d,e,i), despite near normal survival of these mice (see Fig. 4c). 
Underdeveloped cortical and hippocampal structures were also observed in Tsc1-
WT;Raptor-cKO mice (Supplementary Fig. 4f), indicating that impaired forebrain 
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development was due to Rptor deletion alone, independent of Tsc1 genotype. In contrast, 
heterozygous deletion of Rptor did not cause changes in overall brain architecture 
(Supplementary Fig. 4f). These results demonstrate that while loss of Tsc1 causes 
cortical hypertrophy, embryonic suppression of mTORC1 signaling leads to severely 
impaired cortical and hippocampal development.  

Given the significant neurodevelopmental abnormalities associated with complete 
loss of Raptor, we tested whether partial Raptor reduction could improve developmental 
brain phenotypes in Tsc1-cKO mice. We found that loss of one copy of Rptor improved 
overall brain architecture, reduced cortical hypertrophy, ameliorated hippocampal CA1 
and dentate gyrus (DG) lamination defects, and improved cortical myelination, resulting 
in an intermediate phenotype between WT and Tsc1-cKO mice (Fig. 4l-s and 
Supplementary Fig. 4j and Fig. 5a-c). At the cellular level, heterozygous loss of Rptor 
reduced mTORC1 signaling, as measured by p-S6 levels, and partially prevented 
neuronal hypertrophy in the cortex, CA1 and DG regions (Fig. 5a-n and Supplementary 
Fig. 5d-g). 

Glial abnormalities have previously been observed in the Tsc1fl/fll;Emx1-Cre+ 

mouse model[152, 208]. Astrocytes specifically appear dysmorphic, exhibiting 
hypertrophic processes and increased expression of glial fibrillary acidic protein 
(GFAP)[152, 208]. Consistent with these findings, we observed a significant increase in 
GFAP fluorescence intensity across all cortical layers of Tsc1-cKO mice, that was partially 
attenuated in Tsc1-cKO;Raptor-cHet mice (Fig. 5o-q). We also observed a significant 
increase in GFAP fluorescence intensity in the hippocampal CA1 region of Tsc1-cKO 
mice that was restored to near WT levels in Tsc1-cKO;Rptor-cHet mice (Fig. 5r-t). Similar 
to prior studies, the GFAP-positive cells within the hippocampus of Tsc1-cKO mice did 
not exhibit high p-S6 levels[152, 208] (Fig. 5u). The severity of phenotypes caused by 
Tsc1 loss and their ability to be prevented by Raptor reduction were both cell type- and 
sex-dependent (Supplementary Fig. 5h-k and Supplementary Table 3). Taken together, 
these results demonstrate that partial reduction of Raptor in the forebrain is sufficient to 
improve multiple developmental brain phenotypes resulting from loss of Tsc1. 
 
Hyperexcitability of Tsc1-cKO neurons is reduced by Raptor downregulation 

Tsc1fl/fl;Emx1-Cre+ mice exhibited behavioral seizures that were observable after 
the first two weeks of life. Given the challenges of performing in vivo EEG analysis in very 
young animals, and reports that cultured neurons with TSC-associated mutations show 
network hyperactivity[153, 210, 211], we used calcium imaging of hippocampal cultures 
from Tsc1fl/fl;Rptorwtl/fl;Emx1-Cre+ mice to test whether Raptor reduction could prevent 
epileptiform activity. We delivered an AAV encoding the fluorescent calcium indicator 
jRGECO1a[212] on DIV 2 and imaged calcium dynamics on DIV 14 (Fig. 6a-j and 
Supplementary Fig. 6a,b). Analysis of individual Ca2+ transients (Supplementary Fig. 
6c,d) showed that cultures from Tsc1-cKO mice exhibited more frequent events, which 
were, on average, larger in amplitude and longer in duration than in control neurons (Fig. 
6k-n). We calculated the area under the curve (AUC) for each Ca2+ transient and found 
that the average AUC was significantly larger in Tsc1-cKO neurons (Fig. 6o). In cultures 
from Tsc1-cKO;Raptor-cHet mice, Raptor downregulation significantly reduced the 
average frequency, amplitude, and AUC but had no effect on the duration of Ca2+ 
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transients compared to Tsc1 loss alone (Fig. 6k-o). These results show that neuronal 
hyperactivity caused by Tsc1 loss can be ameliorated by Raptor reduction.  

To investigate how loss of Tsc1 affects network activity patterns, we analyzed 
‘network events’, which were defined by synchronous activity of more than 20% of 
neurons in the field of view (see Fig. 6h-j). We found that a significantly larger proportion 
of neurons participated in each network event in Tsc1-cKO cultures compared to controls 
and that these events occurred with greater frequency (Supplementary Fig. 6e,f). We 
measured the percentage of time each culture exhibited coordinated network activity 
during the recording period and found that this was significantly increased in Tsc1-cKO 
cultures compared to controls (Supplementary Fig. 6g). We analyzed the individual Ca2+ 
transients that occurred during network events and found that these were larger and 
lasted longer in Tsc1-cKO neurons compared to controls (Supplementary Fig. 6h-j). While 
partial Raptor downregulation did not significantly reduce the frequency or duration of 
network activity, it was sufficient to reduce the proportion of neurons participating in 
network events (Supplementary Fig. 6e-g). Heterozygous deletion of Rptor also reduced 
the amplitude and AUC, but not the duration, of individual Ca2+ transients occurring within 
network events (Supplementary Fig. 6h-j). Collectively, these data show that 
heterozygous loss of Rptor reduces but does not completely prevent network 
hyperactivity caused by loss of Tsc1.  
 
Heterozygous loss of Tsc1 does not induce network hyperexcitability 

Whether partial loss of Tsc1/2 complex function is sufficient to drive neuronal 
hyperactivity remains inconclusive as reports using cultured human neurons derived from 
TSC patient cells, which are heterozygous for the TSC1 or TSC2 mutation, present 
conflicting findings[211, 213, 214]. To investigate this in our model, we generated 
Tsc1wt/fl;Emx1-Cre+ (Tsc1-cHet) mice and found that they had normal body weight and 
survival (Supplementary Fig. 7a-c), with no spontaneous seizures observed. We prepared 
hippocampal cultures from these mice and found that in contrast to homozygous Tsc1 
deletion, heterozygous loss of Tsc1 did not induce somatic hypertrophy, increase p-S6, 
or reduce p-Akt levels (Supplementary Fig. 7d-j).   

We transduced Tsc1-cHet cultures with AAV-jRGECO1a and examined whether 
loss of one copy of Tsc1 altered Ca2+ activity dynamics (Supplementary Fig. 8a-f). Tsc1-
cHet neurons showed no difference in the frequency of Ca2+ transients per culture and 
had a small decrease in the frequency of events per neuron (Supplementary Fig. 8g,h). 
While the average event duration and AUC per neuron were not different between Tsc1-
cHet and control neurons, the average amplitude of these events was larger in Tsc1-cHet 
neurons. (Supplementary Fig. 8i-k). Analysis of network events showed that a smaller 
proportion of Tsc1-cHet neurons participated in these events compared to control 
(Supplementary Fig. 8l). The frequency and total duration of network events were similar 
between control and Tsc1-cHet cultures, as was the amplitude of individual transients 
(Supplementary Fig. 8m-o). The duration and AUC of Ca2+ transients occurring within 
network events were slightly decreased in Tsc1-cHet neurons (Supplementary Fig. 8p,q). 
Together these data indicate that while loss of one copy of Tsc1 causes some alterations 
in Ca2+ dynamics in mouse hippocampal neurons, it is not sufficient to induce neuronal or 
network hyperactivity. 
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Postnatal Raptor reduction using AAV-shRptor 

The results described above showed that ~50% reduction of Raptor protein 
concurrent with Tsc1 deletion reduced mTORC1 hyperactivity and improved multiple 
developmental and functional phenotypes resulting from Tsc1 loss. To determine whether 
Raptor reduction could be used therapeutically, we used a viral approach to reduce 
Raptor expression postnatally in the forebrain of Tsc1-cKO mice. Our biochemical 
experiments indicated that ~80% loss of Raptor may be most effective at normalizing 
mTORC1 and mTORC2 signaling in neurons with Tsc1 deletion (see Fig. 3). Therefore, 
we generated AAVs encoding an shRNA targeting Raptor (shRptor)[215] or a scrambled 
control (shControl) under a ubiquitously expressed promoter. We transduced 
hippocampal cultures from Tsc1wt/wt or fl/fl;Emx1-Cre+ mice with these viruses and found 
that shRptor reduced Raptor protein levels by ~90% in WT neurons and 65-70% in Tsc1-
cKO neurons (Supplementary Fig. 9a-h). The lesser reduction of Raptor in Tsc1-cKO 
cultures compared to WT was likely due to upregulation of Raptor protein in these cells 
(Supplementary Fig. 9d). In Tsc1-cKO cultures, shRptor reduced p-S6 levels, relieved p-
Akt suppression, and completely rescued neuronal hypertrophy (Supplementary Fig. 9f,h-
j). In this experiment, in which Tsc1 was deleted embryonically, we observed a significant 
increase in 4E-BP1 phosphorylation in Tsc1-cKO neurons treated with shControl 
(Supplementary Fig. 9g). However, similar to rapamycin treatment[215], 4E-BP1 
phosphorylation was resistant to shRptor treatment (Supplementary Fig. 9g). 

To examine the efficacy of postnatal Raptor downregulation as a therapeutic 
strategy, we injected AAV9-shRptor-EYFP or shControl into the cortex and hippocampus 
of P0 Tsc1fl/fl;Emx1-Cre+ (Tsc1-cKO) and Tsc1wt/wt;Emx1-Cre+ (WT) mice (Fig. 7a). We 
examined brain sections from P16 mice and found that shRptor consistently reduced the 
p-S6 levels and soma size of Tsc1-cKO neurons within the cortex and hippocampus (Fig. 
7b-m and Supplementary Fig. 10). We noted that the degree of reduction compared to 
shControl-treated WT neurons varied by brain region, ranging from an intermediate 
phenotype in the DG, normalization to WT levels in CA1, and reduction below WT levels 
in the somatosensory cortex (Fig. 7b-m and Supplementary Fig. 10). In WT mice, shRptor 
strongly downregulated neuronal p-S6 levels in the cortex and CA1, but not in the DG, 
and modestly reduced soma size within all regions (Fig. 7b-m and Supplementary Fig. 
10). Thus, postnatal downregulation of Raptor improved cellular phenotypes in mice with 
prenatal Tsc1 deletion. 

Decreased myelination in Tsc1-cKO mouse models can arise directly from 
changes in oligodendrocytes[216, 217] or can occur via a non-cell-autonomous 
mechanism due to altered neuronal signaling[151, 218]. In Tsc1fl/fl;Syn-Cre+ mice, there 
is impaired myelination due to increased secretion of connective tissue growth factor from 
Tsc1-cKO neurons, which negatively regulates oligodendrocyte development[218]. In 
Emx1-Cre mice, Cre is expressed primarily in neurons, although some glial cells can 
exhibit Cre expression[152, 207]. We tested whether shRptor injection into the forebrain 
of Tsc1-cKO mice could rescue decreased myelination. We found that shRptor boosted 
bulk cortical MBP fluorescence in Tsc1-cKO mice to WT levels (Fig. 7n-r). Since Rptor 
deletion from oligodendrocytes leads to reduced myelination[216, 219], the increased 
MBP expression observed here was likely a result of Raptor reduction in Tsc1-cKO 
neurons, which led to a non-cell-autonomous increase in cortical myelination. Finally, 
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while Tsc1-cKO mice injected with shRptor still exhibited some handling-induced 
seizures, their body weight and life span were significantly improved in comparison to 
Tsc1-cKO mice injected with control shRNA (Fig. 8a-c). 
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Discussion 
 

The goal of this study was to test whether genetic downregulation of mTORC1 or 
mTORC2 activity could be used to improve brain phenotypes in mouse models of TSC. 
We found that mTORC1 suppression via Raptor reduction was able to rebalance the 
activity of both mTOR complexes in the context of Tsc1 loss. While complete embryonic 
Raptor loss caused severe defects in forebrain development, 50% reduction of Raptor 
was sufficient to ameliorate several TSC-related phenotypes including signaling 
abnormalities, cellular alterations, network hyperactivity, and changes in brain 
architecture. Notably, mTORC2 suppression via loss of Rictor did not confer significant 
benefit in TSC mouse models. To extend the potential therapeutic relevance of our 
findings, we showed that postnatal downregulation of Raptor rescued Tsc1-cKO cellular 
phenotypes to a significant extent. Together, these data suggest that mTORC1 
hyperactivity is primarily responsible for TSC-related brain phenotypes and that Raptor 
downregulation could be a potential therapeutic approach for the neurological 
presentations of TSC. 
 
The contribution of mTORC1 vs. mTORC2 to TSC-related brain phenotypes 

The manifestations of TSC have traditionally been thought to arise from mTORC1 
hyperactivity[31, 76]. However, there are several lines of evidence suggesting that 
mTORC2 may also be involved. First, rapamycin and its derivatives, which are used to 
treat TSC, not only strongly inhibit the p70S6K arm of mTORC1 signaling but also 
suppress mTORC2 activity in neurons[118] (see Fig. 1). Second, a recent study in mice 
lacking Pten, an upstream negative regulator of mTORC1, showed that disease-related 
phenotypes could be prevented by inhibition of mTORC2 but not mTORC1[155]. Third, 
several different mouse models of TSC exhibit a defect in mGluR-dependent LTD[149, 
200-202]. It was recently shown that mTORC2 is the most relevant complex that regulates 
this form of hippocampal synaptic plasticity, which was not affected by deletion of 
Rptor[27]. Taken together, this leaves open the possibility that mTORC2 may be a 
relevant therapeutic target for TSC. 

Here we deleted Rptor or Rictor in mouse models of TSC to determine whether 
suppression of mTORC1 or mTORC2 could improve disease-related phenotypes. We 
found that while reduction of Raptor levels ameliorated multiple TSC-related phenotypes, 
loss of Rictor did not significantly improve mTOR signaling abnormalities, neuronal 
hypertrophy, physical development, or premature mortality of Tsc1-cKO mice. This 
indicates that while reductions in Pten or the Tsc1/2 complex both increase mTORC1 
signaling, the differences in how loss of these proteins affects other parts of the 
PI3K/Akt/mTOR signaling network need to be considered when designing a therapeutic 
strategy. In the case of Pten deletion, Akt, mTORC1 and mTORC2 signaling are all 
upregulated since Pten normally suppresses PI3K-dependent activation of Akt upstream 
of mTORC1 and mTORC2[155, 181, 220-222]. Disruption of the Tsc1/2 complex also 
leads to increased mTORC1 signaling, which is due to loss of its GAP activity towards 
Rheb, a direct activator of mTORC1[223]. However, in contrast to Pten, loss of Tsc1/2 
leads to decreased mTORC2-dependent phosphorylation of Akt[208, 216, 224, 225].  

Here we observed an interesting relationship between mTORC1 and mTORC2 
signaling in neurons, indicating significant crosstalk between the two complexes. We 
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found that while chronic rapamycin treatment suppressed both mTORC1 and mTORC2 
signaling, Rptor deletion led to increased Akt phosphorylation at the mTORC2 site, in 
both WT and Tsc1-cKO neurons, suggesting enhanced mTORC2 activity. A similar effect 
has been reported in oligodendrocytes with conditional deletion of Rptor and in cancer 
cell lines with Raptor siRNA[216, 226]. In addition, Chen et al. showed that concomitant 
deletion of Rptor and Pten from forebrain neurons led to a stronger upregulation of p-Akt 
than observed with loss of Pten alone[155]. This phenotype is opposite of what we 
observed with Tsc1 loss, where mTORC2 signaling was reduced. There are several 
possible mechanisms whereby this crosstalk between mTORC1 and mTORC2 may 
occur. First, in conditions of high mTORC1 signaling, there may be enhanced negative 
feedback to upstream regulators of Akt, which would lead to reduced Akt 
phosphorylation[199, 225, 227, 228]. Second, it has been shown in other systems that 
p70S6K1, a direct target of mTORC1, can phosphorylate two mTORC2 components, 
Rictor and mSin1, and inhibit mTORC2-dependent Akt phosphorylation[229-231]. In this 
case, Raptor reduction and reduced mTORC1 activity would lead to decreased Rictor 
phosphorylation, thereby boosting mTORC2-dependent phosphorylation of Akt. Third, in 
the case of Raptor reduction, it is possible that limited Raptor protein availability leads to 
decreased formation of mTORC1, which in turn may free up more mTOR protein to form 
mTORC2, leading to its enhanced activity. Further work is needed to clarify the 
mechanistic interactions between mTORC1 and mTORC2 signaling in neurons. 
Regardless of the mechanism, our data show that partial reduction of Raptor alone, in the 
absence of direct manipulations to mTORC2, can rebalance the signaling of both mTOR 
complexes in Tsc1 KO neurons by constraining mTORC1 signaling and releasing 
inhibition of mTORC2.  
 
The consequences of heterozygous versus homozygous loss of Tsc1 

The mouse model of TSC used here has embryonic deletion of Tsc1 from most 
forebrain excitatory neurons. This model recapitulates several disease-relevant 
phenotypes including spontaneous seizures, abnormalities in brain anatomy, neuronal 
hypertrophy, hypomyelination and astrogliosis[152, 208]. However, the phenotypes are 
generally more severe than in individuals with TSC as Tsc1fl/fl;Emx1-Cre+ mice also have 
reduced body weight, fail to thrive, and exhibit premature mortality in the first few weeks 
of life. It is important to note that individuals with TSC generally carry germline 
heterozygous mutations in either the TSC1 or TSC2 genes, although somatic mosaicism 
can also occur[232-234]. The prevailing model is that during embryonic brain 
development, somatic second-hit mutations cause loss of heterozygosity and mTORC1 
hyperactivity, leading to the formation of cortical malformations, which can become 
seizure foci[31, 166]. In support of this model, we found that loss of one copy of Tsc1 
from excitatory forebrain neurons was not sufficient to induce seizures, consistent with 
previous reports[142, 143]. To further investigate this, we generated primary hippocampal 
cultures from Tsc1-cHet mice and found that they did not exhibit spontaneous 
hyperactivity or mTORC1 activation. Previous reports have demonstrated that 
heterozygous loss of Tsc1 or Tsc2 from other neuronal types can induce synaptic and 
behavioral changes[142, 143, 147, 149, 235]. Therefore, further work is needed to clarify 
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which TSC-related phenotypes may be driven by haploinsufficiency and which require 
complete disruption of TSC1/2 complex activity.   
 
Importance of the developmental timing of mTOR perturbations 

Balanced mTOR signaling is crucial for proper embryonic brain development[208, 
209, 236-238]. In line with this, we found that embryonic mTORC1 suppression via 
homozygous deletion of Rptor from forebrain excitatory neurons led to stunted body and 
brain development. In particular, Raptor-cKO mice had a severely underdeveloped cortex 
and failed to form a discernable hippocampal structure, which occurred independent of 
Tsc1 genotype. These results are consistent with a prior study that disrupted Raptor 
expression broadly in neuronal progenitors (using Rptorfl/fl;Nestin-Cre+ mice), which led 
to microcephaly and perinatal mortality of Raptor-cKO mice[237]. Despite significant 
deficits in forebrain development, here we found that Rptorfl/fl;Emx1-Cre+ mice had 
remarkably normal survival, with the majority of Raptor-cKO mice surviving into adulthood 
(> P150). Postnatal disruption of Raptor has also been investigated using 
Rptorfl/fl;CamkIIa-Cre+ mice. In this model, Raptor-cKO mice had fully developed 
hippocampal and cortical structures, however, these brain regions were smaller 
compared to WT littermates[239]. Together these studies show that the developmental 
timing and number or type of cells impacted by mTORC1 alterations defines the severity 
of the phenotypes.  
 
Therapeutic considerations 

One of the goals of this study was to test whether genetic suppression of mTORC1 
could have beneficial outcomes in mouse models of TSC and avoid side-effects 
associated with rapalog treatment, which strongly inhibits both mTORC1 and mTORC2 
signaling. While mTORC2/Akt suppression might be beneficial for anti-tumor drugs, 
suppression of Akt in the brain is associated with neuronal cell death[240] and has been 
implicated in synaptic alterations underlying bipolar disorder[241, 242]. Here we found 
that it was possible to titrate Raptor protein levels to achieve near complete normalization 
of mTOR signaling in Tsc1-cKO neurons, as measured by p-S6 and p-Akt. Importantly, 
reduction of Raptor did not strongly suppress mTORC2, as chronic rapamycin does, and 
in fact boosted mTORC2-dependent phosphorylation of Akt and normalized it in the 
context of Tsc1 loss. However, disruption of Raptor showed a similar substrate bias as 
rapamycin, in which the p70S6K branch of mTORC1 signaling was preferentially 
suppressed with less impact on 4E-BP1 phosphorylation. Despite this, reduction of 
Raptor was sufficient to improve neuronal hypertrophy, network excitability, brain 
architecture, myelination, and survival in Tsc1-cKO mice. Therefore, genetic Raptor 
reduction is a promising therapeutic approach. Compared to systemic administration of 
small molecule drugs, a gene-based therapy has the advantage of potentially being 
targetable to specific tissues or cell types, which would avoid on-target, off-tissue side-
effects that are a limitation to the chronic use of rapalogs[119].   

The Raptor manipulations tested here were consistently effective across multiple 
functional and anatomical read-outs both in vitro and in vivo. However, they did not 
provide complete prevention or rescue of all TSC-related phenotypes. In the genetic 
prevention experiments, this is likely because we could maximally achieve 50% loss of 
Raptor with heterozygous deletion, whereas our biochemical data suggest that ~80% loss 
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would be most beneficial. With Raptor shRNA, we were able to achieve 60-70% Raptor 
downregulation in Tsc1-cKO neurons, which was sufficient to improve cellular 
phenotypes, body weight, and survival; however stronger suppression may show even 
more benefit. That said, even a partial rescue can have overall beneficial outcomes, as 
was recently shown in Tsc1-cKO dopamine neurons. In Tsc1fl/fl;Slc6a3-Cre+ mice, 
heterozygous, but not homozygous, deletion of Rptor prevented functional deficits in 
dopamine release and cognitive flexibility, despite not rescuing somatic hypertrophy[160].  

Importantly, postnatal reduction of Raptor should avoid the severe developmental 
impairments caused by embryonic mTORC1 suppression. Given our findings of a non-
linear relationship between Raptor protein levels and mTORC1 signaling, it would be 
interesting to test other strategies for fine-tuning Raptor levels, for example using 
antisense oligonucleotides or CRISPR/Cas-based approaches, to achieve the optimal 
level and developmental timing of Raptor reduction. In addition, it would be worthwhile 
testing Raptor reduction in a mouse model with milder or later onset phenotypes to allow 
more time for therapeutic intervention.  

In summary, our study confirms the importance of mTORC1 hyperactivity as a key 
driver of TSC-related brain phenotypes in mouse models and highlights Raptor as a 
relevant therapeutic target that has potential advantages over current pharmacologic 
approaches.  
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Materials and Methods 
 
Mice  

All animal procedures were carried out in accordance with protocols approved by 
the University of California, Berkeley Institutional Animal Care and Use Committee 
(IACUC) AUP-2016-04-8684. Mice of both sexes were used, and the ages are indicated 
in the methods for each experiment. Mice were on a mixed genetic background. Mice 
were housed with same-sex littermates in groups of 5–6 animals per cage and kept on a 
regular 12 h light/dark with ad libitum access to standard chow and water. Mice used for 
shRNA experiments were housed on an inverse 12 h light/dark cycle. Mouse genotypes 
were confirmed by PCR using genomic DNA obtained from tail samples. See 
Supplementary Table 4 for a list of the transgenic mouse lines used and genotyping 
primers.  
 
Primary hippocampal cultures 

Dissociated hippocampal cultures were prepared from postnatal day 0-1 (P0-1) 
mice using standard protocols. Briefly, hippocampi from 2-3 pups (floxed mouse lines, 
Figs. 1-3 and Supplementary Figs. 1-3) or from single pups (Emx1-Cre mouse lines, Fig. 
7 and Supplementary Figs. 6-9) were dissected on ice. The tissue was dissociated using 
34.4 µg/ml papain in dissociation media (HBSS Ca2+, Mg2+ free, 1 mM sodium pyruvate, 
0.1% D-glucose, 10 mM HEPES buffer) and incubated for 3 min at 37oC. Tissue digestion 
was stopped by incubation in trypsin inhibitor (1 mg/ml) in dissociation media at 37oC for 
4 min. After trypsin inhibition, dissociation media was carefully removed and the tissue 
was gently manually triturated in 5 ml plating media (MEM, 10% FBS, 0.45% D-Glucose, 
1 mM sodium pyruvate, 1 mM L-glutamine). Cell density was counted using a TC10 
Automated cell counter (Bio-Rad) and ~2-2.25 × 105 neurons were plated for each 
experiment. For western blotting and Ca2+ imaging experiments, neurons were plated 
onto 24-well plates pre-coated with Poly-D-Lysine (PDL) (Corning, Cat # 08774271). For 
immunocytochemistry, neurons were plated onto 12 mm glass coverslips precoated 
overnight at room temperature (RT) with 0.5 mg/ml PDL in 0.1 M borate buffer (pH 8.5). 
On the plating day, the coverslips were rinsed 4 times with sterile water and then coated 
with 20 µg/ml laminin (GIBCO, 23017015) in 1x PBS for ~1.5h at 37oC. Subsequently, 
coverslips were rinsed 3 times with sterile water, and 400 µl of plating media were added 
prior to adding the dissociated neurons. For all cultures, plating media was removed after 
3 h and 900 µl maintenance media (Neurobasal media (Fisher Scientific # 21103-049) 
with 2 mM glutamine, pen/strep, and B-27 supplement (Invitrogen # 17504-044)) were 
added per well. After 4 days in vitro (DIV 4), 1 µM Cytosine β-D-arabinofuranoside 
(Sigma-Aldrich # C6645 ) was added to prevent glial proliferation. Cultures were 
maintained in maintenance media for 14 - 18 days with partial media changes every 4 
days.  
 
Adeno-associated virus (AAV) transduction of primary cultures 

For hippocampal culture experiments, AAVs were added on DIV 2, except for the 
shRNA experiments in which AAVs were added on DIV 1. Amounts of AAVs were chosen 
after titration experiments for each virus to accomplish either maximum or sparse 
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transduction efficiency while maintaining low toxicity levels. In primary cultures from 
Tsc1fl/fl, Tsc1fl/fl;Rptorfl/fl, Tsc1fl/fl;Rptorwt/fl and Tsc1fl/fl;Rictorfl/fl mice that were used for 
western blotting experiments, we aimed for >95% transduction efficiency using AAV1 
human Synapsin 1 (SYN1, “hSyn”) promoter-driven Cre-GFP or GFP to generate mutant 
and control cultures, respectively. For immunocytochemistry experiments, we aimed for 
sparse transduction to resolve individual neurons using AAV1-CBA-mCherry-Cre 
(nuclear localized), AAV9-CAG-FLEX-tdTomato, and AAV5-hSyn-GFP. To determine the 
percentage of Cre-expressing neurons in primary hippocampal cultures from Emx1-Cre-
positive pups we used AAV1-CAG-FLEX-GFP at a high titer (see Supplementary Fig 6a). 
For calcium imaging experiments, we transduced neurons with AAV1-hSyn-jRGECO1a 
aiming for >95% transduction efficiency. For shRNA experiments, we transduced neurons 
with AAV9-hU6-shRNA-EYFP on DIV 1 and achieved 85-90% transduction. See 
Supplementary Table 5 for the list of viruses, source, titer and number of viral genomes 
(vg) used.   
 
Protein extraction and western blot analysis 

Hippocampal cultures were harvested on DIV 14 -18. Neurobasal media was 
aspirated from one well at a time, wells were quickly rinsed with ice cold 1x PBS with 
Ca2+/Mg2+ and then 75 µl of lysis buffer were added (lysis buffer:  2 mM EDTA (Sigma: 
E5134), 2 mM EGTA (Sigma: E3889), 1% Triton-X (Sigma: T8787), and 0.5% SDS 
(Sigma: 71736) in 1× PBS with Halt phosphatase inhibitor cocktail (ThermoFisher: 
PI78420) and Complete mini EDTA-free protease inhibitor cocktail (Roche: 
4693159001)). Wells were thoroughly scraped, and lysates were collected and sonicated 
for 5 sec. Total protein was determined by BCA assay (ThermoFisher: PI23227) and 10 
μg of protein in 1X Laemmli sample buffer (Bio-Rad:161-0747) were loaded onto 4-15% 
Criterion TGX gels (Bio-Rad: 5671084). Proteins were transferred overnight at low 
voltage to PVDF membranes (Bio-Rad: 1620177), blocked in 5% milk in 1x TBS-Tween 
for one hour at RT, and incubated with primary antibodies diluted in 5% milk in 1x TBS-
Tween overnight at 4°C. The following day, membranes were washed 3 x 10 min  in 1x 
TBS-Tween and incubated with HRP-conjugated secondary antibodies (1:5000) for one 
hour at RT, washed 6 x 10 min in 1x TBS-Tween, incubated with chemiluminescence 
substrate (Perkin-Elmer: NEL105001EA) and developed on GE Amersham Hyperfilm 
ECL (VWR: 95017-661). Membranes were stripped by two 7 min incubations in stripping 
buffer (6 M guanidine hydrochloride (Sigma: G3272) with 1:150 β-mercaptoethanol) with 
shaking followed by four 2 min washes in 1x TBS with 0.05% NP-40 to re-blot on 
subsequent days. Bands were quantified by densitometry using ImageJ software (NIH). 
Phospho-proteins were normalized to their respective total proteins. Histone-3 was used 
as a loading control for every experiment. Antibody vendors, catalog numbers, and 
dilutions are listed in Supplementary Table 6. 
 
Immunocytochemistry 

On DIV 14, Neurobasal media was carefully aspirated from all wells and coverslips 
were briefly rinsed with ice cold 1× PBS with Ca2+/Mg2+ followed by fixation in freshly 
made 4% PFA (Electron Microscopy Sciences: 15713) in 1x PBS for 10 min. PFA was 
then removed and the coverslips were washed for 5 min with 1x PBS three times. 
Coverslips were blocked for one hour at RT in buffer containing 5% normal goat serum 
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(NGS) (ThermoFisher: PCN5000) and 0.3% Triton-X in 1x PBS and incubated in primary 
antibodies in antibody dilution buffer (1% BSA and 0.3% Triton-X in 1x PBS) overnight at 
4°C. The following day, coverslips were washed three times for 5 min in 1x PBS, 
incubated with secondary antibodies in antibody dilution buffer (1:500) for one hour at RT 
and washed three times for 5 min in 1x PBS. Coverslips were mounted onto slides with 
ProLong Gold Antifade mountant with or without DAPI (ThermoFisher: P36934 or 
P36935) and allowed to set for one day before imaging. For soma size quantification, 
neuronal cultures from the floxed mouse lines were imaged on an FV1000 Olympus 
FluoView confocal microscope with a 20x objective. Neuronal cultures from the Emx1-
Cre lines were imaged with a Hamamatsu Orca-er digital camera with a 10× objective and 
Micro-Manager 1.4 software. Soma area was quantified by manually tracing neuronal cell 
bodies using ImageJ software. Antibody vendors, catalog numbers, and dilutions are 
listed in Supplementary Table 6.    
 
Rapamycin treatment in vitro  

Primary hippocampal cultures were treated chronically for 4 days with rapamycin 
from DIV 10-14. A stock solution of 0.5 mM rapamycin (LC Laboratories: R-5000) was 
prepared in ethanol and stored at −20°C. Rapamycin stock was diluted in Neurobasal 
media 1:100 prior to use and then added to a final concentration of 50 nM. Rapamycin 
was first added on DIV 10 and in the final media change on DIV 12. 
 
Survival and body weight monitoring 

Breeder cages from the Tsc1;Rptor;Emx1-Cre and Tsc1;Rictor;Emx1-Cre lines 
were monitored daily with minimal disturbance. The birth date of each litter was noted, 
and the number of pups was recorded. At P11, pups were genotyped, and their body 
weight was measured. Weight was measured every two days from P11-P21 and every 5 
days from P21-P40. Each pup that was found dead in the cage was immediately removed 
and re-genotyped for confirmation. Mice were handled minimally and with care to reduce 
stressors that could promote seizures.  

For AAV-shRaptor in vivo experiments, breeder cages from the Tsc1;Emx1-Cre 
lines were monitored daily with minimal disturbance. On the birth date each litter received 
intracranial injections (see methods below) and the number of pups was recorded. Pups 
found dead before P4 were excluded from the study. At P10 pups were genotyped and 
their body weight was measured. Weight was measured every 2 days from P10-P22, 
every 3 days from P22-31 and then on P35 and P40. Each pup that was found dead in 
the cage was immediately removed and re-genotyped for confirmation. Mice were 
handled minimally and with care to reduce stressors that could promote seizures.   
 
Perfusion and immunohistochemistry 

P14-P15 mice were deeply anesthetized by isoflurane and transcardially perfused 
with ice-cold 1x PBS, followed by 4% PFA solution (Electron Microscopy Sciences: 
15713) in 1x PBS using a peristaltic pump (Instech). The brains were removed and post-
fixed by immersion in 4% PFA in 1x PBS overnight at 4 °C. Brains were then suspended 
in 30% sucrose in 0.1 M PB solution at 4°C until processed. Brains were sectioned 
coronally at 30 μm on a freezing microtome (American Optical AO 860).  
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Free-floating brain sections were batch processed to include matched control and 
experimental samples. With gentle shaking, sections were washed 3x 15 min in 1x PBS, 
followed by 1 h incubation at RT with BlockAid blocking solution (Life Tech: B10710). 
Primary antibodies were diluted in 1x PBS-T (PBS + 0.25% Triton-X-100) and applied for 
48 h at 4 °C. Sections were washed with cold 1x PBS 3 x 15 min and incubated for 1h at 
RT with secondary antibodies diluted 1:500 in 1x PBS-T. Sections were then washed in 
cold 1x PBS 5 x 15 min, mounted on SuperFrost slides (VWR: 48311-703), and 
coverslipped with Vectashield hard-set mounting media with DAPI (Vector Labs: H-1500). 
See Supplementary Table 6 for a list of antibodies and dilutions used for 
immunohistochemistry. 
 
Confocal microscopy and image analysis    

Images of brain sections were taken on either a Zeiss LSM 710 AxioObserver with 
10x or 20x objectives, or an FV3000 Olympus FluoView confocal microscope with 4x or 
20x objectives. For all quantitative comparison experiments, the same microscope and 
acquisition settings were used for each image and samples were processed in batches 
to include matched control and experimental samples. All images were processed using 
ImageJ software.  

To quantify p-S6 levels and soma area, regions of interest (ROIs) were manually 
drawn around neuronal bodies on max-projected Z-stack images. The location and the 
size of the brain region selected for analysis was consistent across genotypes for each 
experiment. For the cortex, a region within the somatosensory area spanning all layers 
was selected and ~200 neurons per section were traced. For the CA1, ~70 neurons per 
section were traced and analyzed. For the dentate gyrus, ~50 neurons per section from 
a sub-region of the suprapyramidal blade were analyzed per animal. To quantify ectopic 
cells above CA1, the number of cells with a strong p-S6 signal within a 249 x 83 μm ROI 
between the CA1 pyramidal layer and white matter were counted. 

For myelin basic protein (MBP) analysis, the average bulk fluorescence intensity 
was calculated from a ~468 x 468 µm sized ROI from a region spanning the retrosplenial 
area and secondary motor area drawn on max-projected Z-stack images. To examine 
GFAP expression in the cortex, a line was drawn across the cortical plate spanning from 
layer I to the border with the white matter. Mean GFAP fluorescence along the line was 
plotted using plot profile function in ImageJ. To examine GFAP expression in CA1, bulk 
average fluorescence intensity was calculated from a sub-region of CA1 approximately 
232 x 81 µm.  

For animals that received intracranial injections of AAV9-shRNA-EYFP bilaterally, 
neurons from both hemispheres were analyzed and pooled to account for potential 
differences in the injection efficiency. To quantify p-S6 levels, ~ 185 EYFP+ neurons were 
manually outlined within the primary somatosensory area including all cortical layers. For 
the hippocampus, ~85 neurons in CA1 and ~65 neurons in DG from a middle region 
(along the anterior/posterior axis) of the hippocampus were analyzed per animal. To 
quantify MBP, two ~621.5 x 621.5 μm ROIs (one per hemisphere) in the primary 
somatosensory cortex were drawn and bulk MBP fluorescence intensity was quantified 
and averaged per mouse. All ROIs were drawn on max-projected Z-stack images using 
ImageJ.   
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Calcium Imaging 

Primary hippocampal cultures from P0-1 Tsc1;Rptor;Emx1-Cre mice of different 
genotypes were plated onto 24 well plates pre-coated with PDL (Corning, Cat # 
08774271). On DIV 2, cultures were transduced with AAV1-jRGECO1a (Supplementary 
Table 5) and maintained for 12 days in Neurobasal media. On DIV 14, neurons were 
imaged on an AxioObserver.A1 (Zeiss) inverted microscope using a 10x Zeiss A-Plan 
objective (Numerical Aperture: 0.25) with wide field fluorescence illumination (X-Cite 
series 120Q, Lumen Dynamics). Images were taken at 8.91 Hz with a Hamamatsu Orca-
er digital camera and Micro-Manager 1.4 software. For all Ca2+ imaging experiments  
excitation light intensity, camera sensor gain, and exposure time used were identical. A 
single field of view (FOV) was imaged from at least 2-3 individual wells per culture 
(prepped from 1 pup) and approximately 40 neurons were randomly selected and 
analyzed. Before proceeding to the analysis, we verified that the neurons selected were 
active at least once during the recording period. At least 3 mice per genotype were 
examined from at least 3 different litters.  
 
Calcium imaging analysis  
Data analysis was performed using ImageJ 1.53c and custom programs written in Matlab 
2020a. 
 
Pre-processing  

Circular ROIs corresponding to neuronal somata, were drawn manually in ImageJ 
on mean intensity projection images of the recorded FOV. Forty ROIs were drawn per 
FOV, beginning in the upper left quadrant of the image, and extending outward as 
necessary (to the right, bottom left, and bottom right quadrants, respectively), and were 
imported into Matlab for further analysis. Movies were motion corrected using the 
normcorre function[243], then normalized with respect to baseline, taken to be the 
minimum intensity projection of the FOV, to generate a ΔF/F movie. It was necessary to 
use the minimum projection as Tsc1-cKO neurons exhibited high Ca2+ activity and thus 
contained few baseline frames. Ca2+ traces were extracted as ΔF/F by computing the 
mean fluorescence within each ROI at each movie frame.  
 
Single event analysis  

Individual Ca2+ transients were detected by first filtering the ΔF/F traces with a four-
frame moving mean, then using Matlab’s findpeaks function to identify peaks in the ΔF/F 
trace. Event amplitude was defined as the difference between the event’s peak ΔF/F and 
the minimum ΔF/F in the preceding inter-event-interval (see Supplementary Fig. 6c). 
Events with an amplitude < 0.5% were excluded from further analysis. Prior to 
measurement of event duration and area under the curve (AUC), Matlab’s msbackadj 
function was used to shift the 1st percentile of the ΔF/F trace within 15 second time 
windows to zero. This reduced the reliance of event AUC on preceding bouts of Ca2+ 
activity, which would otherwise contribute significantly to AUC values in Tsc1-cKO 
neurons due to their high frequency activity. Event initiation and termination were 
identified by finding the 0.5% ΔF/F threshold (see Supplementary Fig. 6d) crossing 



39 
 

preceding and following the event peak. Event termination was alternatively identified 
when the Ca2+ decay following the event peak ΔF/F was interrupted by a ΔF/F increase 
>1%, indicating the initiation of another event. Events without a clear initiation or 
termination were excluded from further analysis. AUC was defined as the area under the 
ΔF/F trace during the event (see Supplementary Fig. 6d) and measured using trapezoidal 
numerical integration implemented by the trapz function in Matlab.  
 
Network event analysis 

Network Ca2+ events were defined as time intervals over which more than 20% of 
neuronal ROIs in the imaged area were simultaneously active (activity for a single neuron 
was defined as ΔF/F ≥ 0.5%) (See gray highlighted zones in Fig. 6e-g and Supplementary 
Fig. 8c,d). We did not use a standard deviation-based threshold, as it would have 
selectively reduced event detection in Tsc1-cKO cultures, due to their persistent Ca2+ 
activity. Events with a duration < 2.5 seconds were excluded from further analysis. Cell 
participation in events was defined as the percentage of neurons that were active at any 
time during the event. Response amplitude within a single neuron during a network event 
was defined as the difference between the maximum ΔF/F during the event and the 
minimum ΔF/F in the preceding inter-event-interval. Area under the curve (AUC) was 
defined as the area under the ΔF/F trace occurring during the event.  
  
shRNA constructs 

The AAV-Tet3-shRNA plasmid (Addgene plasmid # 85740) was used as a 
backbone to generate the AAV9-hU6-shRptor-EYFP construct. The restriction enzymes 
BamHI and XbaI were used to excise the Tet-3 shRNA sequence. The oligonucleotide 
sequence:  5’-
GATCCGCCTCATCGTCAAGTCCTTCAAGAAGCTTGTTGAAGGACTTGACGATGAGG
CTTTTTTT -3’ that contains the Rptor shRNA sequence[215] flanked by restriction sites 
for BamHI and XbaI was subcloned into the plasmid backbone. AAV-hU6-shControl-
EYFP (Addgene plasmid # 85741) that contains the 5’-GTTCAGATGTGCGGCGAGT-3’ 
shRNA sequence was used as a control. For large-scale isolation and purification of the 
plasmids, DH5α NEB competent cells (New England Biolabs #C2987H) were 
transformed and Endofree Megaprep (Qiagen # 12381) was performed to generate 
plasmids for high titer viral packaging.  
 
Intracranial neonatal mouse injections 

Neonatal mice (P0) were cryo-anesthetized by placing on ice for ~2-3 min. When 
the animal was fully anesthetized, confirmed by lack of movement, it was placed in a head 
mold. Each pup received a total of 500 nl of 4x diluted AAV9 (AAV9-hU6-shRptor-EYFP 
or AAV9-hU6-shControl-EYFP, see Supplementary Table 5 for titer information) spread 
across 4 injections (2 per hemisphere):  two 150 nl injections were made into the cortex 
and two 100 nl injections were made into the dorsal hippocampus. Cortical injections were 
made halfway between bregma and lambda approximately 0.6 mm from the sagittal 
suture and 0.5-0.6 mm ventral to the surface of the skull. Hippocampal injections were 
made approximately 0.5 mm anterior to lambda with the injection sites ~0.5 mm from the 
sagittal suture and 1 mm ventral to the surface of the skull. 
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Statistical Analysis  
Statistical analyses and graphing were performed using GraphPad Prism software 

(versions 7-9). All datasets were first analyzed using the D’Agostino and Pearson 
normality test, and then parametric or non-parametric two-tailed statistical tests were 
employed accordingly to determine significance. Normally distributed datasets were 
analyzed using Welch’s t-tests when comparing two groups or a one-way ANOVA with 
Holm-Sidak’s multiple comparison tests when comparing three or more groups. Datasets 
that did not pass the normality test were analyzed using a Mann-Whitney test when 
comparing two groups or the Kruskal–Wallis test with Dunn’s multiple comparisons tests 
when comparing three or more groups. Cumulative distributions were analyzed using 
Kolmogorov–Smirnov tests (when comparing two groups) or the Kruskal–Wallis test with 
Dunn’s multiple comparisons tests (when comparing three or more groups). Survival 
curves were analyzed using the Log-rank (Mantel-Cox) test. Regression models were 
analyzed either with Pearson correlation (linear regression) or Spearman correlation 
(non-linear regression). Body weigh graphs were analyzed with Mixed-effects model 
(REML) statistics. Significance was set as *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001. P values were corrected for multiple comparisons.  
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Figures   
 
Figure 1 
 

 
Figure 1. Chronic rapamycin suppresses mTORC1 and mTORC2 signaling in cultured Tsc1-cKO 
neurons. 
a) Schematic of the experiment. Primary hippocampal cultures were prepared from Tsc1fl/fl mice on 
postnatal day (P) 0-1. AAV-GFP or AAV-Cre-GFP was added on DIV 2 and rapamycin or vehicle was added 
on DIV 10. Cells were collected for analysis by western blot (WB) or immunocytochemistry (ICC) on DIV 
14. Created with BioRender.com 
b) Representative western blots from Tsc1fl/fl cultures with (+) or without (-) four-day rapamycin (Rapa) 
treatment. MW indicates molecular weight. WT=Tsc1fl/fl + AAV-GFP; KO=Tsc1fl/fl + AAV-Cre-GFP. Two 
independent samples per genotype are shown; this experiment was replicated seven times.  
c-h) Bar graphs display western blot quantification (mean +/- SEM) for the indicated proteins, expressed as 
a percentage of Control (WT) levels. Phospho-proteins were normalized to their respective total proteins. 
Dots represent data from individual culture wells. WT n=18, KO n=15, WT+Rapa n=11 and KO+Rapa n=14 
culture wells from 7 independent cultures; 2 mice per culture. ns=non-significant. Dashed lines at 100% 
indicate Control levels. 
c) Tsc1, Kruskal-Wallis, p<0.0001; WT vs KO, ****p<0.0001; WT vs WT+Rapa, p>0.9999; WT vs KO+Rapa, 
**** p<0.0001; KO vs KO+Rapa, p>0.9999; Dunn’s multiple comparisons tests. 
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d) Raptor, One-way ANOVA, p<0.0001, F (3, 54) = 11.89; WT vs KO, ***p=0.0004; WT vs WT+Rapa, 
p=0.1541; WT vs KO+Rapa, p=0.9997; KO vs KO+Rapa, **p=0.0016; Sidak’s multiple comparisons tests. 
e) Rictor, Kruskal-Wallis, p<0.0001; WT vs KO p=0.3281; WT vs WT+Rapa, ** p=0.0023; WT vs KO+Rapa, 
p=0.7348; KO vs KO+Rapa, *p=0.0144, Dunn’s multiple comparisons tests. 
f) p-S6 Ser240/244, Kruskal-Wallis, p<0.0001; WT vs KO, *p=0.0310; WT vs WT+Rapa, ** p=0.0022; WT 
vs KO+Rapa, ***p=0.0008; KO vs KO+Rapa, ****p<0.0001; Dunn’s multiple comparisons tests. 
g) p-4E-BP1 T37, One-way ANOVA, p<0.0001, F (3, 54) = 12.40; WT vs KO, p=0.3293; WT vs WT+Rapa, 
****p<0.0001; WT vs KO+Rapa, ****p<0.0001; KO vs KO+Rapa, **p=0.0021; Holm-Sidak’s multiple 
comparisons tests. 
h) p-Akt Ser473, One-way ANOVA, p<0.0001, F (3, 54) = 103.2; WT vs KO, ****p<0.0001; WT vs WT+Rapa, 
****p<0.0001; WT vs KO+Rapa, ****p<0.0001; KO vs KO+Rapa, ****p<0.0001; Sidak’s multiple 
comparisons tests. 
See also Supplementary Figure 1.  
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Figure 2 
 

 
Figure 2. Genetic reduction of Raptor, but not Rictor, ameliorates mTOR signaling abnormalities in 
Tsc1-cKO neurons. 
a) Simplified schematic of mTORC2 showing mTOR and its obligatory binding partner Rictor. mTORC2 
phosphorylates Ser473 on Akt. 
b) Simplified schematic of mTORC1 showing mTOR and its obligatory binding partner Raptor. mTORC1 
phosphorylates 4E-BP1 (Thr37) and p70S6K, which in turn phosphorylates S6 at Ser240/244 (represented 
by the dashed line).  
c) Representative western blots from Tsc1fl/fl;Rictorfl/fl hippocampal cultures treated with AAV-GFP (WT;WT) 
or AAV-Cre-GFP (KO;KO) and harvested on DIV 14. MW indicates molecular weight. Two independent 
samples per genotype are shown; this experiment was replicated three times. 
d) Bar graphs display western blot quantification (mean +/- SEM) for the indicated proteins, expressed as 
a percentage of Control (WT) levels. n=9 culture wells from 3 independent cultures per genotype; 2 mice 
per culture. Tsc1 ****p<0.0001; Raptor p=0.2380; Rictor **** p<0.0001; p-S6 Ser240/244 *** p=0.0007; p-
4EBP1 T37 *** p=0.0002; p-Akt Ser473 **** p<0.0001; Welch’s t-tests. 
e) Representative western blots of lysates collected from Tsc1fl/fl;Rptorfl/fl hippocampal cultures treated with 
AAV-GFP (WT;WT) or AAV-Cre-GFP (KO;KO) and harvested on DIV 14. Two independent samples per 
genotype are shown; this experiment was replicated three times. 
f) Bar graphs display western blot quantification (mean +/- SEM) for the indicated proteins, expressed as a 
percentage of Control (WT) levels. n=9 culture wells from 3 independent cultures per genotype; 2 mice per 
culture. Tsc1 ****p<0.0001; Raptor ****p<0.0001; Rictor p=0.8199; p-S6 Ser240/244 p=0.6616; p-4EBP1 
T37 *p=0.0146; p-Akt Ser473 *p=0.0283; Welch’s t-tests. 
For panels d and f, phospho-proteins were normalized to their respective total proteins. Dots represent data 
from individual culture wells. Dashed lines at 100% indicate Control levels. ns=non-significant. 
See also Supplementary Figure. 1.  
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Figure 3 

 
Figure 3. Partial reduction of Raptor normalizes mTOR signaling in Tsc1-cKO cultures. 
a) Representative western blots from Tsc1fl/fl;Rptor fl/fl hippocampal cultures treated with AAV-GFP (WT;WT) 
or AAV-Cre-GFP (KO;KO) and harvested on DIV 18. MW indicates molecular weight. Two independent 
samples per genotype are shown; this experiment was replicated three times. 
b) Bar graphs display western blot quantification (mean +/- SEM) for the indicated proteins, expressed as 
a percentage of Control (WT) levels. n=9 culture wells from 3 independent cultures per genotype; 2 mice 
per culture. Tsc1 ****p<0.0001, Mann-Whitney test; Raptor ****p<0.0001, Mann-Whitney test; Rictor 
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***p=0.0005, Mann-Whitney test; p-S6 Ser240/244 ****p<0.0001, Welch’s t-test; p-4EBP1 T37 p=0.1018, 
Welch’s t-test; p-Akt Ser473 ***p=0.0003, Welch’s t-test. ns=non-significant. 
c,d) Correlation of Raptor protein levels to p-S6 Ser240/244 (c) or p-Akt Ser473 (d) levels within each 
culture, expressed as a percentage of Control. Samples were pooled across hippocampal cultures from 
Tsc1fl/fl;Rptorwt/fl or fl/fl mice treated with AAV-GFP or AAV-Cre-GFP and harvested on different days (DIV 14-
18) to generate a range of Raptor protein levels (includes data from Figs. 2e-f, 3a-b & e-f, and Fig. S2a-g). 
Solid line depicts non-linear regression. n=48 culture wells. For panel c, r= 0.8907, ****p<0.0001, Spearman 
correlation. For panel d, r= -0.8662, ****p<0.0001, Spearman correlation.    
e) Representative western blots from Tsc1fl/fl;Rptorwt/fl hippocampal cultures treated with AAV-GFP 
(WT;WT) or AAV-Cre-GFP (KO;KO) and harvested on DIV 18. Two independent samples per genotype are 
shown; this experiment was replicated three times. 
f) Bar graphs display western blot quantification (mean +/- SEM) for the indicated proteins, expressed as a 
percentage of Control (WT) levels. n=9 culture wells from 3 independent cultures per genotype; 2 mice per 
culture. Tsc1 ****p<0.0001; Raptor ****p<0.0001; Rictor ****p<0.0001; p-S6 Ser240/244 **p=0.0052; p-
4EBP1 T37 p=0.1621; p-Akt Ser473 *p=0.0235; Welch’s t-tests. 
For panels b,c,d and f, phospho-proteins were normalized to their respective total proteins. Dots represent 
data from individual culture wells. Dashed lines at 100% indicate control levels.  
g) Representative images showing a GFP-expressing control neuron (left panel) and a neighboring AAV-
Cre + AAV-Flex-tdTomato transduced Tsc1 KO neuron (middle panel) within the same hippocampal culture. 
Right panel shows the merged image is on the right. Scale bars=50 µm.  
h) Quantification (mean +/- SEM) of the average soma area of cultured hippocampal neurons of the 
indicated genotypes, expressed as a percentage of Control (WT) neurons from the same culture. One-way 
ANOVA, p<0.0001, F (4, 705) = 19.33; Tsc1-KO vs Tsc1-KO;Rictor-KO, p=0.4030; Tsc1-KO vs Tsc1-
KO+Rapa, ****p<0.0001; Tsc1-KO vs Tsc1-KO;Rptor-KO, ****p<0.0001; Tsc1-KO vs. Tsc1-KO;Rptor-Het, 
****p<0.0001; Holm-Sidak’s multiple comparisons tests.  
See also Supplementary Figures 2 and 3.  
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Figure 4 
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Figure 4. Reduction of Rptor prolongs the life span and improves forebrain development of Tsc1-
cKO mice. 
a) Representative image showing one hemisphere of a coronal section from an Emx1-Cre+;Ai9+ mouse. 
The Cre-dependent tdTomato reporter (red) is expressed broadly in the cortex and hippocampus. DAPI 
labels cell nuclei (blue). Scale bar=1 mm 
b) Schematic of the crosses used to generate experimental mice. Emx1-Cre+ mice were crossed with 
Tsc1wtl/fl mice. This line was subsequently bred to either Rictorwt/fl or Rptorwt/fl mice. 
c,d) Survival analysis of Tsc1;Rptor;Emx1-Cre (c) and Tsc1;Rictor;Emx1-Cre (d) mice of the indicated 
genotypes. The number of mice for each genotype is indicated in parentheses. Dashed lines indicate 50% 
of the population surviving. P values from Log-rank Mantel-Cox tests are shown on the graphs.  
e-h) Mean +/- SEM body weight in grams measured from postnatal day 11 to 40 for mice of the indicated 
sex and genotype. The number of mice for each genotype and is indicated in parentheses. f=females, 
m=males. Mixed-effects model (REML) statistics:  Tsc1;Rptor;Emx1-Cre females (e), day p<0.0001, 
F(1.447, 51.30) = 398.9; geno p=0.0036, F(3, 45) = 5.192. Tsc1;Rptor;Emx1-Cre males (f), day p<0.0001, 
F(2.287, 79.03) = 197.4; geno p<0.0001, F (3, 45) = 26.85. Tsc1;Rictor;Emx1-Cre females (g), day 
p<0.0001, F (4.257, 69.52) = 221.1; geno p<0.0001, F (3, 30) = 53.74. Tsc1;Rictor;Emx1-Cre males (h), 
day p<0.0001, F (2.389, 48.04) = 370.4; geno ****p<0.0001, F (3, 41) = 28.86. 
i-l) Representative whole brain coronal sections from mice of the indicated genotypes. Immunostaining for 
p-S6 Ser240/244 is in grey, myelin basic protein (MBP) is in green, NeuN is in red and DAPI-labeled nuclei 
are in blue. In panel k, inset shows zoomed-in image of the cortex and hippocampal region. Scale bars=1 
mm. Panel k inset, scale bar=500 μm (See also Suppl. Fig 4g-j) 
m) Representative images of the cortex with NeuN immunostaining. Dashed lines denote the measurement 
of cortical thickness. WT=Tsc1-WT;Rptor-WT, KO=Tsc1-KO;Rptor-WT, KO;Het=Tsc1-KO;Rptor-Het. 
Scale bars=500 μm. 
n) Representative images of the CA1 region of the hippocampus with NeuN immunostaining from mice of 
the indicated genotypes. Dashed lines denote the measurement of CA1 thickness. Boxed regions highlight 
the area above the CA1 that contains ectopic p-S6 expressing neurons in Tsc1-KO;Rptor-WT mice, which 
are reduced in Tsc1-KO;Rptor-Het mice (quantified in panel r). Scale bars=250 μm 
o) Representative images of MBP immunostaining in the cortex (Ctx) & dorsal hippocampus (Hipp) from 
mice of the indicated genotypes. cc=corpus callosum. Scale bars=500 μm. Right panels show higher 
magnification of the boxed regions in the cortex. Scale bars=100 μm.  
p) Mean +/- SEM cortical thickness for the indicated genotypes. For panels p-s, dots represent values from 
individual mice, n=8 mice per genotype. One-way ANOVA, p<0.0001, F (2, 21) = 18.40; WT vs KO, 
****p<0.0001; WT vs KO;Het, *p=0.0226; KO vs KO;Het, *p=0.0157, Sidak’s multiple comparisons tests.  
q) Mean +/- SEM CA1 thickness for the indicated genotypes. One-way ANOVA, p=0.0010, F (2, 21) = 
9.703; WT vs KO, ***p=0.0008; WT vs KO;Het, p=0.0628; KO vs KO;Het, p=0.1968 Sidak’s multiple 
comparisons tests. ns=non-significant. 
r) Mean +/- SEM number of p-S6 positive neurons above the CA1 (boxed regions in panel n) for the 
indicated genotypes. One-way ANOVA, p<0.0001, F (2, 21) = 24.77; WT vs KO, ****p<0.0001; WT vs 
KO;Het, **p=0.0016; KO vs KO;Het, *p=0.0237 Sidak’s multiple comparisons tests.  
s) Mean +/- SEM bulk MBP fluorescence intensity in the boxed cortical region shown in panel o for the 
indicated genotypes. One-way ANOVA, p<0.0001, F (2, 21) = 39.19; WT vs KO, ****p<0.0001; WT vs 
KO;Het, ***p=0.0002; KO vs KO;Het, **p=0.0025; Sidak’s multiple comparisons tests. 
See also Supplementary Figure 4 and Supplementary Tables 1 and 2. 
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Figure 5 



49 
 

 
Figure 5. Heterozygous deletion of Rptor improves cellular phenotypes in Tsc1-cKO mice. 
a,b) Representative images of somatosensory cortex showing NeuN (left panels, a) and p-S6 Ser240/244 
(right panels, b) immunostaining in Tsc1-WT;Rptor-WT (WT), Tsc1-KO;Rptor-WT (KO), and Tsc1-
KO;Rptor-Het (KO;Het) mice. Dashed lines indicate the border of cortical layer 6 and the corpus callosum. 
Scale bars=100 μm. WM=white matter  
c) Representative zoomed-in images of the cortex (midway between the cortical plate and white matter) 
showing p-S6 Ser240/244 (green) and NeuN (magenta) immunostaining for the indicated genotypes. Scale 
bars=100 μm. 
d) Cumulative distributions of cortical neuron soma area for the indicated genotypes. n=1601 WT, 1605 
Tsc1-KO, and 1602 Tsc1-KO;Rptor-Het neurons from 8 mice per genotype. Kruskal-Wallis test, p<0.0001; 
WT vs KO, p<0.0001; WT vs KO;Het, p<0.0001; KO vs KO;Het, p<0.0001; Dunn’s multiple comparisons 
tests. 
e) Mean +/- SEM cortical neuron soma area per mouse for the indicated genotypes. Dots represent values 
from individual mice. n=8 mice per genotype. One-way ANOVA, p=0.0011, F (2, 21) = 9.629; WT vs KO, 
***p=0.0008, WT vs KO;Het, p=0.2760; KO vs KO;Het, *p=0.0447 Sidak’s multiple comparisons tests. 
ns=non-significant.  
f) Cumulative distributions of cortical p-S6 levels per neuron for the indicated genotypes. n is the same as 
for panel d. Kruskal-Wallis test, p<0.0001; WT vs KO, p<0.0001; WT vs KO;Het, p<0.0001; KO vs KO;Het, 
p<0.0001; Dunn’s multiple comparisons tests. 
g) Mean +/- SEM cortical neuron p-S6 levels per mouse for the indicated genotypes. Dots represent values 
from individual mice. n=8 mice per genotype. One-way ANOVA, p=0.2881, F (2, 21) = 1.321; WT vs KO, 
p=0.3162; WT vs KO;Het, p= 0.8216, KO vs KO;Het, p=0.7989; Sidak’s multiple comparisons tests.  
h,i) Representative images of hippocampal area CA1 from mice of the indicated genotypes. Left panels 
show NeuN (h) and right panels show p-S6 Ser240/244 (i) immunostaining. Scale bars=250 μm. 
j) Representative zoomed-in images of the boxed region in panel i, showing p-S6 Ser240/244 (green) and 
NeuN (magenta) immunostaining for the indicated genotypes. Scale bars=100 μm. 
k) Cumulative distributions of CA1 neuron soma area for the indicated genotypes. n=568 WT, 561 Tsc1-
KO, and 561 Tsc1-KO;Rptor-Het neurons from 8 mice per genotype.  
Kruskal-Wallis test, p<0.0001; WT vs KO, ****p<0.0001; WT vs KO;Het, *p=0.0133; KO vs KO;Het, 
****p<0.0001; Dunn’s multiple comparisons tests. 
l) Mean +/- SEM CA1 neuron soma area per mouse for the indicated genotypes. Dots represent values 
from individual mice.  n=8 mice per genotype. One-way ANOVA, p<0.0001, F(2, 21) = 15.89; WT vs KO, 
***p=0.0001; WT vs KO;Het, p=0.9655; KO vs KO;Het, ***p=0.0004; Sidak’s multiple comparisons tests. 
 m) Cumulative distributions of CA1 p-S6 levels per neuron for the indicated genotypes. n is the same as 
for panel k. Kruskal-Wallis test, p<0.0001; WT vs KO, p<0.0001; WT vs KO;Het, p=0.7622; KO vs KO;Het, 
p<0.0001; Dunn’s multiple comparisons tests. 
n) Mean +/- SEM CA1 neuron p-S6 levels per mouse for the indicated genotypes. Dots represent values 
from individual mice. n=8 mice per genotype.  One-way ANOVA, p=0.0263, F (2, 21) = 4.346; WT vs KO, 
*p=0.0464; WT vs KO;Het, p=0.9981; KO vs KO;Het, p=0.0650;  Sidak’s multiple comparisons tests. 
o,p) Representative images of the somatosensory cortex from mice of the indicated genotypes. Top panels 
show NeuN (o) and bottom panels show GFAP (p) immunostaining. Scale bars=250 μm. Dashed lines 
indicate the border of cortical layer 6 and the beginning of white matter of the corpus callosum. L1=cortical 
layer 1. Zoomed-in inset scale bars=100μm.  
q) GFAP immunofluorescence across cortical layers for mice of the indicated genotypes. Lines represent 
the mean, shaded regions represent the SEM. n=8 mice per genotype. 
r,s) Representative images of the hippocampal CA1 region from mice of the indicated genotypes. Left 
panels show NeuN (r) and right panels show GFAP (s) immunostaining. Scale bars=100 μm. 
t) Mean +/- SEM bulk GFAP fluorescence in the CA1 region per mouse for the indicated genotypes. Dots 
represent values from individual mice. n=8 mice per genotype. Kruskal-Wallis test, p=0.0087; WT vs KO, 
**p=0.0063; WT vs KO;Het, p=0.2691; KO vs KO;Het, p=0.5038; Dunn’s multiple comparisons tests.  
u) Representative images showing GFAP (green) and p-S6 Ser240/244 (magenta) immunostaining in the 
hippocampus of a Tsc1-KO mouse Scale bar=500 μm. Right panel shows a zoomed-in image of the boxed 
region. Scale bar=100μm. 
See also Supplementary Figure 5 and Supplementary Table 3.  
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Figure 6 
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Figure 6. Raptor downregulation reduces hyperactivity of Tsc1-cKO neurons. 
a) Schematic of the experiment. Primary hippocampal cultures were prepared from P0-1 mice of different 
genotypes. An AAV expressing the calcium indicator jRGeco1a was added on DIV 2 and cells were imaged 
on DIV 14. Created with BioRender.com 
b-d) Representative heatmaps of ΔF/F for 40 neurons imaged in a field of view from Tsc1wt/wt;Emx1-Cre+ 
(WT, b), Tsc1fl/fl;Emx1-Cre+ (Tsc1-KO, c), and Tsc1fl/fl;Rptorwt/fl;Emx1-Cre+ (Tsc1-KO;Raptor-Het, d) 
cultures. 
e-g) Ca2+ transients from 5 representative neurons imaged in a field of view in WT (e), Tsc1-KO (f) and 
Tsc1-KO;Raptor-Het (g) cultures. Grey lines indicate network events with more than 20% of neurons in the 
field of view active at the same time. Black dots represent spontaneous Ca2+ transients that were not part 
of network events.  
h-j) Graphs display the percentage of neurons in the field of view that were active at a given time for a 
representative WT (h), Tsc1-KO (i) and Tsc1-KO;Raptor-Het (j) culture. Red dashed lines at 20% indicate 
the threshold for what was considered a network event. 
k) Mean +/- SEM calcium transient frequency per culture. Dots represent values from individual cultures. 
n=20 culture wells from 6-7 independent culture preps per genotype, 1 pup per prep. One-way ANOVA, 
p<0.0001, F (2, 57) = 16.88; WT vs KO, ****p<0.0001; WT vs KO;Het, *p=0.0130; KO vs KO;Het, *p=0.0187; 
Sidak’s multiple comparisons tests. 
l) Scatter dot plot of the Ca2+ transient frequency per neuron for the indicated genotypes. Black lines indicate 
mean +/- SEM. n=800 neurons per genotype. Kruskal-Wallis test, p<0.0001; WT vs KO, p<0.0001; WT vs 
KO;Het, p<0.0001. KO vs. KO;Het, p<0.0001;  Dunn’s multiple comparisons tests.  
m) Scatter dot plot of the average Ca2+ transient amplitude per neuron for the indicated genotypes. n is the 
same as for panel l. Kruskal-Wallis test, p<0.0001; WT vs KO, ****p<0.0001; WT vs KO;Het, p=0.9211; KO 
vs. KO;Het, ****p<0.0001; Dunn’s multiple comparisons tests. ns=non-significant. 
n) Scatter dot plot of the average Ca2+ transient duration per neuron for the indicated genotypes. n is the 
same as for panel l. Kruskal-Wallis test, p<0.0001; WT vs KO, ****p<0.0001; WT vs KO;Het, ****p<0.0001; 
KO vs. KO;Het, p>0.9999; Dunn’s multiple comparisons tests. 
o) Scatter dot plot of the average Ca2+ transient area under the curve (AUC) per neuron for the indicated 
genotypes. n is the same as for panel l. Kruskal-Wallis test, p<0.0001; WT vs KO, ****p<0.0001; WT vs 
KO;Het, ***p=0.0001; KO vs. KO;Het, ****p<0.0001;  Dunn’s multiple comparisons tests. 
See also Supplementary Figures 6-8. 
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Figure 7. Postnatal Raptor reduction improves cellular phenotypes in Tsc1-cKO mice. 
a) Schematic of the experiment. P0 pups received intracranial injections with AAV-shRptor-EYFP or AAV-
shControl-EYFP (shCtrl). Brains were analyzed by immunohistochemistry at P16. Example sagittal brain 
image of an injected mouse at P16 showing EYFP expression in green and DAPI in blue. Ctx=cortex; 
Hipp=hippocampus. Scale bar=1 mm. Created with BioRender.com.  
b-e) Representative images of the primary somatosensory cortex of Tsc1wt/wt;Emx1-Cre+ (WT, b-c) and 
Tsc1fl/fl;Emx1-Cre+ (KO, d-e) mice injected with shRptor-EYFP or shCtrl-EYFP virus showing EYFP (top 
panels) and p-S6 240/244 immunostaining (middle panels). Bottom panels show merged images. Scale 
bars=100 μm. 
f-i) Representative images of the CA1 region of WT (f-g) and KO (h-i) mice injected with shRptor-EYFP or 
shCtrl-EYFP virus showing EYFP (top panels) and p-S6 240/244 immunostaining (middle panels). Bottom 
panels show merged images. Scale bars=100 μm. 
j) Cumulative distributions of p-S6 levels in cortical EYFP+ neurons for the indicated genotypes. n=1086 
WT+shCtrl, 1095 WT+shRptor, 1095 Tsc1-KO+shCtrl, and 1087 Tsc1-KO+shRptor neurons from 6 mice 
per group. Kruskal-Wallis test, p<0.0001; WT+shCtrl vs WT+shRptor, p<0.0001; WT+shCtrl vs Tsc1-
KO+shCtrl, p<0.0001; WT+shCtrl vs Tsc1-KO+shRptor, p<0.0001; Tsc1-KO+shCtrl vs Tsc1-KO+shRptor, 
p<0.0001; Dunn’s multiple comparison tests. 
k) Cumulative distributions of EYFP+ cortical neuron soma area for the indicated genotypes. n is the same 
as in panel j. Kruskal-Wallis test, p<0.0001; WT+shCtrl vs WT+shRptor, p<0.0001; WT+shCtrl vs Tsc1-
KO+shCtrl, p<0.0001; WT+shCtrl vs Tsc1-KO+shRptor, p<0.0001; Tsc1-KO+shCtrl vs Tsc1-KO+shRptor, 
p<0.0001; Dunn’s multiple comparison tests. 
l) Cumulative distributions of p-S6 levels in CA1 EYFP+ neurons for the indicated genotypes. n=514 
WT+shCtrl, 507 WT+shRptor, 512 Tsc1-KO+shCtrl, and 497 Tsc1-KO +shRptor neurons from 6 mice per 
group. Kruskal-Wallis test, p<0.0001; WT+shCtrl vs WT+shRptor, p<0.0001; WT+shCtrl vs Tsc1-
KO+shCtrl, p<0.0001; WT+shCtrl vs Tsc1-KO+shRptor, p=0.4315; Tsc1-KO+shCtrl vs Tsc1-KO+shRptor, 
p<0.0001; Dunn’s multiple comparison tests. 
m) Cumulative distributions of EYFP+ CA1 neuron soma area for the indicated genotypes. n is the same 
as for panel l. Kruskal-Wallis test, p<0.0001; WT+shCtrl vs WT+shRptor, p=0.2318; WT+shCtrl vs Tsc1-
KO+shCtrl, p<0.0001; WT+shCtrl vs Tsc1-KO+shRptor, p<0.0001; Tsc1-KO+shCtrl vs Tsc1-KO+shRptor, 
p<0.0001;  Dunn’s multiple comparison tests. 
n-q) Representative images of primary somatosensory cortex from mice of the indicated genotypes and 
treatments showing EYFP (green) and myelin basic protein (MBP, magenta) immunostaining. Scale bars=1 
mm. Str=striatum. Right panels show zoomed-in images of MBP immunostaining within the boxed cortical 
regions; scale bars=250 μm 
r) Mean +/- SEM bulk MBP fluorescence intensity in the boxed cortical regions shown in panels n-q for the 
indicated genotypes. n=6 animals per condition. Kruskal-Wallis, p=0.0114; WT+shCtrl vs WT+shRptor, 
p>0.9999; WT+shCtrl vs Tsc1-KO+shCtrl, **p=0.0077; WT+shCtrl vs Tsc1-KO+shRptor, p=0.4833; Tsc1-
KO+shCtrl vs Tsc1-KO+shRptor, p=0.4833; Dunn’s multiple comparison tests. ns=non-significant. 
See also Supplementary Figures 9 and 10. 
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Figure 8 
 

 
 
Figure 8. Postnatal Raptor reduction extends survival and improves development of Tsc1-cKO mice.  
a) Survival analysis of Tsc1wt/wt;Emx1-Cre+ (WT) and Tsc1fl/fl;Emx1-Cre+ (KO) injected with AAV-shRptor or 
AAV-shControl. The number of mice for each genotype is indicated in parentheses. P values from Log-rank 
Mantel-Cox tests are shown on the graphs. 
b-c) Mean +/- SEM body weight in grams measured from postnatal day 10 to 40 for mice of the indicated 
sex and genotype. The number of mice for each genotype and is indicated in parentheses. f=females, 
m=males. Mixed-effects model (REML) statistics:  Tsc1;Emx1-Cre females (b), day p<0.0001, F(2.310, 
70.56) = 380.3; geno p=0.0567, F(3, 35) = 2.759. Tsc1;Emx1-Cre males (c), day p<0.0001, F(1.638, 62.53) 
= 299.7; geno p<0.0001, F(3, 50) = 13.58 
. 
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Supplementary Figures and Tables  
 
 
Supplementary Figure 1 

 
Supplementary Figure 1. Example images of primary hippocampal cultures. 
Related to Figures 1-3. 
Representative bright-field and fluorescence images of primary hippocampal cultures from P0-P1 pups 
imaged on DIV 14. The cultures were transduced on DIV 2 with AAV-GFP (cytosolic expression) or AAV-
Cre-GFP (nuclear localized). 
a) Tsc1fl/fl cultures + GFP (Control, top panels) or Cre-GFP (Tsc1 KO, bottom panels)  
b) Tsc1fl/fl cultures + GFP (Control, top panels) or Cre-GFP (Tsc1 KO, bottom panels)  
treated with rapamycin (50 nM) from DIV 10-14. 
c) Tsc1fl/fl;Rictorfl/fl cultures + GFP (Control, top panels) or Cre-GFP (Tsc1-KO;Rictor-KO, bottom panels). 
d) Tsc1fl/fl;Rptorfl/fl cultures + GFP (Control, top panels) or Cre-GFP (Tsc1-KO;Raptor-KO, bottom panels) 
All scale bars=250 μm  
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Supplementary Figure 2 
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Supplementary Figure 2. Raptor reduction affects both mTORC1 and mTORC2 signaling. 
Related to Figures 1-3.  
a) Representative western blots of lysates from Tsc1fl/fl;Rptor fl/fl hippocampal cultures treated with GFP 
(WT;WT) or Cre-GFP (KO;KO) on DIV 2 and collected at different time points (DIV 14, 16, and 18). MW 
indicates molecular weight. Two samples per genotype are shown; this experiment was replicated two 
times.  
b-g) Bar graphs display western blot quantification (mean +/- SEM) for the indicated proteins. The data 
have been normalized to control values (WT;WT samples) for each DIV. Phospho-proteins were normalized 
to their respective total proteins. Dots represent data from individual culture wells. For all genotypes n=2 
culture wells from 2 independent cultures; 2 mice per culture.  
b) Tsc1, Kruskal-Wallis, p=0.5101; D14 vs D16, p>0.9999; D16 vs D18, p=0.7179; D14 vs D18, p>0.9999; 
Dunn’s multiple comparisons tests. ns=non-significant. 
c) Raptor, Kruskal-Wallis, p=0.0002; D14 vs D16, p=0.3500; D16 vs D18, p=0.3500; D14 vs D18, 
**p=0.0051; Dunn’s multiple comparisons tests. 
d) Rictor, Kruskal-Wallis, p=0.0263; D14 vs D16, p>0.9999; D16 vs D18, p=0.1184; D14 vs D18, p=0.0558 
Dunn’s multiple comparisons tests. 
e) p-S6 240/244, Kruskal-Wallis, p=0.0194; D14 vs D16, p>0.9999; D16 vs D18, p=0.1873; D14 vs D18, 
*p=0.0324; Dunn’s multiple comparisons tests. 
f) p-4EBP1 T37, Kruskal-Wallis, p=0.7463; D14 vs D16, p>0.9999; D16 vs D18, p>0.9999; D14 vs D18, 
p>0.9999; Dunn’s multiple comparisons tests. 
g) p-Akt Ser473, Kruskal-Wallis, p=0.0132; D14 vs D16, p=0.0723; D16 vs D18, p>0.9999; D14 vs D18, 
*p=0.0427; Dunn’s multiple comparisons tests. 
h-j) Correlation of Raptor protein levels to p-S6 Ser240/244 (h), p-4EBP1 T37 (i), or p-Akt Ser473 (j) levels 
within each culture, expressed as a percentage of Control. Samples were pooled across hippocampal 
cultures from Rptorwt/fl or fl/fl mice treated with AAV-GFP or AAV-Cre-GFP and harvested on different days 
(DIV 14-18) to generate a range of Raptor protein levels. Solid lines depict non-linear regression. Dashed 
lines represent control levels. Dots represent individual culture wells, n=31 culture wells. For panel h, r= 
0.3831, p=0.0334, Spearman correlation. For panel i, r=0.3948, p =0.0280, Spearman correlation. For panel 
j, r= -0.6460, ****p<0.0001, Spearman correlation.    
k) Box-and-whisker plots (min to max) displaying the p-S6 Ser240/244 and p-Akt Ser473 western blot 
results for the indicated conditions, expressed as a percentage of their respective controls. Data are 
replotted from Figs. 1-3. Dashed line indicates control levels.  
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Supplementary Figure 3 
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Supplementary Figure 3. Hypertrophy of Tsc1-cKO neurons is prevented by genetic reduction of 
Raptor but not Rictor. 
Related to Figure 3. 
a) Cumulative distributions of soma area for cultured Tsc1fl/fl neurons treated with AAV-GFP (control) or 
AAV-Cre-mCherry and AAV-FLEx-tdTomato (Tsc1-KO). n=182 GFP+ and 175 Cre+ neurons.  
b) Scatter dot plot of the data in panel a. Black lines indicated mean +/- SEM. Mann-Whitney, ****p<0.0001. 
c) Example fluorescence images of Tsc1fl/fl neurons expressing GFP (control) or mCherry and Cre-
dependent tdTomato (Tsc1-KO).  
d) Cumulative distributions of soma area for cultured Tsc1fl/fl neurons treated with AAV-GFP (control) or 
AAV-Cre-mCherry and AAV-FLEx-tdTomato (Tsc1-KO). Cultures were treated with 50 nM rapamycin from 
DIV 10-14. n=147 GFP+ and 150 Cre+ neurons.  
e) Scatter dot plot of the data in panel d. Black lines indicated mean +/- SEM. Mann-Whitney, p=0.7508. 
f) Example fluorescence images of Tsc1fl/fl neurons treated with rapamycin expressing GFP (control) or 
mCherry and Cre-dependent tdTomato (Tsc1-KO).  
g) Cumulative distributions of soma area for cultured Tsc1fl/fl;Rictorfl/fl neurons treated with AAV-GFP 
(control) or AAV-Cre-mCherry and AAV-FLEx-tdTomato (Tsc1-KO;Rictor-KO). n=90 GFP+ and 109 Cre+ 
neurons.  
h) Scatter dot plot of the data in panel g. Black lines indicated mean +/- SEM. Welch’s t-test, ****p<0.0001. 
i) Example fluorescence images of Tsc1fl/fl;Rictorfl/fl neurons expressing GFP (control) or mCherry and Cre-
dependent tdTomato (Tsc1-KO;Rictor-KO).  
j) Cumulative distributions of soma area for cultured Tsc1fl/fl;Rptorfl/fl neurons treated with AAV-GFP (control) 
or AAV-Cre-mCherry and AAV-FLEx-tdTomato (Tsc1-KO;Raptor-KO). n=128 GFP+ and 130 Cre+ neurons.  
k) Scatter dot plot of the data in panel j. Black lines indicated mean +/- SEM. Mann-Whitney, p=0.8062. 
l) Example fluorescence images of Tsc1fl/fl;Rptorfl/fl neurons expressing GFP (control) or mCherry and Cre-
dependent tdTomato (Tsc1-KO;Raptor-KO).  
m) Cumulative distributions of soma area for cultured Tsc1fl/fl;Rptorwt/fl neurons treated with AAV-GFP 
(control) or AAV-Cre-mCherry and AAV-FLEx-tdTomato (Tsc1-KO;Raptor-Het). n=144 GFP+ and 146 Cre+ 
neurons.  
n) Scatter dot plot of the data in panel n. Black lines indicated mean +/- SEM. Mann-Whitney, *p=0.0452. 
o) Example fluorescence images of Tsc1fl/fl;Rptorwt/fl neurons expressing GFP (control) or mCherry and Cre-
dependent tdTomato (Tsc1-KO;Raptor-Het).  
For all panels, cultures were harvested on DIV 14. Neurons were imaged from 4-5 culture wells from 3 
independent culture preps, 2 pups per prep. ns=non-significant. Scale bars=15 µm.  
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Supplementary Figure 4 
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Supplementary Figure 4. Raptor reduction impacts brain and body weight, survival, and forebrain 
development 
Related to Figure 4. 
a) Scatterplot displaying the number of days Tsc1fl/fl;Emx1-Cre+ (Tsc1-KO) mice survived versus their final 
recorded body weight. Dots represent individual mice, n=32. Tsc1-KO mice were pooled from the 
Tsc1;Rptor;Emx1-Cre and Tsc1;Rictor;Emx1-Cre lines. r= 0.2772, p=0.1245, Pearson correlation. 
b) Survival analysis of Tsc1fl/fl;Rptorwt/fl;Emx1-Cre+ mice by sex. n=17 male and 25 female mice. Log-rank 
(Mantel-Cox) test, p=0.1024. Dashed black line indicates 50% of the population surviving. 
c) Mean +/- SEM body weight of Tsc1;Rptor;Emx1-Cre mice of the indicated sex and genotype on postnatal 
day 150. Dots represent individual mice. n=3 male and 3 female Tsc1-WT;Raptor-WT mice; 9 male and 6 
female Tsc1-WT;Raptor-Het mice; 2 male and 5 female Tsc1-WT;Raptor-KO mice; 1 male and 1 female 
Tsc1-KO;Raptor-Het mouse; and 2 male and 7 female Tsc1-KO;Raptor-KO mice. 
d) Top, representative whole brain images from mice of the genotypes indicated under the respective bar 
graph. Bottom, mean +/- SEM brain weight from P14-15 mice of the indicated genotypes. Dots represent 
individual mice. n=4 Tsc1-WT;Raptor-WT mice, 6 Tsc1-KO;Raptor-WT mice, 6 Tsc1-KO;Raptor-Het mice, 
and 3 Tsc1-KO;Raptor-KO mice. Kruskal-Wallis, p=0.0027; WT;WT vs KO;WT, p=0.5730; WT;WT vs 
KO;Het, p>0.9999; WT;WT vs KO;KO, *p=0.0371; Dunn’s multiple comparison tests. ns=non-significant. 
e) Mean +/- SEM brain weight of P40-42 Tsc1;Rptor;Emx1-Cre mice of the indicated genotypes. Dots 
represent individual mice. n=8 Tsc1-WT;Raptor-WT, 10 Tsc1-Het;Rptor-WT, 4 Tsc1-WT;Rptor-Het, 10 
Tsc1-Het;Rptor-Het, 7 Tsc1-KO;Rptor-Het, 8 Tsc1-WT;Rptor-KO, 11 Tsc1-Het;Rptor-KO, and 8 Tsc1-
KO;Rptor-KO mice. Kruskal-Wallis, p<0.0001. Dunn’s multiple comparisons tests to WT;WT:  Het;WT, 
p>0.9999; WT;Het, p>0.9999; Het;Het, p>0.9999; KO;Het, p=0.4700; WT;KO, *p=0.0258; Het;KO, 
**p=0.0057; KO;KO, **p=0.0067.   
f) Representative images of coronal brain sections showing p-S6 Ser240/244 (gray), myelin basic protein 
(MBP, green), and NeuN (red) immunostaining in P14 Rptorwt/wt;Emx1-Cre+ (WT), Rptorwt/fl;Emx1-Cre+ (Het) 
and Rptorfl/fl;Emx1-Cre+ mice (all Tsc1wt/wt). DAPI staining is in blue. Scale bars=1 mm. Bottom panels show 
zoomed-in images of the hippocampal regions indicated by the dashed boxes. Scale bars=500 μm. 
g-j) Zoomed in regions from panels in Fig. 4i-l. Immunostaining of WT, Tsc1-KO (KO), Tsc1-KO;Raptr-Het 
(KO-Het) and Tsc1-KO;Raptor-KO (KO-KO) for p-S6 Ser240/244 is in grey, myelin basic protein (MBP) is 
in green, NeuN is in red and DAPI-labeled nuclei are in blue. Scale bars=1 mm 
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Supplementary Figure 5  
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Supplementary Figure 5. p-S6 and soma size exhibit brain region-specific differences. 
Related to Figure 5. 
a) Representative images from the dentate gyrus (DG) showing NeuN (left panels) and p-S6 Ser240/244 
(middle panels) immunostaining in Tsc1wt/wt;Rptorwt/wt;Emx1-Cre+ (WT), Tsc1fl/fl;Rptorwt/wt;Emx1-Cre+ (KO), 
and Tsc1fl/fl;Rptorwt/fl;Emx1-Cre+ (KO;Het) mice. Merged images on the right show NeuN in magenta and p-
S6 in green. SB = Suprapyramidal blade, IB = Infrapyramidal blade. Lines denote the measurement of IB 
and SB thickness. Scale bars=250 μm 
b) Mean +/- SEM thickness of the suprapyramidal blade for the indicated genotypes. Dots represent values 
from individual mice, n=8 mice per genotype. One-way ANOVA, p=0.0055, F(2, 21) = 6.745; WT vs KO, 
**p=0.0081; WT vs KO;Het, p=0.9473; KO vs KO;Het, *p=0.0253; Sidak’s multiple comparisons tests. 
ns=non-significant. 
c) Mean +/- SEM thickness of the infrapyramidal blade for the indicated genotypes. Dots represent values 
from individual mice, n=8 mice per genotype. Kruskal-Wallis, p=0.0019; WT vs KO, **p=0.0014; WT vs 
KO;Het, p=0.6093; KO vs KO;Het, p=0.0778; Sidak’s multiple comparisons tests. 
d) Cumulative distributions of dentate gyrus (DG) neuron soma area for the indicated genotypes. n=403 
WT, 401 Tsc1-KO, and 400 Tsc1-KO;Rptor-Het neurons from 8 mice per genotype. Kruskal-Wallis, 
p<0.0001; WT vs KO, p<0.0001; WT vs KO;Het, p=0.0022; KO vs KO;Het,  p<0.0001; Dunn’s multiple 
comparisons tests. 
e) Mean +/- DG neuron soma area per mouse for the indicated genotypes. Dots represent values from 
individual mice, n=8 mice per genotype. One-way ANOVA, p=0.0074, F(2, 21) =  6.257; WT vs KO, 
**p=0.0067; WT vs KO;Het, p=0.5700; KO vs KO;Het, p=0.0951; Sidak’s multiple comparisons tests.  
f) Cumulative distributions of DG p-S6 levels per neuron for the indicated genotypes. n is the same as for 
panel d. Kruskal-Wallis, p<0.0001; WT vs KO, p<0.0001; WT vs KO;Het, p=0.4109; KO vs KO;Het, 
p<0.0001; Dunn’s multiple comparisons tests. 
g) Mean +/- SEM DG neuron p-S6 levels per mouse for the indicated genotypes. Dots represent values 
from individual mice, n=8 mice per genotype. One-way ANOVA, p=0.0591, F (2, 21) =  3.246; WT vs KO, 
p=0.0883; WT vs KO;Het, p=0.9923; KO vs KO;Het, p=0.1456; Sidak’s multiple comparisons tests. 
h) Scatter dot plots of p-S6 levels per neuron for the cortex (Ctx), CA1 and DG regions for WT (grey dots), 
KO (red dots) and KO;Het (blue dots) mice. Black lines indicate mean +/- SEM. n=1601 WT Ctx neurons, 
1605 KO Ctx neurons, 1602 KO;Het Ctx neurons, 561 WT CA1 neurons, 561 KO CA1 neurons, 561 KO;Het 
CA1 neurons, 403 WT DG neurons, 401 KO DG neurons, and 400 KO;Het DG neurons from 8 mice per 
genotype. WT p-S6 levels: Kruskal-Wallis test, p=0.0669; Ctx vs CA1, p=0.1806; Ctx vs DG, p=0.2338; 
CA1 vs DG, p>0.9999; Dunn’s multiple comparison tests. KO p-S6 levels: Kruskal-Wallis test, p<0.0001; 
Ctx vs CA1, ****p<0.0001; Ctx vs DG, ****p<0.0001; CA1 vs DG, p>0.9999; Dunn’s multiple comparison 
tests. KO;Het p-S6 levels: Kruskal-Wallis test, p=0.0001; Ctx vs CA1, ***p=0.0002, Ctx vs DG, *p=0.0485, 
CA1 vs DG, p>0.9999, Dunn’s multiple comparison tests. 
i) Average p-S6 levels per mouse for neurons in the cortex, CA1 and DG regions for WT (black dots), KO 
(red dots) and KO;Het (blue dots) mice. Lines connect data points from the same mouse. n=8 mice per 
genotype. 
j) Scatter dot plots of soma area for neurons in the Ctx, CA1 and DG regions for WT (grey dots), KO (red 
dots) and KO;Het (blue dots) mice. n is the same as in panel h. WT soma area: Kruskal-Wallis test, 
p<0.0001; Ctx vs CA1, ****p<0.0001; Ctx vs DG, ****p<0.0001, CA1 vs DG, ****p<0.0001; Dunn’s multiple 
comparison tests. KO soma area: Kruskal-Wallis test, p<0.0001; Ctx vs CA1, *p=0.0299, Ctx vs DG, 
****p<0.0001; CA1 vs DG, ****p<0.0001, Dunn’s multiple comparison tests. KO;Het soma area: Kruskal-
Wallis test, p<0.0001; Ctx vs CA1, p<0.0001; Ctx vs CA1, ****p<0.0001; Ctx vs DG, ****p<0.0001, CA1 vs 
DG, ****p<0.0001, Dunn’s multiple comparison tests. 
k) Average soma size per mouse for neurons in the cortex, CA1 and DG regions for WT (black dots), KO 
(red dots) and KO;Het (blue dots) mice. Lines connect data points from the same mouse. n=8 mice per 
genotype.  
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Supplementary Figure 6 
 

 
Supplementary Figure 6. Heterozygous deletion of Rptor partially improves network hyperactivity 
of Tsc1-cKO hippocampal cultures. 
Related to Figure 6. 
a) Representative images of a primary hippocampal culture from a Tsc1wt/wt;Emx1-Cre+ mouse transduced 
with a Cre-dependent GFP expressing virus (AAV-Flex-GFP). Bright field (left panel), GFP fluorescence 
(middle panel) and merged (right panel) images are shown. Scale bars=150 μm 
b) Representative images of cultures from Tsc1wt/wt;Rptorwt/wt;Emx1-Cre+ (WT), Tsc1fl/fl;Rptorwt/wt;Emx1-Cre+ 
(KO), and Tsc1fl/fl;Rptorwt/fl;Emx1-Cre+ (KO;Het) mice expressing jRGeco1a. Scale bars=250 μm. 
c) Example of Ca2+ imaging analysis showing individual Ca2+ transients from a Tsc1-WT (top) and Tsc1-KO 
(bottom) neuron. Vertical red dashed lines indicate amplitude measurements. See Methods for additional 
details. 
d) Example analysis of a single Ca2+ transient showing the duration, area under the curve (AUC, grey 
shaded region) and threshold (crossings of the threshold define event initiation and termination) 
measurements.  
e) Mean +/- SEM percentage of neurons in a field of view that participated in a network event for the 
indicated genotypes. Each dot represents a network event. n=467 WT, 708 KO, and 657 KO;Het network 
events from 20 individual culture wells per genotype. Culture wells were from 6-7 independent culture preps, 
1 pup per prep. Kruskal-Wallis, p<0.0001; WT vs KO, ****p<0.0001; WT vs KO;Het, ****p<0.0001; KO vs 
KO;Het, ****p<0.0001; Dunn’s multiple comparisons tests. 
f) Mean +/- SEM frequency of network events per culture for the indicated genotypes. Each dot represents 
a single culture well. n=20 individual culture wells per genotype, from 6-7 independent culture preps, 1 pup 
per prep. One-way ANOVA, p=0.0002, F (2, 57) = 9.773; WT vs KO, ***p=0.0003; WT vs KO;Het, 
**p=0.0049; KO vs KO;Het, p=0.7599; Sidak’s multiple comparisons tests. ns=non-significant. 
g) Mean +/- SEM duration of network activity, expressed as the percent of the recording time during which 
network events occurred for the indicated genotypes. Each dot represents a single culture well. n=20 
individual culture wells per genotype, from 6-7 independent culture preps, 1 pup per prep. Kruskal-Wallis, 
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p<0.0001; WT vs KO, ****p<0.0001; WT vs KO;Het, ****p<0.0001; KO vs KO;Het, p=0.5496; Dunn’s 
multiple comparisons tests. 
h) Scatter dot plot of the average Ca2+ transient amplitude per network event for the indicated genotypes. 
Black lines indicate the mean +/- SEM. n is the same as for panel e. Kruskal-Wallis, p<0.0001; WT vs KO, 
****p<0.0001; WT vs KO;Het, p>0.9999; KO vs KO;Het, ****p<0.0001; Dunn’s multiple comparison tests.  
i) Scatter dot plot of the average Ca2+ transient duration per network event for the indicated genotypes. 
Black lines indicate the mean +/- SEM. n is the same as for panel e. Kruskal-Wallis, p<0.0001; WT vs KO, 
****p<0.0001; WT vs KO;Het, ****p<0.0001; KO vs KO;Het, p>0.9999; Dunn’s multiple comparison tests. 
j) Scatter dot plot the average Ca2+ transient AUC per network event for the indicated genotypes. Black 
lines indicate the mean +/- SEM. n is the same as for panel e. Kruskal-Wallis, p<0.0001; WT vs KO, 
****p<0.0001; WT vs KO;Het, ****p<0.0001; KO vs KO;Het, ****p<0.0001; Dunn’s multiple comparison 
tests. 
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Supplementary Figure 7 

 
Supplementary Figure 7. Heterozygous deletion of Tsc1 does not affect survival, body weight, or 
soma size. 
Related to Figures 1, 4 and 6. 
a) Survival analysis of Tsc1wt/wt;Rptorwt/wt;Emx1-Cre+ (Tsc1WT), Tsc1wt/fl;Rptorwt/wt;Emx1-Cre+ (Tsc1Het), and 
Tsc1fl/fl;Rptorwt/wt;Emx1-Cre+ (Tsc1KO) mice. Data for Tsc1WT and Tsc1KO mice are re-plotted from Fig. 4c 
for reference. The number of mice for each genotype is indicated in parentheses. Dashed line indicates 
50% of the population surviving. P value from Log-rank Mantel-Cox tests is shown. 
b,c) Mean +/- SEM body weight in grams measured from postnatal day 11 to 40 for female (b) and male (c) 
mice of the indicated genotypes. Data for Tsc1WT and Tsc1KO mice are re-plotted from Fig. 4e,f for reference. 
The number of mice for each genotype is indicated in parentheses. Mixed-effects model (REML) statistics: 
Females (b), day p<0.0001, F (1.199, 25.84) = 1056; geno p=0.0569, F (2, 25) = 3.221. Males (c), day 
p<0.0001, F (1.792, 71.09) = 1113; geno p<0.0001, F (2, 44) = 29.07. 
d) Representative images of Tsc1wt/wt;Emx1-Cre+ (WT), Tsc1wt/fl;Emx1-Cre+ (Tsc1-Het) and  Tsc1fl/fl;Emx1-
Cre+ (Tsc1-KO) primary hippocampal cultures expressing jRGeco1a on DIV 14. Scale bars for top 
panels=250 μm. Scale bars for in zoomed-in images (bottom panels)=100 μm. 
e) Cumulative distributions of soma area for WT, Tsc1-Het and Tsc1-KO cultured hippocampal neurons. 
n=454 WT, 451 Tsc1-Het and 453 Tsc1-KO neurons from 5 independent culture preps, 1 pup per prep. 
Kruskal-Wallis test, p<0.0001; WT vs Het, p>0.9999; WT vs KO, ****p<0.0001; Het vs KO, ****p<0.0001; 
Dunn’s multiple comparison tests.  
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f) Representative western blots of lysates collected from Tsc1-WT and Tsc1-Het primary hippocampal 
cultures. MW indicates molecular weight. Two independent samples per genotype are shown; this 
experiment was replicated three times.  
g-j) Bar graphs display western blot quantification (mean +/- SEM) for Tsc1 (g) Welch’s test, ****p<0.0001; 
p-S6 Ser240/244 (h) Welch’s test, ***p= 0.0005; p-4EBP1 T37 (i) Mann-Whitney test, *p= 0.0152; and p-
Akt Ser473 (j) Welch’s test, p= 0.4734. Phospho-proteins were normalized to their respective total proteins. 
Dots represent data from individual culture wells. n=9 WT and 8 Tsc1-Het culture wells from 3 independent 
culture preps, 1 pup per prep.   
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Supplementary Figure 8  
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Supplementary Figure 8. Loss of one copy of Tsc1 does not induce neuronal or network 
hyperexcitability. 
Related to Figure 6. 
a,b) Representative heatmaps of ∆F/F for 40 neurons imaged in a field of view from Tsc1wt/wt;Emx1-Cre+ 
(WT) and Tsc1wt/fl;Emx1-Cre+ (Tsc1-Het) cultures. 
c,d) Ca2+ transients from 5 representative neurons imaged in a field of view from WT (c) and Tsc1-Het (d) 
cultures. Grey lines indicate network events with more than 20% of neurons in the field of view active at the 
same time. Black dots represent spontaneous Ca2+ transients that were not part of network events.  
e,f) Graphs show the percentage of neurons in the field of view that were active at a given time for WT (d) 
and Tsc1-Het (e) cultures. One representative culture is shown per genotype. Red dashed lines at 20% 
indicate the threshold for a network event. 
g) Mean +/- SEM Ca2+ transient frequency per culture. Dots represent values from individual cultures. For 
WT:  n=15 individual culture wells from 5 independent culture preps, 1 pup per prep for WT. For Tsc1-Het:  
n=24 individual culture wells from 9 independent culture preps, 1 pup per prep. Welch’s test, p=0.8128; 
ns=non-significant. 
h) Scatter dot plot of the Ca2+ transient frequency per neuron for the indicated genotypes. Black lines 
indicate mean +/- SEM. For WT:  n=600 neurons from 15 individual culture wells from 5 independent culture 
preps, 1 pup per prep.  For Tsc1-Het:  n=960 neurons from 24 individual culture wells from 9 independent 
culture preps, 1 pup per prep. Mann-Whitney test, *p = 0.0402. 
i) Scatter dot plot of the average Ca2+ transient amplitude per neuron for the indicated genotypes. n is the 
same as for panel h. Mann-Whitney test, ****p<0.0001.  
j) Scatter dot plot of the average Ca2+ transient duration per neuron for the indicated genotypes. n is the 
same as for panel h. Mann-Whitney test, p=0.0932. 
k) Scatter dot plot of the average Ca2+ transient area under the curve (AUC) per neuron for the indicated 
genotypes. n is the same as for panel h. Mann-Whitney test, p=0.4472.  
l) Mean +/- SEM percentage of neurons in a field of view that participated in a network event for the indicated 
genotypes. Each dot represents a network event. For WT:  n=362 network events from 15 individual culture 
wells from 5 independent culture preps, 1 pup per prep. For Tsc1-Het:  n=585 network events from 24 
individual culture wells from 9 independent culture preps, 1 pup per prep. Mann-Whitney test, ***p=0.0005.  
m) Mean +/- SEM frequency of network events per culture for the indicated genotypes. Each dot represents 
a single culture well. For WT:  n=15 individual culture wells from 5 independent culture preps, 1 pup per 
prep. For Tsc1-Het:  n=24 individual culture wells from 9 independent culture preps, 1 pup per prep. Welch’s 
test, p=0.3462. 
n) Mean +/- SEM duration of network activity, expressed as the percent of the recording time during which 
network events occurred for the indicated genotypes. Each dot represents a single culture well. n is the 
same as for panel m. Welch’s test, p=0.5464 
o) Scatter dot plot of the average Ca2+ transient amplitude per network event for the indicated genotypes. 
Black lines indicate the mean +/- SEM. n is the same as for panel l. Mann-Whitney, p=0.8654.  
p) Scatter dot plot of the average Ca2+ transient duration per network event for the indicated genotypes. 
Black lines indicate the mean +/- SEM. n is the same as for panel l. Mann-Whitney, ***p=0.0003. 
q) Scatter dot plot of the average Ca2+ transient AUC per network event for the indicated genotypes. Black 
lines indicate the mean +/- SEM. n is the same as for panel l. 
Mann-Whitney, ****p<0.0001.  
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Supplementary Figure 9 
 

 
Supplementary Figure 9. shRptor rebalances mTOR signaling and rescues neuronal hypertrophy in 
cultured Tsc1-KO neurons. 
Related to Figure 7. 
a) Schematic of the experiment. Primary hippocampal cultures were prepared from P0-1 Tsc1wt/wt;Emx1-
Cre+ (WT) and Tsc1fl/fl;Emx1-Cre+ (Tsc1-KO) mice and transduced with AAV-shControl-EYFP (shControl) 
or AAV-shRptor-EYFP (shRptor) on DIV 1. Cell were collected for analysis by western blot (WB) or 
immunocytochemistry (ICC) on DIV 15. Created with BioRender.com 
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b) Representative western blots of lysates collected from WT and Tsc1-KO primary hippocampal cultures 
treated with shControl or shRptor. MW indicates molecular weight. Three samples per genotype and 
treatment are shown; this experiment was replicated three times. 
c-h) Bar graphs display western blot quantification (mean +/- SEM) for the indicated proteins, expressed as 
a percentage of control (WT + shControl) levels. Phospho-proteins were normalized to their respective total 
proteins. Dots represent data from individual culture wells. n=8-9 culture wells per condition from 3 
independent culture preps, 1 pup per prep.  
c) Tsc1, One-way ANOVA, p<0.0001, F (3, 32) = 48.58; WT+shControl vs WT+shRptor, p= 0.9360; 
WT+shControl vs KO+shControl, ****p<0.0001; WT+shControl vs KO+shRptor, ****p<0.0001; 
KO+shControl vs KO+shRptor, p=0.9918; Sidak’s multiple comparison tests. ns=non-significant. 
d) Raptor, One-way ANOVA, p<0.0001, F (3, 32) = 153.6; WT+shControl vs WT+shRptor, ****p<0.0001; 
WT+shControl vs KO+shControl, ****p<0.0001; WT+shControl vs KO+shRptor, ****p<0.0001; 
KO+shControl vs KO+shRptor, ****p<0.0001; Sidak’s multiple comparison tests. 
e) Rictor, Kruskal-Wallis, p<0.0001; WT+shControl vs WT+shRptor, p=0.8411; WT+shControl vs 
KO+shControl, **p=0.0023; WT+shControl vs KO+shRptor, ****p<0.0001; KO+shControl vs KO+shRptor, 
p=0.5592; Dunn’s multiple comparison tests. 
f) p-S6 Ser240/244, One-way ANOVA, p=0.0004, F (3, 30) = 8.234; WT+shControl vs WT+shRptor, 
p=0.8388; WT+shControl vs KO+shControl, ***p=0.0003; WT+shControl vs KO+shRptor, p=0.1045; 
KO+shControl vs KO+shRptor, p=0.0894; Sidak’s multiple comparison tests. 
g) p-4EBP1 T37, One-way ANOVA, p=0.0015, F (3, 30) = 6.582; WT+shControl vs WT+shRptor, p=0.9973; 
WT+shControl vs KO+shControl, *p=0.0224; WT+shControl vs KO+shRptor,* p=0.0220; KO+shControl vs 
KO+shRptor, p>0.9999; Sidak’s multiple comparison tests.  
h) p-Akt Ser473, One-way ANOVA, p<0.0001, F (3, 32) = 92.30; WT+shControl vs WT+shRptor, 
****p<0.0001; WT+shControl vs KO+shControl, ****p<0.0001; WT+shControl vs KO+shRptor, p=0.5561; 
KO+shControl vs KO+shRptor, ****p<0.0001; Sidak’s multiple comparison tests. 
i) Representative images of DIV 15 WT and Tsc1-KO primary hippocampal cultures transduced with 
shControl or shRptor expressing jRGeco1a. Scale bars=100 μm. 
j) Cumulative distributions of soma area for WT and Tsc1-KO cultured hippocampal neurons treated with 
shControl or shRptor. n=246 WT+shControl, 249 WT+shRptor, 245 Tsc1-KO+shControl and 246 Tsc1-
KO+shRptor neurons from 8 culture wells from 4 independent culture preps, 1 pup per prep. Kruskal-Wallis, 
p<0.0001; WT+shControl vs WT+shRptor, p= 0.4789; WT+shControl vs KO+shControl, p<0.0001; 
WT+shControl vs KO+shRptor, p=0.2352; KO+shControl vs KO+shRptor, p<0.0001; Dunn’s multiple 
comparison tests.   
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Supplementary Figure 10 
 

Supplementary Figure 10. shRptor improves cellular phenotypes in the dentate gyrus of Tsc1-cKO 
mice.   
Related to Figure 7. 
a-d) Representative images of the dentate gyrus (DG) of Tsc1wt/wt;Emx1-Cre+ (WT, a-b) and Tsc1fl/fl;Emx1-
Cre+ (KO, c-d) mice injected with AAV-shRptor-EYFP or AAV-shCtrl-EYFP virus showing EYFP 
fluorescence (left panels) and p-S6 240/244 immunostaining (middle panels). Right panels show merged 
images. Scale bars=100 μm. 
e) Cumulative distributions of p-S6 levels in DG EYFP+ neurons for the indicated genotypes. n=396 
WT+shCtrl, 396 WT+shRptor, 382 Tsc1-KO+shCtrl and 350 Tsc1-KO+shRptor neurons from 6 mice per 
group. Kruskal-Wallis, p<0.0001; WT+shCtrl vs WT+shRptor, p>0.9999; WT+shCtrl vs Tsc1-KO+shCtrl, 
p<0.0001; WT+shCtrl vs Tsc1-KO+shRptor, p<0.0001; Tsc1-KO+shCtrl vs Tsc1-KO+shRptor, p=0.0026; 
Dunn’s multiple comparison tests. 
f) Cumulative distributions of EYFP+ DG neuron soma area for the indicated genotypes. n is the same as 
in panel e. Kruskal-Wallis, p<0.0001; WT+shCtrl vs WT+shRptor, p=0.0241; WT+shCtrl vs Tsc1-KO+shCtrl, 
p<0.0001; WT+shCtrl vs Tsc1-KO+shRptor, p<0.0001; Tsc1-KO+shCtrl vs Tsc1-KO+shRptor, p<0.0001; 
Dunn’s multiple comparison tests.  
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Supplementary Table 1. Survival analysis of Tsc1;Rptor;Emx1-Cre and 
Tsc1;Rictor;Emx1-Cre mice. Related to Figure 4. 

Mouse line Genotype Se
x 

Day of 
first 

mortality 
(P0-P40)1 

Median 
survival in 

days 
(P0-P40)1 

Age of 
oldest 

survivin
g animal 
(days)2 

Tsc1;Rptor;Emx
1-Cre 

Tsc1wt/wt;Rptorwt/wt;Em
x1-Cre+ M n/a n/a >150 

Tsc1;Rptor;Emx
1-Cre 

Tsc1wt/wt;Rptorwt/wt;Em
x1-Crewt/+ F n/a n/a >150 

Tsc1;Rptor;Emx
1-Cre 

Tsc1wt/wt;Rptorwt/fl;Emx
1-Cre+ M n/a n/a >150 

Tsc1;Rptor;Emx
1-Cre 

Tsc1wt/wt; 
Rptorwt/fl;Emx1-Cre+ F n/a n/a >150 

Tsc1;Rptor;Emx
1-Cre 

Tsc1wt/wt;Rptorfl/fl;Emx1
-Crewt/+ M n/a n/a >150 

Tsc1;Rptor;Emx
1-Cre 

Tsc1wt/wt;Rptorfl/fl;Emx1
-Cre+ F n/a n/a >150 

Tsc1;Rptor;Emx
1-Cre 

Tsc1wt/fl;Rptorwt/wt;Emx
1-Cre+ M n/a n/a >150 

Tsc1;Rptor;Emx
1-Cre 

Tsc1wt/fl;Rptorwt/wt;Emx
1-Cre+ F n/a n/a >150 

Tsc1;Rptor;Emx
1-Cre 

Tsc1wt/fl;Rptorwt/fl;Emx1
-Cre+ M n/a n/a >150 

Tsc1;Rptor;Emx
1-Cre 

Tsc1wt/fl;Rptorwt/fl; 
Emx1-Cre+ F n/a n/a >150 

Tsc1;Rptor;Emx
1-Cre 

Tsc1wt/fl;Rptorfl/fl;Emx1-
Cre+ M n/a n/a >150 

Tsc1;Rptor;Emx
1-Cre 

Tsc1wt/fl;Rptorfl/fl;Emx1-
Cre+ F n/a n/a >150 

Tsc1;Rptor;Emx
1-Cre 

Tsc1fl/fl;Rptorwt/wt;Emx1
-Cre+ M3 16 19 39 

Tsc1;Rptor;Emx
1-Cre 

Tsc1fl/fl;Rptorwt/wt;Emx1
-Cre+ F3 16 18.5 20 

Tsc1;Rptor;Emx
1-Cre 

Tsc1fl/fl;Rptorwt/fl;Emx1-
Cre+ M 18 24 >150 

Tsc1;Rptor;Emx
1-Cre 

Tsc1fl/fl;Rptorwt/fl;Emx1-
Cre+ F 17 25 >150 

Tsc1;Rptor;Emx
1-Cre 

Tsc1fl/fl;Rptorfl/fl;Emx1-
Cre+ M n/a n/a >150 

Tsc1;Rptor;Emx
1-Cre 

Tsc1fl/fl;Rptorfl/fl;Emx1-
Cre+ F 30 n/a4 >150 
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Footnotes: 
1 n/a = No animals died within the first 40 postnatal days 
2 - = Animals were not monitored past the first 40 postnatal days 
3 Three Tsc1fl/fl;Rptorwt/wt;Emx1-Cre+ mice were found dead before P10 and sex could not be determined  
4 One Tsc1fl/fl;Rptorfl/fl;Emx1-Cre+ female died at P30 
 
 
 

Tsc1;Rictor;Emx
1-Cre 

Tsc1wt/wt;Rictorwt/wt; 
Emx1-Cre+ M n/a n/a - 

Tsc1;Rictor;Emx
1-Cre 

Tsc1wt/wt;Rictorwt/wt; 
Emx1-Cre+ F n/a n/a - 

Tsc1;Rictor;Emx
1-Cre 

Tsc1wt/wt;Rictorwt/fl;Emx
1-Cre+ M n/a n/a - 

Tsc1;Rictor;Emx
1-Cre 

Tsc1wt/wt;Rictorwt/fl;Emx
1-Cre+ F n/a n/a - 

Tsc1;Rictor;Emx
1-Cre 

Tsc1wt/wt;Rictorfl/fl; 
Emx1-Cre+ M n/a n/a - 

Tsc1;Rictor;Emx
1-Cre 

Tsc1wt/wt;Rictorfl/fl;Emx
1-Cre+  F n/a n/a - 

Tsc1;Rictor;Emx
1-Cre 

Tsc1wt/fl;Rictorwt/wt; 
Emx1-Cre+ M n/a n/a - 

Tsc1;Rictor;Emx
1-Cre 

Tsc1wt/fl;Rictorwt/wt;Emx
1-Cre+ F n/a n/a - 

Tsc1;Rictor;Emx
1-Cre 

Tsc1wt/fl;Rictorwt/fl; 
Emx1-Cre+ M n/a n/a - 

Tsc1;Rictor;Emx
1-Cre 

Tsc1wt/fl;Rictorwt/fl;Emx
1-Cre+ F n/a n/a - 

Tsc1;Rictor;Emx
1-Cre 

Tsc1wt/fl;Rictorfl/fl; 
Emx1-Cre+ M n/a n/a - 

Tsc1;Rictor;Emx
1-Cre 

Tsc1wt/fl;Rictorfl/fl;Emx1
-Cre+ F n/a n/a - 

Tsc1;Rictor;Emx
1-Cre 

Tsc1fl/fl;Rictorwt/wt;Emx
1-Cre+ M 15 19 19 

Tsc1;Rictor;Emx
1-Cre 

Tsc1fl/fl;Rictorwt/wt;Emx
1-Cre+ F 17 18 18 

Tsc1;Rictor;Emx
1-Cre 

Tsc1fl/fl;Rictorwt/fl;Emx1
-Cre+ M 14 18 21 

Tsc1;Rictor;Emx
1-Cre 

Tsc1fl/fl;Rictorwt/fl;Emx1
-Cre+ F 14 17 21 

Tsc1;Rictor;Emx
1-Cre 

Tsc1fl/fl;Rictorfl/fl;Emx1-
Cre+ M 18 19.5 22 

Tsc1;Rictor;Emx
1-Cre 

Tsc1fl/fl;Rictorfl/fl;Emx1-
Cre+ F 18 20 24 
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Supplementary Table 2. Body weights of Tsc1;Rptor;Emx1-Cre and 
Tsc1;Rictor;Emx1-Cre mice. Related to Figure 4. 

Mouse line Genotype Sex 
Mean +/- 

SEM body 
weight at 
P15 (n) 

Mean +/- 
SEM body 
weight at 
P150 (n)1,2 

Tsc1;Rptor;Emx1-
Cre 

Tsc1wt/wt;Rptorwt/wt;Emx1-
Cre+ M 8.42 +/- 0.31 

(14) 

48.00 +/- 
5.69 
(3) 

Tsc1;Rptor;Emx1-
Cre 

Tsc1wt/wt;Rptorwt/wt;Emx1-
Cre+ F 7.56 +/- 0.57 

(9) 

38.17 +/- 
1.92 
(3) 

Tsc1;Rptor;Emx1-
Cre 

Tsc1wt/wt;Rptorwt/fl;Emx1-
Cre+ M 8.38 +/- 0.32 

(14) 

45.06 +/- 
1.99 
(9) 

Tsc1;Rptor;Emx1-
Cre 

Tsc1wt/wt;Rptorwt/fl;Emx1-
Cre+ F 7.90 +/- 0.40 

(13) 

38.73 +/- 
4.52 
(6) 

Tsc1;Rptor;Emx1-
Cre 

Tsc1wt/wt;Rptorfl/fl;Emx1-
Cre+ M 6.26 +/- 0.36 

(7) 

22.50 +/- 
0.40 
(2) 

Tsc1;Rptor;Emx1-
Cre 

Tsc1wt/wt;Rptorfl/fl;Emx1-
Cre+ F 6.28 +/- 0.48 

(10) 

21.18 +/- 
1.12 
(5) 

Tsc1;Rptor;Emx1-
Cre 

Tsc1wt/fl;Rptorwt/wt;Emx1-
Cre+ M 8.64 +/- 0.30 

(23) 

46.60 +/- 
1.50 
(6) 

Tsc1;Rptor;Emx1-
Cre 

Tsc1wt/fl;Rptorwt/wt;Emx1-
Cre+ F 7.78 +/- 0.51 

(11) 

44.20 +/- 
1.10 
(2) 

Tsc1;Rptor;Emx1-
Cre 

Tsc1wt/fl;Rptorwt/fl;Emx1-
Cre+ M 8.03 +/- 0.29 

(38) 

43.05 +/- 
1.52 
(16) 

Tsc1;Rptor;Emx1-
Cre 

Tsc1wt/fl;Rptorwt/fl;Emx1-
Cre+ F 8.44 +/- 0.23 

(39) 

36.47 +/- 
3.01 
(11) 

Tsc1;Rptor;Emx1-
Cre Tsc1wt/fl;Rptorfl/fl;Emx1-Cre+ M 6.72 +/- 0.42 

(17) 

24.50 +/- 
1.17 
(3) 

Tsc1;Rptor;Emx1-
Cre Tsc1wt/fl;Rptorfl/fl;Emx1-Cre+ F 5.64 +/- 0.88 

(9) 

20.05 +/- 
1.45 
(2) 

Tsc1;Rptor;Emx1-
Cre 

Tsc1fl/fl;Rptorwt/wt;Emx1-
Cre+ M 4.81 +/- 0.34 

(11)  n/a 
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Tsc1;Rptor;Emx1-
Cre 

Tsc1fl/fl;Rptorwt/wt;Emx1-
Cre+ F 5.55 +/- 0.63 

(8) n/a 

Tsc1;Rptor;Emx1-
Cre Tsc1fl/fl;Rptorwt/fl;Emx1-Cre+ M 7.00 +/- 0.50 

(16) 
29.60 

(1) 
Tsc1;Rptor;Emx1-

Cre Tsc1fl/fl;Rptorwt/fl;Emx1-Cre+ F 6.65 +/- 0.29 
(23) 

17.60  
(1) 

Tsc1;Rptor;Emx1-
Cre Tsc1fl/fl;Rptorfl/fl;Emx1-Cre+ M 5.68 +/- 0.55 

(8) 

21.15 +/- 
1.45 
(2) 

Tsc1;Rptor;Emx1-
Cre Tsc1fl/fl;Rptorfl/fl;Emx1-Cre+ F 6.80 +/- 0.32 

(9) 

19.29 +/- 
0.51 
(7) 

Tsc1;Rictor;Emx1-
Cre 

Tsc1wt/wt;Rictorwt/wt;Emx1-
Cre+ M 9.42 +/- 0.24 

(12) - 

Tsc1;Rictor;Emx1-
Cre 

Tsc1wt/wt;Rictorwt/wt;Emx1-
Cre+ F 8.78 +/- 0.28 

(12) - 

Tsc1;Rictor;Emx1-
Cre 

Tsc1wt/wt;Rictorwt/fl;Emx1-
Cre+ M 9.63 +/- 0.22 

(6) - 

Tsc1;Rictor;Emx1-
Cre 

Tsc1wt/wt;Rictorwt/fl;Emx1-
Cre+ F 9.45 +/- 0.81 

(6) - 

Tsc1;Rictor;Emx1-
Cre 

Tsc1wt/wt;Rictorfl/fl;Emx1-
Cre+ M 7.55 +/- 0.45 

(6) - 

Tsc1;Rictor;Emx1-
Cre 

Tsc1wt/wt;Rictorfl/fl;Emx1-
Cre+ F 9.07 +/- 0.69 

(3) - 

Tsc1;Rictor;Emx1-
Cre 

Tsc1wt/fl;Rictorwt/wt;Emx1-
Cre+ M 9.38 +/- 0.42 

(19) - 

Tsc1;Rictor;Emx1-
Cre 

Tsc1wt/fl;Rictorwt/wt;Emx1-
Cre+ F 8.76 +/- 0.47 

(14) - 

Tsc1;Rictor;Emx1-
Cre 

Tsc1wt/fl;Rictorwt/fl;Emx1-
Cre+ M 9.54 +/- 0.27 

(27) - 

Tsc1;Rictor;Emx1-
Cre 

Tsc1wt/fl;Rictorwt/fl;Emx1-
Cre+ F 9.48 +/- 0.35 

(30) - 

Tsc1;Rictor;Emx1-
Cre 

Tsc1wt/fl;Rictorfl/fl;Emx1-
Cre+ M 8.56 +/- 0.33 

(24) - 

Tsc1;Rictor;Emx1-
Cre 

Tsc1wt/fl;Rictorfl/fl;Emx1-
Cre+ F 8.07 +/-0.32 

(16) - 

Tsc1;Rictor;Emx1-
Cre 

Tsc1fl/fl;Rictorwt/wt;Emx1-
Cre+ M 5.31 +/- 0.54 

(9) n/a 

Tsc1;Rictor;Emx1-
Cre 

Tsc1fl/fl;Rictorwt/wt;Emx1-
Cre+ F 5.60 +/- 0.39 

(4) n/a 

Tsc1;Rictor;Emx1-
Cre 

Tsc1fl/fl;Rictorwt/fl;Emx1-
Cre+ M 5.82 +/- 0.59 

(14) n/a 

Tsc1;Rictor;Emx1-
Cre 

Tsc1fl/fl;Rictorwt/fl;Emx1-
Cre+ F 4.81 +/- 0.38 

(13) n/a 
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Footnotes: 
1 n/a = No animals survived beyond postnatal day 40 
2 - = Animals were not monitored past the first 40 postnatal days  

Tsc1;Rictor;Emx1-
Cre Tsc1fl/fl;Rictorfl/fl;Emx1-Cre+ M 5.91 +/- 0.34 

(10) n/a 

Tsc1;Rictor;Emx1-
Cre Tsc1fl/fl;Rictorfl/fl;Emx1-Cre+ F 4.76 +/- 0.34 

(5) n/a 
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Supplementary Table 3. Summary of in vivo phenotypes in Tsc1;Rptor;Emx1-Cre 
mice by genotype and sex. Related to Figures 4 and 5. 
 

Genotype Tsc1wt/wt;Rptorwt/wt; 
Emx1-Cre+ 

Tsc1fl/fl;Rptorwt/wt; 
Emx1-Cre+ 

Tsc1fl/fl;Rptorwt/fl; 
Emx1-Cre+ 

Sex Females 
(n=4) 

Males 
(n=4) 

Females 
(n=4)   

Males   
(n=4) 

Females 
(n=4) 

Males 
(n=4) 

 Mean +/- SEM  Mean +/- SEM  Mean +/- SEM  
Cortical 

thickness (μm) 
963.50 +/- 

37.62 
990.10 

+/- 54.72 
1176.00 
+/- 48.51 

1262.00 
+/- 24.62 

1085.00 
+/- 14.12 

1105.00 
+/- 46.99 

CA1 thickness 
(μm) 

56.85 +/- 
3.16 

56.03 +/- 
4.83 

83.58 +/- 
7.54 

95.01 +/- 
5.33 

80.26 +/- 
13.22 

69.82 +/- 
7.62 

DG 
suprapyramida

l blade 
thickness (μm) 

48.20 +/- 
2.97 

52.09 +/- 
4.23 

66.25 +/- 
3.58 

66.21 +/- 
3.57 

52.68 +/- 
6.39 

52.29 +/- 
7.81 

DG 
infrapyramydal 

blade 
thickness (μm) 

38.52 +/- 
2.19 

44.01 +/- 
4.47 

55.92 +/- 
3.88 

66.53 +/- 
1.22 

51.90 +/- 
2.33 

43.33 +/- 
4.45 

GFAP intensity 
across cortical 
layers (a.u.) 

213.30 +/- 
3.07 

190.80 
+/- 2.72 

288.60 
+/- 6.09 

292.10 
+/- 5.37 

300.70 
+/- 5.81 

236.30 +/- 
5.77 

GFAP intensity 
in CA1(a.u.) 

278.90 +/- 
53.94 

263.10 
+/- 23.43 

363.40 
+/- 32.79 

457.00 
+/- 51.27 

339.40 
+/- 14.30 

312.20 +/- 
28.31 

MBP intensity 
(a.u.) 

13340.00 
+/- 670.00 

13365.00 
+/- 

988.50 

7561.00 
+/- 

418.40 

7143.00 
+/- 

319.60 

10059.00 
+/- 

933.40 

9946.00 
+/-790.20 

# of ectopic 
neurons above 

CA1 

4.25 +/- 
0.25 

3.75 +/- 
0.85 

33.00 +/- 
6.49 

45.50 +/- 
4.83 

23.00 +/- 
9.00 

26.00 +/- 
1.47 

Cortical 
neurons soma 

area (μm) 

362.30 +/- 
4.18 

361.50 
+/- 3.90 

403.80 
+/- 4.14 

420.90 
+/- 3.93 

383.00 
+/- 3.93 

380.50 +/- 
3.72 

Cortical 
neurons p-S6 
intensity (a.u.) 

107.30 +/- 
1.19 

92.71 +/- 
0.99 

131.40 
+/- 1.53 

119.80 
+/- 1.27 

126.80+/- 
1.57 

97.96 +/- 
1.37 

CA1 neurons 
soma area 

(μm) 

272.70 +/- 
4.16 

277.70 
+/- 4.55 

409.50 
+/- 8.24 

409.30 
+/- 8.32 

285.60 
+/- 3.99 

286.30 +/- 
3.45 

CA1 neurons 
p-S6 intensity 

(a.u.) 

98.38 +/- 
1.47 

101.60 
+/- 1.30 

149.90 
+/-2.27 

124.20 
+/- 2.32 

118.50 
+/- 1.86 

85.92 +/- 
1.53 

DG neurons 209.00 +/- 
3.27  

217.60 
+/- 3.34 

233.30 
+/- 3.56 

259.80 
+/- 4.57 

232.50 
+/- 3.24 

216.80 +/- 
3.39 
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soma area 
(μm) 

DG neurons 
p-S6 intensity 

(a.u.) 

96.49 +/- 
1.72 

103.50 
+/- 1.61 

162.20 
+/- 4.29 

132.00 
+/- 4.17 

126.40 
+/- 2.27 

83.65 +/- 
1.67 
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Supplementary Table 4. Mouse strains and genotyping primers 

 

Mouse 
Line Genotyping Primers  Source Reference 

Emx1-Cre 

WT F: AAG GTG TGG TTC CAG AAT CG 

JAX strain # 
005628 [207] 

WT R: CTC TCC ACC AGA AGG CTG AG 
Mut F: GCG GTC TGG CAG TAA AAA CTA 

TC 
Mut R: GTG AAA CAG CAT TGC TGT CAC 

TT 
    

Tsc1fl/fl F: GTC ACG ACC GTA GGA GAA GC JAX strain # 
005680 [203] R: GAA TCA ACC CCA CAG AGC AT 

    

Rptorfl/fl F: AGCCTTTAGTACCCACTTGGC JAX strain # 
013188 [204] R: GGCATCTCACAAAGGGTACAG 

    

Rictorfl/fl F: ACTGATATGTTCATGGTTGTG JAX strain # 
020649 [205, 206] R: GACACTGGATTCAGTGGCTTG 

    

Ai9 

WT F: AAG GGA GCT GCA GTG GAG TA 
JAX strain # 

007909 [244] WT R: CCG AAA ATC TGT GGG AAG TC 
Mut F: CTG TTC CTG TAC GGC ATG G 

Mut R: GGC ATT AAA GCA GCG TAT CC 
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Supplementary Table 5. Viruses and titers. 

 

Virus Serotyp
e 

Promote
r Source 

Titer of 
viral 
stock 

(vg/ml) 

Dilution 
amount 

(in 
vitro) 

Dilution 
amount 
(in vivo) 

AAV1.hSyn.HI.eG
FP-

Cre.WPRE.SV40 
1 hSyn 

Penn 
Vector 
Core 

1.78x101

3 

 

1:20 
0.5 

μl/well 
n/a 

AAV1.hSyn.eGFP.
WPRE.bGH 1 hSyn 

Penn 
Vector 
Core 

3.86x101

3   

1:20 
0.5 

μl/well 
n/a 

AAV5.hSyn.eGFP 5 hSyn 
UNC 

Vector 
Core 

4x1012 1:100 
0.5 n/a 

AAV1.CBA.mCher
ry-

nCre.WPRE.bGH 
1 CBA 

Penn 
Vector 
Core 

1.04x101

3 
 

1:100 
0.5 

μl/well 
n/a 

AAV9.CAG.Flex.td
Tomato.WPRE.bG

H 
(AllenInstitute864) 

9 CAG 
Penn 

Vector 
Core 

unknow
n 

1:20 
0.5 

μl/well 
n/a 

AAV1.Syn.NES-
jRGECO1a.WPRE

.SV40 
1 hSyn 

Gift from 
Adesnik 

lab 

2.08x101

3 

1:20 
0.5 

μl/well 
n/a 

AAV9-U6-shRptor-
EYFP 9 hU6 

Caltech 
CLOVE

R 
Center 

1.93x101

4 

1:20 
0.5 

μl/well 

1:4 
500 

nl/mous
e 

AAV9-U6-
shContorl-EYFP 9 hU6 

Caltech 
CLOVE

R 
Center 

2.17x101

4 

1:20 
0.5 

μl/well 

1:4 
500 

nl/mous
e 
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Supplementary Table 6. Antibodies and dilutions. 
  

 Antibody Host 
species 

Company and 
catalog # 

WB 
dilutio

n 

IHC 
dilutio

n 

ICC 
dilutio

n 

Primary  
  

Tsc1 Rabbit Cell Signaling 
6935 1:800 - - 

Raptor Rabbit Cell Signaling 
2280 1:800 - - 

Rictor Rabbit Cell Signaling 
2114 1:600 - - 

rpS6 Rabbit Cell Signaling 
2317 1:1000 - - 

phospho-rpS6 
Ser244/246 Rabbit Cell Signaling 

5364 1:2000 1:800 - 

Akt Rabbit Cell Signaling 
4691 1:1500 - - 

phospho-Akt 
Ser 473 Rabbit Cell Signaling 

4060 1:1000 - - 

4E-BP1 rabbit Cell Signaling 
9644 1:1000 - - 

phospho-4E-
BP1 Thr37/46 Rabbit Cell Signaling 

2855 1:1000 - - 

Histone 3 Mouse Cell Signaling 
3638 1:2000 - - 

GFP Chicken AbCam ab13970 - 1:1000 1: 
5000 

MBP Rat Abcam ab7349 - 1: 350 - 
GFAP Rabbit Fisher 180063 - 1: 400 - 

GFAP Mouse Cell Signaling 
3670 - 1: 400 - 

NeuN Mouse Millipore 
MAB377 - 1: 800 - 

 Antibody Species 
(reactivity) 

Company and 
catalog # 

WB 
dilutio

n 

IHC 
dilutio

n 

ICC 
dilutio

n 

Secondary 

Goat anti-
Rabbit-HFP Rabbit Bio-Rad 170-

5046 1:5000 - - 

Goat anti-
Mouse-HRP 

 
Mouse 

 

Bio-Rad 170-
5047 
 

1:5000 
 - - 

Goat anti-Rat 
Alexa Fluor 

488 
Rat Thermo Fisher 

A-11006 - 1:500 
 - 
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Goat anti-
Chicken Alexa 

Fluor 488 
Chicken Thermo Fisher 

A-11039 - 1:500 
 

1:500 
 

Goat anti-
Mouse Alexa 

Fluor 546 
Mouse  Thermo Fisher 

A-11003 - 1:500 
 - 

Goat anti-
Rabbit Alexa 

Fluor 633 
Rabbit  Thermo Fisher  

A-21070 - 1:500 
 - 
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Introduction  

 
Epilepsy is one of the most common neurologic conditions that significantly affects 

the quality of life of patients with Tuberous Sclerosis Complex (TSC) [90, 245, 246]. A 
recent study from the international Tuberous Sclerosis to increase Awareness (TOSCA) 
study showed that ~83% of TSC patients have epilepsy (1852/2216 patients)[90]. Seizure 
activity in TSC patients usually begins during infancy and is associated with increased 
rates of intellectual disability and other neuropsychiatric presentations such as autism 
[247, 248], that are collectively known as TSC-associated neuropsychiatric disorders 
(TAND)[76, 249]. 

TSC is a developmental multisystem genetic disorder. It is caused by mutations in 
either the TSC1 or TSC2 genes[68, 69], which form a complex that negatively regulates 
mTOR complex 1 (mTORC1) [73].  Studies of mTORC1 signaling revealed that it 
regulates several aspects of neuronal function and physiology in a cell type-dependent 
manner including intrinsic excitability, synaptic transmission, and long-term synaptic 
plasticity[147, 148, 153, 157, 163, 200, 250]. While mTORC1’s involvement in neuronal 
function has been extensively investigated, the exact molecular mechanisms that underlie 
seizure activity in TSC patients with dysregulated mTOR signaling are still not completely 
understood.  

Current pharmacological treatments include antiepileptic drugs (AEDs) hormonal 
therapy, surgery, ketogenic diet, vagus nerve stimulation and mTOR inhibitors[90]. 
However, about 2/3 of TSC patients develop refractory epilepsy[90]. Studies that focus 
on mTOR inhibition as a therapeutic strategy utilize rapalogs, analogs of a naturally 
occurring macrolide called rapamycin that was initially found to be a very strong mTORC1 
inhibitor. One critical finding derived from these studies is that the onset of treatment in 
relation to the onset of seizure activity significantly affects the treatment outcome. 
Specifically, studies have reported that when therapeutic interventions occur before or 
near the onset of epileptiform activity, outcomes are improved [110, 111]. Currently, 
several clinical studies such as EPISTOP 
(https://clinicaltrials.gov/ct2/show/NCT02098759) and PREVENT 
(https://clinicaltrials.gov/ct2/show/NCT02849457) attempt to evaluate the impact of pre-
symptomatic treatment and use the current pharmacologic approaches more as a 
prevention rather than a rescue strategy. Together, these studies highlight the idea that 
there are critical treatment windows for epilepsy in TSC patients. 

The idea of critical periods for treatment of TSC related phenotypes has been 
previously explored and validated in several rodent models. For example, it has been 
shown that early onset rapamycin treatment in animals that lack Tsc1 from cerebellar 
Purkinje cells can restore social behavior and stereotypic repetitive behavior deficits[157, 
177]. However, later onset treatment could only reverse social behavior abnormalities. In 
addition, another study showed that there are critical treatment windows for rescuing 
dendritic arborization and spine deficits in Tsc1-KO cortical neurons in organotypic 
slices[175]. These studies raise two key questions: 1) Is rapamycin effective at treating 
some TSC-related phenotypes while it can only prevent others? And 2) Can we design 
alternative therapeutic strategies for better rescue, or do we need better prevention 
strategies?  

https://clinicaltrials.gov/ct2/show/NCT02098759
https://clinicaltrials.gov/ct2/show/NCT02849457
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In this study our goal was to generate an in vitro model for TSC-related epileptiform 
activity and determine whether mTORC1 downregulation via postnatal Raptor 
manipulation rescues neuronal hyperactivity in vitro as an alternative therapeutic 
approach to rapamycin. To do this, we generated primary hippocampal cultures from 
Tsc1wt/wt;Emx1Cre+ (WT) and Tsc1fl/fl;Emx1Cre+ (Tsc1-KO) mice and performed calcium 
imaging analysis.  

We previously showed that postnatal Raptor downregulation via virally delivered 
shRNA was sufficient to normalize mTORC1 signaling and somatic hypertrophy in Tsc1-
KO neurons in vitro[251]. In addition, we showed that it can rebalance mTORC1 signaling, 
reverse neuronal hypertrophy, improve myelination and extend survival of Tsc1-KO mice 
in vivo[251]. Here we found that when we transduced Tsc1-KO hippocampal neurons with 
AAV-shRNA targeting Raptor we did not improve the hyperactivity phenotype but rather 
enhanced it. We also unexpectedly found that while chronic rapamycin treatment 
ameliorates somatic hypertrophy and suppresses mTORC1 activity in Tsc1-KO cultures, 
it also enhances the hyperactivity phenotype. Our results suggest the possibility that 
neuronal hyperactivity may be mTORC1-dependent early on but at later stages this 
phenotype uncouples from mTORC1 activity. In addition, our data show that the somatic 
hypertrophy phenotype caused by loss of Tsc1 is driven by a distinct mechanism to the 
one that causes hyperactivity and is dynamically regulated by mTORC1.  
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Results 
 
Raptor downregulation does not improve Tsc1-KO related neuronal hyperexcitability  

We have previously performed Ca2+ imaging analysis experiments and showed 
that primary hippocampal cultures from Tsc1fl/fl ;Emx1Cre+ exhibit significant neuronal 
hyperactivity at 14 days in vitro (DIV14) (see Chapter 2 Fig. 6) [251]. We also showed 
that heterozygous loss of Raptor, an essential component of mTORC1 can ameliorate 
the hyperactivity phenotype caused by loss of Tsc1 (see Chapter 2 Fig. 6). Here we 
investigated whether postnatal Raptor reduction could be a viable treatment avenue for 
TSC-related hyperactivity in neurons with embryonic loss of Tsc1. To do this, we 
transduced primary hippocampal cultures from Tsc1fl/fl ;Emx1Cre+ (Tsc1-KO) and 
Tsc1WT/WT;Emx1Cre (WT) mice with an AAV1 encoding shRNA targeting Rptor or control 
on DIV1 and AAV1 encoding the calcium indicator jRGECO1a[212] on DIV 2 and imaged 
calcium dynamics on DIV 15 (Fig 1a-l).  

As expected, Tsc1-KO neurons transduced with AAV1-shCtrl (Tsc1-KO+shCtrl) 
exhibited significantly higher frequency and amplitude of individual calcium events in 
comparison to WT neurons transduced with AAV1-shCtrl (WT+shCtrl) (Fig. 1m,n). The 
duration of these events was not significantly changed (Fig 1o). Raptor downregulation in 
WT (WT+shRptor) neurons did not affect the frequency or duration of events; however, it 
did significantly reduce their amplitude in comparison to WT+shCtrl.  

We previously verified that the shRptor construct used here rebalances mTORC1 
activity and rescues somatic hypertrophy in Tsc1fl/fl ;Emx1Cre+ neurons in vitro (see 
Chapter 2 Supplementary Fig. 9 i-j). Hence, we anticipated that Raptor downregulation 
would improve the hyperactivity phenotype. Surprisingly, while Raptor downregulation in 
Tsc1-KO neurons (Tsc1-KO +shRptor) slightly decreased the duration of Ca2+ events in 
comparison to Tsc1-KO+shCtrl neurons, it significantly increased the amplitude and 
showed a trend toward increasing the frequency of events (Fig. 1m-o). Together these 
data suggest that, at least in vitro, postnatal Raptor downregulation may exacerbate the 
hyperactivity of Tsc1-KO neurons.  

 
Raptor downregulation does not improve Tsc1-KO related network hyperactivity 

We next sought to examine whether Raptor downregulation improves TSC-related 
hyperactivity at the network level. We analyzed ‘network events’, which were defined by 
synchronous activity of more than 20% of neurons in the field of view (see methods for 
further details). As expected, in comparison to WT neurons (WT+shCtrl), deletion of Tsc1 
(Tsc1-KO+shCtrl) increased the frequency and amplitude of network events (Fig. 2a,b). 
While the duration of network events was not significantly altered, loss of Tsc1 
significantly increased the proportion of time each culture had synchronous activity (Fig. 
2c,d).  

Similar to our observations with the single event analysis, postnatal Raptor 
downregulation was not sufficient to improve the network hyperactivity caused by loss of 
Tsc1 and partially exacerbated it. Specifically, we observed that the frequency of network 
activity in Tsc1-KO+shRptor cultures was significantly increased in comparison to Tsc1-
KO+shCntrl (Fig. 2a). In addition, the event amplitude and duration, the total duration of 
time the culture was synchronously active (duration of network activity) and the 
percentage of neurons participating in network events were comparable between the two 
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conditions (Fig. 2b-e). Together our data demonstrate that postnatal Raptor reduction in 
Tsc1-KO neurons does not improve the hyperactivity phenotype neither on the neuronal 
nor on the network level. 

 
Rapamycin does not rescue Tsc1-KO related neuronal hyperexcitability  

The results described above suggest that shRptor was not effective at ameliorating 
neuronal or network hyperactivity induced by loss of Tsc1. To investigate this further we 
compared our Raptor downregulation strategy with rapamycin treatment, which is the 
standard treatment approach for both in vitro and in vivo models of TSC. To do this, we 
treated Tsc1-KO cultures with 50nM rapamycin for four days starting at DIV10 and 
performed calcium imaging analysis at DIV14 (Fig. 3a-l). This is a treatment paradigm 
that we have previously shown suppresses mTORC1 signaling and rescues somatic 
hypertrophy of neurons with postnatal loss of Tsc1 in vitro (see Chapter 2, Fig. 1 and Fig. 
3h) [251].  

As expected, Tsc1-KO neurons treated with EtOH (Tsc1-KO+EtOH), the control 
vehicle, exhibited significantly higher frequency, amplitude and duration of spontaneous 
calcium events in comparison to WT + EtOH (Fig. 3m-o). Rapamycin treatment of WT 
(WT+Rapa) neurons significantly reduced the frequency of calcium events (Fig. 3m) but 
increased their amplitude and duration (Fig. 3n,o). Notably, this rapamycin treatment 
paradigm exhibited a similar phenotype to our Raptor manipulation approach in Tsc1-KO 
neurons. Specifically, we observed that the frequency and amplitude of events of Tsc1-
KO neurons treated with rapamycin (Tsc1-KO+Rapa) were significantly increased in 
comparison to Tsc1-KO+EtOH cultures (Fig. 3m, n). The duration of these events was 
significantly decreased in comparison to Tsc1-KO+EtOH neurons while it remained 
significantly larger than WT+EtOH neurons (Fig. 3o). 

 
Rapamycin does not rescue Tsc1-KO related network hyperactivity  

We proceeded to examine the effect of rapamycin treatment on network 
hyperactivity in Tsc1 KO cultures. As with Raptor downregulation, we observed that the 
frequency of network events of Tsc1-KO+Rapa neuros was significantly increased in 
comparison to Tsc1-KO+EtOH neurons (Fig. 4a). The network event amplitude and 
duration, the duration of network activity, and the proportion of neurons participating in 
these events were comparable to Tsc1-KO+EtOH neurons and thus significantly larger 
than WT+EtOH neurons (Fig. 4b-e).  

 
Rapamycin treatment suppresses mTOR signaling and improves somatic hypertrophy 

Due to the unexpected calcium imaging results, we verified the effectiveness of 
rapamycin on other well established TSC-related phenotypes that we and others have 
previously shown can be rescued via rapamycin treatment. 

First, we looked at changes induced by rapamycin on Tsc1-KO neurons at the 
biochemical level. Rapamycin is known to form a complex between itself, mTOR and 
FK506-binding protein 12 (FKBP12) and occlude access of some substrates to the 
catalytic site of the mTOR kinase[192]. While initially characterized as an mTORC1 
inhibitor, long-term rapamycin treatment has been shown to also suppress 
mTORC2[118]. Recent studies have shown that mTORC2 suppression might also be 
beneficial for the seizure phenotypes in mTORopathies, specifically in the context of Pten 
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deletion [155]. Thus, we examined whether rapamycin treatment was effective at 
suppressing mTORC1 and mTORC2 activity in our system. To do this, we performed 
western blotting analysis and looked at the canonical readouts p-S6 S240/244 and p-4E-
BP1-T37 for mTORC1[193] and pAkt-Ser473 for mTORC2[197] (Fig. 5a-g). Rapamycin 
treatment completely suppressed the phosphorylation of S6 in both WT and Tsc1-KO 
neurons (see Chapter 2 Fig. 1b,f), as expected. While we did not observe an increase in 
the phosphorylation of 4E-BP1 at Threonine 37 in Tsc1-KO+EtOH neurons in comparison 
to WT+EtOH (Fig. 5a, f) we did observe a significant increase in total 4EBP1 protein levels 
(Fig. 5a, e). Interestingly, this increase in the 4EBP1 was not affected by rapamycin 
treatment (Fig. 5a, e). As we have seen before (see Chapter 2 Fig. 1b,h), rapamycin 
treatment reduced the phosphorylation of Akt in WT and Tsc1-KO neurons. Together 
these data show that 4-day rapamycin treatment is sufficient to strongly suppress both 
mTORC1 and mTORC2 signaling. 

Another common phenotypic manifestation in both in vitro and in vivo models of 
TSC is neuronal hypertrophy[160, 251, 252](see Chapter 2 Fig. 3h). We have previously 
shown that rapamycin rescues TSC related neuronal hypertrophy phenotype in primary 
hippocampal cultures with postnatal loss of Tsc1 (see Chapter 2 Fig. 3h). To assess the 
effects of rapamycin in our model, where Tsc1 loss occurs embryonically, we measured 
changes in neuronal soma size in WT and Tsc1-KO neurons with and without rapamycin. 
As expected, we found that loss of Tsc1 caused a significant increase in soma size when 
compared to WT neurons (Fig. 5h-m). While rapamycin treatment did not affect WT 
neurons’ soma size, it ameliorated the somatic hypertrophy of Tsc1-KO neurons (Fig. 5h-
m). Together these data suggest that while this 4-day rapamycin treatment (DIV10-14) is 
sufficient to suppress mTOR signaling and improve somatic hypertrophy, it does not affect 
the neuronal hyperactivity phenotype of Tsc1-KO cultures. 
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Discussion  
 
The goal of this study was test whether postnatal Raptor manipulation can rescue 

epileptiform activity in vitro, in neurons with embryonic loss of Tsc1. Our results were 
unexpected as we saw that while shRptor and rapamycin rescued mTOR signaling 
abnormalities and neuronal hypertrophy, neither of these treatments were sufficient to 
improve neuronal or network hyperactivity in cultured Tsc1-KO neurons. Furthermore, to 
our surprise, we saw that both approaches led to an apparent exacerbation of the existing 
phenotype.  

Several studies have shown that rapamycin can treat hyperactivity phenotypes in 
mouse Tsc1-KO[153] and human TSC2-KO cultures[211, 253]. However, these studies 
either treated neurons with postnatal loss of Tsc1[153] or treated them near the onset of 
the epileptiform activity[211]. These results highlight an important factor, which is the 
onset of treatment with respect to the onset of hyperactivity phenotype. Specifically, 
treatment before or near the onset of this phenotype would prevent seizure activity while 
treatment after the phenotype has been established would aim at rescuing it. 

In our Emx1-Cre+ in vitro model, loss of Tsc1 occurs embryonically at ~E9.5-10. 
Thus, rapamycin treatment started on DIV10 begins approximately 21 days after Tsc1 
loss. While we have not examined the timing of Raptor protein downregulation with AAV-
shRptor, based on the slow turnover of Raptor protein in the floxed mouse model (see 
Chapter 2 Supplementary Fig. 2a,c), we hypothesize that at least 7-8 days post shRNA 
application would be necessary for strong Raptor downregulation. Since AAV-shRNA was 
applied on DIV1, this manipulation likely occurred ~19-20 days post Tsc1 loss. A study 
using tamoxifen-inducible Cre in mouse forebrain neurons showed that the mice 
developed epilepsy 8-12 days after Tsc1 deletion providing a window between loss of 
Tsc1 and the onset of seizures in vivo[254].  

We have previously shown that in the same in vitro model, concomitant loss of 
Tsc1 and one copy of Rptor prevents the hyperactivity phenotype observed in Tsc1-KO 
neurons to a certain extent[251] (see Chapter 2 Fig. 6). In the present study we were 
unable to rescue the hyperactivity phenotype neither via shRptor nor rapamycin 
treatment. These data suggest that while early on this seizure-like phenotype is 
mTORC1-dependent, later on the mechanism(s) that underlie neuronal hyperactivity are 
not controlled by mTORC1 in Tsc1-KO hippocampal cultures.  

Spontaneous epileptiform activity has also been observed in multiple models of 
TSC with conditional loss of either Tsc1 or Tsc2 genes from different cell types including 
neuronal progenitor cells, excitatory or inhibitory postmitotic neurons and astrocytes[151, 
152, 255, 256]. These findings suggest that there are potentially multiple independent 
mechanisms underlying seizure activity that can originate from different cell types and 
brain regions. While in our in vitro system we did not observe improvement in the neuronal 
hyperactivity phenotype upon rapamycin treatment, some studies have shown that in vivo 
rapamycin can rescue seizure activity including in the Tsc1fl/fl;Emx1-Cre+ mouse 
model[151, 152, 255]. Several reasons could account for this discrepancy. In our in vitro 
system, we examine the cell-autonomous hyperactivity caused by loss of Tsc1 from 
primarily excitatory hippocampal cultured neurons in an isolated highly interconnected 
network. In in vivo TSC mouse models, it is unknown where seizures originate, how they 
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interact with surrounding circuits, what type of cells drive and later sustain the epileptiform 
activity, and how rapamycin affects these parameters. 

To examine whether our rescue strategies affect other TSC-related abnormalities 
we looked at some of the canonical manifestations observed in in vitro systems. We first 
examined signaling abnormalities. Loss of Tsc1 has been consistently shown to increase 
mTORC1 activity and thus phosphorylation levels of the ribosomal protein S6 (p-S6) and 
the translation initiation factor 4E-BP1 (p-4E-BP1)[193, 198]. Interestingly, rapamycin 
completely suppressed p-S6 (see Fig. 5a,d) and Raptor downregulation near normalized 
p-S6 levels (see Chapter 2 Supplementary Fig. 9b,d), as expected. However, neither 
rapamycin (see Fig. 5a,e) nor shRprtor (data not shown) affected the increased total 
4EBP1 protein levels. shRptor also did not affect the increased phosphorylation of 4E-
BP1 observed in Tsc1-KO neurons (see Chapter 2 Supplementary Fig. 9a,g). This biased 
substrate inhibition by rapamycin has been previously reported[117]. Here we see that 
Raptor downregulation also exhibits the same substrate bias. Although it has been shown 
that changes in p-4EBPs are not involved in seizure activity[172], these data highlight that 
there might be other rapamycin/shRptor -insensitive targets that underlie seizure activity.  

Neuronal hypertrophy due to loss of Tsc1 has been reported both in vitro and in 
vivo in various neuronal subtypes including hippocampal, cortical, dopaminergic and 
striatal[160, 251, 252] neurons. In vitro, we consistently saw neuronal hypertrophy in 
Tsc1-KO cultured hippocampal neurons (Fig. 5h-m and Chapter 2 Supplementary Fig. 9i-
j). Interestingly, 4-day rapamycin treatment significantly improved somatic hypertrophy 
(Fig. 5h-m) and shRptor completely normalized soma size to WT neuron levels (Chapter 
2 Supplementary Fig. 9i-j). These data together suggest that somatic hypertrophy and 
neuronal hyperactivity are two distinct phenotypes driven by different mechanisms. 
Notably, somatic hypertrophy appears to be dynamically regulated by mTORC1 while 
seizure activity seems to be mTORC1-dependent early on (see prevention Chapter 2 Fig. 
6) but later the mechanism(s) that drive neuronal hyperactivity uncouple from mTORC1 
function (Fig. 1-4). Finally, the decrease in soma size of Tsc1-KO neurons might also 
explain the exacerbation we observe in the hyperactivity phenotype as a reduction in 
soma size would be expected to increase membrane resistance and render neurons even 
more excitable.  

Overall, our in vitro model offers a unique opportunity to study in a “simplified” 
system the cell-autonomous mechanisms that drive neuronal hyperactivity upon loss of 
Tsc1. Using this system, future studies could 1) elucidate the time window during which 
these mechanism(s) are mTORC1 dependent, 2) determine when neuronal hyperactivity 
uncouples from mTORC1 function, and 3) identify the mechanism(s) that sustain 
hyperactivity after it has been established. With this information we will be able to develop 
better therapeutics and prevention strategies for TSC and potentially other 
mTORopathies. 
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Materials and Methods 
 
Mice  

All animal procedures were carried out in accordance with protocols approved by 
the University of California, Berkeley Institutional Animal Care and Use Committee 
(IACUC) AUP-2016-04-8684. Mice were on a mixed genetic background. Mice were 
housed with same-sex littermates in groups of 5–6 animals per cage and kept on a regular 
12 h light/dark with ad libitum access to standard chow and water. For all experiments 
animals from at least 2-3 independent litters were used. Mouse genotypes were 
confirmed by PCR using genomic DNA obtained from tail samples. See Supplementary 
Table 1 for a list of the transgenic mouse lines used and genotyping primers.  
 
Primary hippocampal cultures 

Dissociated hippocampal cultures were prepared from postnatal day 0-1 (P0-1) 
mice using standard protocols. Briefly, hippocampi from single pups were dissected on 
ice. The tissue was dissociated using 34.4 μg/ml papain in dissociation media (HBSS 
Ca2+, Mg2+ free, 1 mM sodium pyruvate, 0.1% D-glucose, 10 mM HEPES buffer) and 
incubated for 3 min at 37oC. Tissue digestion was stopped by incubation in trypsin 
inhibitor (1 mg/ml) in dissociation media at 37oC for 4 min. After trypsin inhibition, 
dissociation media was carefully removed and the tissue was gently manually triturated 
in 5 ml plating media (MEM, 10% FBS, 0.45% D-Glucose, 1 mM sodium pyruvate, 1 mM 
L-glutamine). Cell density was counted using a TC10 Automated cell counter (Bio-Rad) 
and ~2-2.25 × 105 neurons were plated onto 24-well plates pre-coated with Poly-D-Lysine 
(PDL) (Corning, Cat # 08774271). Plating media was removed after 3 h and 900 μl 
maintenance media (Neurobasal media (Fisher Scientific # 21103-049) with 2 mM 
glutamine, pen/strep, and B-27 supplement (Invitrogen # 17504-044)) were added per 
well. After 4 days in vitro (DIV 4), 1 μM Cytosine β-D-arabinofuranoside (Sigma-Aldrich # 
C6645 ) was added to prevent glial proliferation. Cultures were maintained in 
maintenance media for 14 - 18 days with partial media changes every 4 days.  
 
Adeno-associated virus (AAV) transduction of primary cultures 

Tsc1fl/fl;Emx1Cre+ and Tsc1WT/WT;Emx1Cre+ hippocampal cultures were 
transduced with AAV1-shRNA on DIV1 and AAV1-jRGeco on DIV2 AAVs. Amounts of 
AAVs were chosen after titration experiments for each virus to accomplish maximum 
while maintaining low toxicity levels. To determine the percentage of Cre-expressing 
neurons in primary hippocampal cultures from Emx1-Cre-positive pups we used AAV1-
CAG-FLEX-GFP at a high titer (see Supplementary Fig 6a in Chapter 2). For calcium 
imaging experiments, we transduced neurons with AAV1-hSyn-jRGECO1a aiming for 
>95% transduction efficiency. For shRNA experiments, we transduced neurons with 
AAV9-hU6-shRNA-EYFP on DIV 1 and achieved 85-90% transduction. (See 
Supplementary Table 2 for the list of viruses, source, titer and number of viral genomes 
(vg) used.)   
 
Protein extraction and western blot analysis 

Hippocampal cultures were harvested on DIV 14. Neurobasal media was aspirated 
from one well at a time, wells were quickly rinsed with ice cold 1x PBS with Ca2+/Mg2+ 
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and then 75 μl of lysis buffer were added (lysis buffer:  2 mM EDTA (Sigma: E5134), 2 
mM EGTA (Sigma: E3889), 1% Triton-X (Sigma: T8787), and 0.5% SDS (Sigma: 71736) 
in 1× PBS with Halt phosphatase inhibitor cocktail (ThermoFisher: PI78420) and 
Complete mini EDTA-free protease inhibitor cocktail (Roche: 4693159001)). Wells were 
thoroughly scraped, and lysates were collected and sonicated for 5 sec. Total protein was 
determined by BCA assay (ThermoFisher: PI23227) and 10 μg of protein in 1X Laemmli 
sample buffer (Bio-Rad:161-0747) were loaded onto 4-15% Criterion TGX gels (Bio-Rad: 
5671084). Proteins were transferred overnight at low voltage to PVDF membranes (Bio-
Rad: 1620177), blocked in 5% milk in 1x TBS-Tween for one hour at RT, and incubated 
with primary antibodies diluted in 5% milk in 1x TBS-Tween overnight at 4°C. The 
following day, membranes were washed 3 x 10 min  in 1x TBS-Tween and incubated with 
HRP-conjugated secondary antibodies (1:5000) for one hour at RT, washed 6 x 10 min 
in 1x TBS-Tween, incubated with chemiluminescence substrate (Perkin-Elmer: 
NEL105001EA) and developed on GE Amersham Hyperfilm ECL (VWR: 95017-661). 
Membranes were stripped by two 7 min incubations in stripping buffer (6 M guanidine 
hydrochloride (Sigma: G3272) with 1:150 -mercaptoethanol) with shaking followed by 
four 2 min washes in 1x TBS with 0.05% NP-40 to re-blot on subsequent days. Bands 
were quantified by densitometry using ImageJ software (NIH). Phospho-proteins were 
normalized to their respective total proteins. Histone-3 was used as a loading control for 
every experiment. See Supplementary Table 3 for the list of antibodies, source and 
dilutions. 
 
Rapamycin treatment in vitro  

Primary hippocampal cultures were treated chronically for 4 days with rapamycin 
from DIV 10-14. A stock solution of 0.5 mM rapamycin (LC Laboratories: R-5000) was 
prepared in ethanol and stored at −20°C. Rapamycin stock was diluted in Neurobasal 
media 1:100 prior to use and then added to a final concentration of 50 nM. Rapamycin 
was first added on DIV 10 and in the final media change on DIV 12. 
 
Fluorescence microscopy and image analysis     

For soma size quantification, cultured neurons were imaged on an 
AxioObserver.A1 (Zeiss) inverted microscope using a 10x Zeiss A-Plan objective 
(Numerical Aperture: 0.25) with wide field fluorescence illumination (X-Cite series 120Q, 
Lumen Dynamics). Images were takes with a Hamamatsu Orca-er digital camera and 
Micro-Manager 1.4 software. For all quantitative comparison experiments, the same 
microscope and acquisition settings were used for each image and samples were 
processed in batches to include matched control and experimental samples. All images 
were processed using ImageJ software. Soma area was quantified by manually tracing 
neuronal cell bodies using ImageJ software. 
 
Calcium imaging 

Primary hippocampal cultures from P0-1 Tsc1;Rptor;Emx1-Cre mice of different 
genotypes were plated onto 24 well plates pre-coated with PDL (Corning, Cat # 
08774271). On DIV 2, cultures were transduced with AAV1-jRGECO1a (Supplementary 
Table 5) and maintained for 12 days in Neurobasal media. On DIV 14, neurons were 
imaged on an AxioObserver.A1 (Zeiss) inverted microscope using a 10x Zeiss A-Plan 
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objective (Numerical Aperture: 0.25) with wide field fluorescence illumination (X-Cite 
series 120Q, Lumen Dynamics). Images were taken at 8.91 Hz with a Hamamatsu Orca-
er digital camera and Micro-Manager 1.4 software. For all Ca2+ imaging experiments 
excitation light intensity, camera sensor gain, and exposure time used were identical. A 
single field of view (FOV) was imaged from at least 2-3 individual wells per culture 
(prepped from 1 pup) and approximately 40 neurons were randomly selected and 
analyzed. Before proceeding to the analysis, we verified that the neurons selected were 
active at least once during the recording period. At least 3 mice per genotype were 
examined from at least 3 different litters.  
 
Calcium imaging analysis  

Data analysis was performed using ImageJ 1.53c and custom programs written in 
Matlab 2020a. 
 
Pre-processing  

Circular ROIs corresponding to neuronal somata, were drawn manually in ImageJ 
on mean intensity projection images of the recorded FOV. Forty ROIs were drawn per 
FOV, beginning in the upper left quadrant of the image, and extending outward as 
necessary (to the right, bottom left, and bottom right quadrants, respectively), and were 
imported into Matlab for further analysis. Movies were motion corrected using the 
normcorre function[243], then normalized with respect to baseline, taken to be the 
minimum intensity projection of the FOV, to generate a ΔF/F movie. It was necessary to 
use the minimum projection as Tsc1-cKO neurons exhibited high Ca2+ activity and thus 
contained few baseline frames. Ca2+ traces were extracted as ΔF/F by computing the 
mean fluorescence within each ROI at each movie frame.  
 
Single event analysis  

Individual Ca2+ transients were detected by first filtering the ΔF/F traces with a four-
frame moving mean, then using Matlab’s findpeaks function to identify peaks in the ΔF/F 
trace. Event amplitude was defined as the difference between the event’s peak ΔF/F and 
the minimum ΔF/F in the preceding inter-event-interval (see Supplementary Fig. 6c). 
Events with an amplitude < 0.5% were excluded from further analysis. Prior to 
measurement of event duration and area under the curve (AUC), Matlab’s msbackadj 
function was used to shift the 1st percentile of the ΔF/F trace within 15 second time 
windows to zero. This reduced the reliance of event AUC on preceding bouts of Ca2+ 
activity, which would otherwise contribute significantly to AUC values in Tsc1-cKO 
neurons due to their high frequency activity. Event initiation and termination were 
identified by finding the 0.5% ΔF/F threshold (see Supplementary Fig. 6d) crossing 
preceding and following the event peak. Event termination was alternatively identified 
when the Ca2+ decay following the event peak ΔF/F was interrupted by a ΔF/F increase 
>1%, indicating the initiation of another event. Events without a clear initiation or 
termination were excluded from further analysis. AUC was defined as the area under the 
ΔF/F trace during the event (see Supplementary Fig. 6d) and measured using trapezoidal 
numerical integration implemented by the trapz function in Matlab.  
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Network event analysis 
Network Ca2+ events were defined as time intervals over which more than 20% of 

neuronal ROIs in the imaged area were simultaneously active (activity for a single neuron 
was defined as ΔF/F ≥ 0.5%) (See gray highlighted zones in Fig. 6e-g and Supplementary 
Fig. 8c,d). We did not use a standard deviation-based threshold, as it would have 
selectively reduced event detection in Tsc1-cKO cultures, due to their persistent Ca2+ 
activity. Events with a duration < 2.5 seconds were excluded from further analysis. Cell 
participation in events was defined as the percentage of neurons that were active at any 
time during the event. Response amplitude within a single neuron during a network event 
was defined as the difference between the maximum ΔF/F during the event and the 
minimum ΔF/F in the preceding inter-event-interval. Area under the curve (AUC) was 
defined as the area under the ΔF/F trace occurring during the event.  
  
shRNA constructs 

The AAV-Tet3-shRNA plasmid (Addgene plasmid # 85740) was used as a 
backbone to generate the AAV9-hU6-shRptor-EYFP construct. The restriction enzymes 
BamHI and XbaI were used to excise the Tet-3 shRNA sequence. The oligonucleotide 
sequence:  5’-
GATCCGCCTCATCGTCAAGTCCTTCAAGAAGCTTGTTGAAGGACTTGACGATGAGG
CTTTTTTT -3’ that contains the Rptor shRNA sequence[215] flanked by restriction sites 
for BamHI and XbaI was subcloned into the plasmid backbone. AAV-hU6-shControl-
EYFP (Addgene plasmid # 85741) that contains the 5’-GTTCAGATGTGCGGCGAGT-3’ 
shRNA sequence was used as a control. For large-scale isolation and purification of the 
plasmids, DH5α NEB competent cells (New England Biolabs #C2987H) were 
transformed and Endofree Megaprep (Qiagen # 12381) was performed to generate 
plasmids for high titer viral packaging.  
 
Statistical Analysis  

Statistical analyses and graphing were performed using GraphPad Prism software 
(version 9). All datasets were first analyzed using the D’Agostino and Pearson normality 
test, and then parametric or non-parametric two-tailed statistical tests were employed 
accordingly to determine significance. Normally distributed datasets were analyzed using 
Welch’s t-tests when comparing two groups or a one-way ANOVA with Holm-Sidak’s 
multiple comparison tests when comparing three or more groups. Datasets that did not 
pass the normality test were analyzed using Kruskal–Wallis test with Dunn’s multiple 
comparisons tests when comparing three or more groups. Cumulative distributions were 
analyzed using the Kruskal–Wallis test with Dunn’s multiple comparisons tests (when 
comparing three or more groups. Significance was set as *p < 0.05, **p < 0.01, 
***p < 0.001, and ****p < 0.0001. P values were corrected for multiple comparisons 
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Figure 1 
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Figure 1. shRptor does not rescue neuronal hyperactivity of Tsc1-KO neurons. 
a-d) Representative heatmaps of jRGeco fluorescent intensity of primary hippocampal cultures for 
Tsc1wt/wt;Emx1-Cre+ + shControl (WT+shCtrl, a) Tsc1wt/wt;Emx1-Cre+ + shRptor (WT+shRptor, b) 
Tsc1fl/fl;Emx1-Cre++ shControl (KO+Ctrl, c) and Tsc1fl/fl;Emx1-Cre+ + shRptor (KO+shRptor, d). Scale bars 
=250μm. 
e-f) ) Representative heatmaps of ΔF/F for Tsc1wt/wt;Emx1-Cre+ + shControl (WT+shCtrl, e) Tsc1wt/wt;Emx1-
Cre+ + shRptor (WT+shRptor, f) Tsc1fl/fl;Emx1-Cre++ shControl (KO+shCtrl, g) and Tsc1fl/fl;Emx1-Cre+ + 
shRptor (KO+shRptor, h) cultures. 
i-l) Ca2+ transients from 5 representative neurons Tsc1wt/wt;Emx1-Cre+ + shControl (WT+shCtrl, i) 
Tsc1wt/wt;Emx1-Cre+ + shRptor (WT+shRptor, j) Tsc1fl/fl;Emx1-Cre++ shControl (KO+shCtrl, k) and 
Tsc1fl/fl;Emx1-Cre+ + shRptor (KO+shRptor, l). cultures. Grey lines indicate network events with more than 
20% of neurons in the field of view active at the same time.  
m) Scatter dot plot (Mean+/-SEM) of the Ca2+ transient frequency per neuron for the indicated genotypes. 
n= 480 WT+shCtrl, n= 440 WT+shRptor, n=470 KO+shCtrl and n= 520 KO+shRptor neurons from 11-15 
cultures wells, one pup per culture. Kruskal-Wallis test, p<0.0001; WT+shCtrl vs WT+shRptor, p>0.9999; 
WT+shCtrl vs KO+shCtrl, ****p<0.0001. WT+shCtrl vs KO+shRptor, ****p<0.0001; KO+shCtrl vs 
KO+shRptor, p=0.1851; Dunn’s multiple comparisons tests 
n) Scatter dot plot (Mean+/-SEM) of  Ca2+ transients’ amplitude per neuron for the indicated genotypes. . 
n= 480 WT+shCtrl, n= 440 WT+shRptor, n=470 KO+shCtrl and n= 520 KO+shRptor neurons from 11-15 
cultures wells, one pup per culture. Kruskal-Wallis test, p<0.0001; WT+shCtrl vs WT+shRptor, 
****p<0.0001; WT+shCtrl vs KO+shCtrl, ****p<0.0001. WT+shCtrl vs KO+shRptor, ****p<0.0001; 
KO+shCtrl vs KO+shRptor, **p<0.014; Dunn’s multiple comparisons tests  
o) Scatter dot plot (Mean+/-SEM) of Ca2+ transients’ duration per neuron for the indicated genotypes. . n= 
480 WT+shCtrl, n= 440 WT+shRptor, n=470 KO+shCtrl and n= 520 KO+shRptor neurons from 11-15 
cultures wells, one pup per culture. Kruskal-Wallis test, p<0.0001; WT+shCtrl vs WT+shRptor, p=0.7667; 
WT+shCtrl vs KO+shCtrl, p>0.9999. WT+shCtrl vs KO+shRptor, ****p<0.0001; KO+shCtrl vs KO+shRptor, 
****p<0.0001; Dunn’s multiple comparisons tests 
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Figure 2 

 
Figure 2. Tsc1-KO network hyperactivity is not improved by postnatal shRptor. 
a) Mean +/- SEM frequency of network events per culture for the indicated genotypes. Each dot represents 
a single culture well. n= 12 WT+shCtrl, n= 11 WT+shRptor, n=13 KO+shCtrl and n= 15 KO+shRptor 
individual culture wells, from 4-5 independent culture preps, 1 pup per prep. One-way ANOVA, p<0.0001, 
F (3, 47) = 25.83; WT+shCtrl vs WT+shRptor, p=0.8579; WT+shCtrl vs KO+shCtrl, ****p<0.0001; 
WT+shCtrl vs KO+shRptor, ****p<0.0001; KO+shCtrl vs KO+shRptor, *p=0.0422. Sidak’s multiple 
comparisons tests 
b) Mean +/- SEM amplitude of network events per culture for the indicated genotypes. Each dot represents 
a single culture well. n= 12 WT+shCtrl, n= 11 WT+shRptor, n=13 KO+shCtrl and n= 15 KO+shRptor 
individual culture wells, from 4-5 independent culture preps, 1 pup per prep. Kruskal-Wallis, p<0.0001; 
WT+shCtrl vs WT+shRptor, p=0.7187; WT+shCtrl vs KO+shCtrl, *p=0.0270. WT+shCtrl vs KO+shRptor, 
**p=0.0074; KO+shCtrl vs KO+shRptor, p>0.9999. Dunn’s multiple comparisons tests. 
c) Mean +/- SEM duration of network events per culture for the indicated genotypes. Each dot represents 
a single culture well. n= 12 WT+shCtrl, n= 11 WT+shRptor, n=13 KO+shCtrl and n= 15 KO+shRptor 
individual culture wells, from 4-5 independent culture preps, 1 pup per prep. One-way ANOVA, p=0.0287, 
F (3, 46) = 3.294; WT+shCtrl vs WT+shRptor, p=0.8404; WT+shCtrl vs KO+shCtrl, p=0.1994; WT+shCtrl 
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vs KO+shRptor, p=0.6892; KO+shCtrl vs KO+shRptor, p=0.8318. Sidak’s multiple comparisons tests. 
d) Mean +/- SEM duration of network activity per culture, expressed as the percent of the recording time 
during which network events occurred for the indicated genotypes. Each dot represents a single culture 
well. n= 12 WT+shCtrl, n= 11 WT+shRptor, n=13 KO+shCtrl and n= 15 KO+shRptor individual culture wells, 
from 4-5 independent culture preps, 1 pup per prep. Kruskal-Wallis, p<0.0001; WT+shCtrl vs WT+shRptor, 
p>0.9999; WT+shCtrl vs KO+shCtrl, ***p=0.0004. WT+shCtrl vs KO+shRptor, ****p<0.0001; KO+shCtrl vs 
KO+shRptor, p>0.9999; Dunn’s multiple comparisons tests. 
e) Mean +/- SEM percentage of neurons in a field of view that participated in a network event per culture 
for the indicated genotypes. n= 12 WT+shCtrl, n= 11 WT+shRptor, n=13 KO+shCtrl and n= 15 KO+shRptor 
individual culture wells, from 4-5 independent culture preps, 1 pup per prep. Kruskal-Wallis, p=0.0002; 
WT+shCtrl vs WT+shRptor, ***p=0.001; WT+shCtrl vs KO+shCtrl, p>0.9999. WT+shCtrl vs KO+shRptor, 
p>0.9999; KO+shCtrl vs KO+shRptor, p>0.9999 Dunn’s multiple comparisons tests. 
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Figure 3 
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Figure 3. Rapamycin treatment exacerbates neuronal hyperactivity of Tsc1-KO neurons. 
a-d) Representative heatmaps of jRGeco fluorescent intensity of primary hippocampal cultures for 
Tsc1wt/wt;Emx1-Cre+ + EtOH (WT+ EtOH, a) Tsc1wt/wt;Emx1-Cre+ + rapamycin from DIV10-14  (WT+Rapa, 
b) Tsc1fl/fl;Emx1-Cre++ EtOH (KO+EtOH, c) and Tsc1fl/fl;Emx1-Cre+ + rapamycin from DIV10-14 (KO+Rapa, 
d). Scale bars =250μm 
e-f) ) Representative heatmaps of ΔF/F for Tsc1wt/wt;Emx1-Cre+ treated with EtOH from DIV10-14 (a), 
Tsc1wt/wt;Emx1-Cre+ treated with 50nM rapamycin from DIV10-14 (b), Tsc1fl/fl;Emx1-Cre+ treated with EtOH 
from DIV10-14 (c) and Tsc1fl/fl;Emx1-Cre+ treated with 50nM rapamycin from DIV10-14  (d) cultures. 
i-l) Ca2+ transients from 5 representative neurons for Tsc1wt/wt;Emx1-Cre+ treated with EtOH from DIV10-14 
(i), Tsc1wt/wt;Emx1-Cre+ treated with 50nM rapamycin from DIV10-14 (j), Tsc1fl/fl;Emx1-Cre+ treated with 
EtOH from DIV10-14 (k) and Tsc1fl/fl;Emx1-Cre+ treated with 50nM rapamycin from DIV10-14  (l)  cultures. 
Grey lines indicate network events with more than 20% of neurons in the field of view active at the same 
time. 
m) Scatter dot plot (Mean+/-SEM) of Ca2+ transient frequency per neuron for the indicated genotypes. 
n=600 WT+EtOH, n=604 WT+Rapa, n=602 KO+EtOH and n=601 KO + Rapa individual neurons from 5-6 
independent cultures, 1 pup per culture; Kruskal-Wallis test, p<0.0001; WT+EtOH vs WT+Rapa, 
****p<0.0001; WT+EtOH vs KO+EtOH, ****p<0.0001; WT+EtOH vs KO+Rapa, ****p<0.0001; KO+EtOH vs 
KO+Rapa, ****p<0.0001; Dunn’s multiple comparisons tests 
n) Scatter dot plot (Mean+/-SEM) of Ca2+ transients’ amplitude per neuron for the indicated genotypes. 
n=600 WT+EtOH, n=604 WT+Rapa, n=602 KO+EtOH and n=601 KO + Rapa individual neurons from 5-6 
independent cultures, 1 pup per culture; Kruskal-Wallis test, p<0.0001; WT+EtOH vs WT+Rapa, 
****p<0.0001; WT+EtOH vs KO+EtOH, ****p<0.0001; WT+EtOH vs KO+Rapa, ****p<0.0001; KO+EtOH vs 
KO+Rapa, *p<0.0462; Dunn’s multiple comparisons tests 
o) Scatter dot plot (Mean+/-SEM) of Ca2+ transients’ duration per neuron for the indicated genotypes. n=600 
WT+EtOH, n=604 WT+Rapa, n=602 KO+EtOH and n=601 KO + Rapa individual neurons from 5-6 
independent cultures, 1 pup per culture; Kruskal-Wallis test, p<0.0001; WT+EtOH vs WT+Rapa, 
**p=0.0039; WT+EtOH vs KO+EtOH, ****p<0.0001; WT+EtOH vs KO+Rapa, ****p<0.0001; KO+EtOH vs 
KO+Rapa, ****p<0.0001; Dunn’s multiple comparisons tests.  
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Figure 4 

 
 

Figure 4. Tsc1-KO network hyperactivity is not restored by rapamycin treatment. 
a) Mean +/- SEM frequency of network events per culture for the indicated genotypes. Each dot represents 
a single culture well. n= 15 individual culture wells for all genotypes, from 4-5 independent culture preps, 1 
pup per prep. One-way ANOVA, p<0.0001, F (3, 56) = 14.05; WT+EtOH vs WT+Rapa, p=0.7054; 
WT+EtOH vs KO+EtOH, p=0.3735; WT+EtOH vs KO+Rapa, ****p<0.0001, KO+EtOH vs KO+Rapa, 
**p=0.006. Sidak’s multiple comparisons tests 
b) Mean +/- SEM amplitude of network events per culture for the indicated genotypes. Each dot represents 
a single culture well. n= 15 individual culture wells for all genotypes, from 4-5 independent culture preps, 1 
pup per prep. Kruskal-Wallis, p<0.0001; WT+EtOH vs WT+Rapa, p>0.9999; WT+EtOH vs KO+EtOH, 
****p<0.0001; WT+EtOH vs KO+Rapa, ****p<0.0001, KO+EtOH vs KO+Rapa, p>0.9999. Dunn’s multiple 
comparisons tests. 
c) Mean +/- SEM duration of network events per culture for the indicated genotypes. Each dot represents 
a single culture well. n= 15 individual culture wells for all genotypes, from 4-5 independent culture preps, 1 
pup per prep. Kruskal-Wallis, p<0.0001; WT+EtOH vs WT+Rapa, p>0.9999; WT+EtOH vs KO+EtOH, 
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****p<0.0001; WT+EtOH vs KO+Rapa, *p=0.0112; KO+EtOH vs KO+Rapa, p=0.3458. Dunn’s multiple 
comparisons tests. 
d) Mean +/- SEM duration of network activity per culture, expressed as the percent of the recording time 
during which network events occurred for the indicated genotypes. Each dot represents a single culture 
well. n= 15 individual culture wells for all genotypes, from 4-5 independent culture preps, 1 pup per prep. 
One-way ANOVA, p=0.0443, F (3, 56) = 63.53; WT+EtOH vs WT+Rapa, p=0.5732; WT+EtOH vs 
KO+EtOH, ****p<0.0001; WT+EtOH vs KO+Rapa, ****p<0.0001, KO+EtOH vs KO+Rapa, p=0.0999. 
Sidak’s multiple comparisons tests 
e) Mean +/- SEM percentage of neurons in a field of view that participated in a network event per culture 
for the indicated genotypes. n Each dot represents a single culture well. n= 15 individual culture wells for 
all genotypes, from 4-5 independent culture preps, 1 pup per prep. Kruskal-Wallis, p=0.3916; WT+EtOH vs 
WT+Rapa, p>0.9999; WT+EtOH vs KO+EtOH, p=0.6292; WT+EtOH vs KO+Rapa, p>0.9999, KO+EtOH 
vs KO+Rapa, p=0.6292. Dunn’s multiple comparisons tests. 
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Figure 5 
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Figure 5. Rapamycin suppresses mTORC1 and mTORC2 signaling and improves somatic 
hypertrophy 
a) Representative western blots of lysates collected from P0-1 Tsc1wt/wt;Emx1-Cre+ (WT) and Tsc1fl/fl;Emx1-
Cre+ (Tsc1-KO)  primary hippocampal cultures treated with EtOH or 50nM rapamycin from DIV10-DIV14. 
MW indicates molecular weight. Two-Three samples per genotype and treatment are shown; this 
experiment was replicated three times. 
b-g) Bar graphs display western blot quantification (mean +/- SEM) for the indicated proteins, expressed 
as a percentage of control (WT + EtOH) levels. Phospho-proteins were normalized to their respective total 
proteins. Dots represent data from individual culture wells. n=7-9 culture wells per condition from 3 
independent culture preps, 1 pup per prep. 
b) Tsc1, Kruskal-Wallis, p<0.0001; WT+EtOH vs WT+Rapa, p=0.6154; WT+EtOH vs KO+EtOH, 
***p=0.0005; WT+EtOH vs KO+Rapa, *** p=0.0003; Dunn’s multiple comparisons tests. 
c) Raptor, Kruskal-Wallis, p=0.0029; WT+EtOH vs WT+Rapa, **p=0.0075; WT+EtOH vs KO+EtOH, 
p>0.9999; WT+EtOH vs KO+Rapa, p=0.1041; Dunn’s multiple comparisons tests 
d) pS6 S240.244, Kruskal-Wallis, p<0.0001; WT+EtOH vs WT+Rapa, p= 0.0815; WT+EtOH vs KO+EtOH, 
p=0.4312; WT+EtOH vs KO+Rapa, *p= 0.0210; Dunn’s multiple comparisons tests 
e) Total 4EBP1, Kruskal-Wallis, p<0.0001; WT+EtOH vs WT+Rapa, p= 0.3803; WT+EtOH vs KO+EtOH, 
*p=0.0338; WT+EtOH vs KO+Rapa, p=0.0632; Dunn’s multiple comparisons tests 
f) p4EBP1 T37, Kruskal-Wallis, p<0.0001; WT+EtOH vs WT+Rapa, ***p=0.0006; WT+EtOH vs KO+EtOH, 
p>0.9999; WT+EtOH vs KO+Rapa, *p=0.0486; Dunn’s multiple comparisons tests 
g) pAkt S473, Kruskal-Wallis, p<0.0001; WT+EtOH vs WT+Rapa, **p=0.0022; WT+EtOH vs KO+EtOH, 
p=0.3342; WT+EtOH vs KO+Rapa, **** p<0.0001; Dunn’s multiple comparisons tests 
h-k)Representative images of Tsc1wt/wt;Emx1-Cre+ + EtOH (WT+EtOH, h), Tsc1wt/wt;Emx1-Cre+ + Rapa 
(WT+Rapa, i), Tsc1fl/fl;Emx1-Cre+ + EtOH (KO+EtOH, j) and Tsc1fl/fl;Emx1-Cre+ + Rapa (KO+Rapa, k) 
primary hippocampal cultures expressing jRGeco1a on DIV 14. Scale bars 100m.  
l) Cumulative distributions of soma area for WT+EtOH, WT+Rapa, KO+EtOH and KO+Rapa cultured 
hippocampal neurons. n=241 WT+EtOH, n=240 WT+Rapa, n=240 KO+EtOH and n=240 KO+Rapa 
neurons from 6-7 independent cultures 1 pup per culture. Kruskal-Wallis test, p<0.0001; WT+EtOH vs 
WT+Rapa, p>0.9999; WT+EtOH vs KO+EtOH, ****p<0.0001; WT+EtOH vs KO+Rapa, ****p<0.0001; 
KO+EtOH vs KO+Rapa, ****p<0.0001Dunn’s multiple comparison tests 
m) Scatter dot plots of soma area for WT+EtOH, WT+Rapa, KO+EtOH and KO+Rapa cultured hippocampal 
neurons. n=241 WT+EtOH, n=240 WT+Rapa, n=240 KO+EtOH and n=240 KO+Rapa neurons from 6-7 
independent cultures 1 pup per culture. Kruskal-Wallis test, p<0.0001; WT+EtOH vs WT+Rapa, p>0.9999; 
WT+EtOH vs KO+EtOH, ****p<0.0001; WT+EtOH vs KO+Rapa, ****p<0.0001; KO+EtOH vs KO+Rapa, 
****p<0.0001Dunn’s multiple comparison tests. 
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Supplementary Tables 

 

Supplementary Table 1: Mouse Lines 
 

Mouse 
Line Genotyping Primers  Source Reference 

Emx1-Cre 

WT F: AAG GTG TGG TTC CAG AAT CG 

JAX strain # 
005628 [207] 

WT R: CTC TCC ACC AGA AGG CTG AG 
Mut F: GCG GTC TGG CAG TAA AAA CTA 

TC 
Mut R: GTG AAA CAG CAT TGC TGT CAC 

TT 
    

Tsc1fl/fl F: GTC ACG ACC GTA GGA GAA GC JAX strain # 
005680 [203] R: GAA TCA ACC CCA CAG AGC AT 

 
Supplementary Table 2: Viruses and titers. 

 

Virus Serotype Promoter Source 
Titer of 

viral 
stock 

(vg/ml) 

Dilution 
amount 

(in 
vitro) 

AAV1.Syn.NES-
jRGECO1a.WPR

E.SV40 
1 hSyn 

Gift from 
Adesnik 

lab 

2.08x10
13 

1:20 
0.5 

μl/well 

AAV9-U6-
shRptor-EYFP 9 hU6 

Caltech 
CLOVE

R 
Center 

1.93x10
14 

1:20 
0.5 

μl/well 

AAV9-U6-
shContorl-EYFP 9 hU6 

Caltech 
CLOVE

R 
Center 

2.17x10
14 

1:20 
0.5 

μl/well 
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Supplementary Table 3: Antibodies and dilutions. 

 Antibody Host 
species 

Company and 
catalog # 

WB 
dilution 

Primary  
  

Tsc1 Rabbit Cell Signaling 
6935 1:800 

Raptor Rabbit Cell Signaling 
2280 1:800 

rpS6 Rabbit Cell Signaling 
2317 1:1000 

phospho-rpS6 
Ser244/246 Rabbit Cell Signaling 

2215 1:2000 

Akt Rabbit Cell Signaling 
4691 1:1500 

phospho-Akt 
Ser 473 Rabbit Cell Signaling 

4060 1:1000 

4E-BP1 rabbit Cell Signaling 
9644 1:1000 

rpS6 Rabbit Cell Signaling 
2317 1:1000 

phospho-4E-
BP1 Thr37/46 Rabbit Cell Signaling 

2855 1:1000 

Histone 3 Mouse Cell Signaling 
3638 1:2000 

 Antibody Species 
(reactivity) 

Company and 
catalog # 

WB 
dilution 

Secondary 

Goat anti-
Rabbit-HFP Rabbit Bio-Rad 170-

5046 1:5000 

Goat anti-
Mouse-HRP 

 
Mouse 

 

Bio-Rad 170-
5047 

 

1:5000 
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Introduction  
 

The mechanistic target of rapamycin (mTOR) pathway is a signaling hub involved 
in a range of diverse processes that ultimately govern proper development and function 
of the central nervous system[12]. Deregulation in this pathway have been associated 
with a wide range of disorders including neurodevelopmental, neurodegenerative as a 
well as neuropsychiatric disorders [14, 89]. Due to mTOR’s implication in disease 
pathology there have been extensive efforts to understand how this signaling pathway is 
regulated in normal and disease state, and how it can be therapeutically targeted[31].  

Current therapeutic strategies for mTOR related disorders rely on rapamycin, the 
first known inhibitor of mTORC1, and its analogues (rapalogs). However, the use of 
rapalogs is only partially effective at treating the wide range of neurologic manifestations 
presented in mTOR related disorders. In addition, chronic administration of rapalogs has 
been shown to suppress both mTOR complexes and has been associated with severe 
side effects[119]. While this strong suppression might be beneficial for manifestations 
outside the central nervous system and in particular in the context of tumors, studies in 
animal models have shown that strong mTORC1 and mTORC2 suppression severely 
impairs brain development and function[28, 209, 251, 257]. To develop better 
therapeutics for the neurologic manifestations in mTOR-related disorders it is important 
to 1)  understand which mTOR complex underlies each specific neurologic abnormality 
and 2) identify novel strategies to selectively target each complex in way that will 
eventually rebalance and not suppress the mTOR signaling. 
   Several studies have attempted to elucidate the function of the two mTOR 
complexes in neurons by targeting Raptor or Rictor proteins which are integral 
components of mTORC1 and mTORC2 respectively. One of the first studies to explore 
the function of each individual mTOR complex was conducted by Urbanska et al.[178]. In 
this study the authors selectively manipulated the two complexes via shRNA targeting 
Raptor or Rictor  in rat hippocampal neurons and examined changes in dendritic 
arborization. Their results revealed that both complexes are essential for proper dendritic 
arbor morphology[178]. Another study conducted by McCabe et al. examined the role of 
the two complexes in synaptic function[28]. By genetically targeting and inactivating Rptor 
or Rictor in cultured mouse hippocampal neurons they showed that the two complexes 
differentially modulate postsynaptic and presynaptic functions. Specifically, they showed 
that loss of mTORC1, reduces evoked excitatory postsynaptic currents (eEPSCs) via 
postsynaptic changes and enhanced spontaneous vesicle fusion and replenishment. In 
contrast, they showed that mTORC2 inactivation led to reduced eEPSCs but via 
presynaptic changes. Additionally, a study by Zhu et al., showed that mTORC2 but not 
mTORC1 is important for hippocampal mGLUR dependent synaptic long-term 
depression[27]. Finally, a recent study in dopaminergic neurons showed that loss of Rptor 
causes somatodendritic hypotrophy, decreased excitability and impaired DA release. 
Interestingly, the effects of Rictor loss appeared to be cell-type specific and milder than 
those observed with Rptor loss [257]. These studies suggest that the two complexes 
control both overlapping and different mechanisms in a potentially tissue-specific manner. 

While several studies have explored the effect of downregulation of each complex 
in neurons by Raptor and Rictor manipulations, not much work has been conducted to 
examine how specific to each complex these manipulations are. One of the first studies 
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to link the activity of the two complexes led by Urbanska et al[178]. In this study, they 
showed that in rat hippocampal neurons Rictor downregulation decreased 
phosphorylation of S6 protein suggestive of reduced mTORC1 activity. We have 
previously shown that downregulation of Raptor in primary hippocampal neurons affects 
mTORC1 but also mTORC2 activity in opposite directions (see Chapter 2 Supplementary 
Fig. 2h-j). Studies in non-neuronal systems have provided evidence for several possible 
points of crosstalk between the two complexes. For example, it has been shown that 
p70S6K1, a direct target of mTORC1, can phosphorylate both Rictor and mSin1, two 
mTORC2 components, and inhibit mTORC2-dependent Akt phosphorylation[229-231]. In 
oligodendrocytes and cancer cell lines it has been shown that loss of Rptor and thus 
mTORC1 suppression, leads to increased Akt phosphorylation at the mTORC2 site [216, 
226]. These data suggest that targeting either Raptor or Rictor does not selectively 
manipulate one complex but both, in a cell type-dependent manner. Careful examination 
is warranted to elucidate the signaling relationships between the two complexes. This 
information will enable us to develop better strategies to manipulate the complexes in 
such a way that mTOR signaling is rebalanced in disease states and avoid mTOR 
suppression-associated side effects. 

Here we used primary hippocampal cultures from Rptorfl/fl, Rictorfl/fl and 
Rptorfl/fl;Rictorfl/fl animals to conditionally delete Rptor or Rictor or both simultaneously and 
study how mTORC1 and mTORC2 function is affected in each of these conditions. We 
found that downregulation of either Raptor or Rictor affects phosphorylation of 
downstream targets of both mTOR complexes. In addition, we found that decreased 
Raptor protein levels more strongly affect total mTOR protein levels compared to Rictor 
protein loss. Finally, we observed that neither Raptor not Rictor loss affected neuronal 
soma size in primary hippocampal cultures. Our preliminary results suggest that, at least 
in hippocampal cultures, these genetic strategies do not allow for selective manipulation 
of the two mTOR complexes and thus we need alternative methods to examine the 
function of these complexes independently.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



111 
 

Results  
 
S6 phosphorylation is reduced in both Raptor-KO and Rictor-KO hippocampal neurons  

To assess the mTORC1 signaling status in Raptor-KO, Rictor-KO and Raptor-
KO;Rictor-KO hippocampal neurons, we quantified the phosphorylation levels of a 
canonical downstream phosphorylation target of mTORC1, the ribosomal S6 protein at 
serines 240/244 (Fig. 1a). We found that phosphorylation of S6 was reduced in Raptor-
KO neurons (Fig. 1b,c) suggestive of reduced mTORC1 activity as expected. 
Interestingly, we saw that S6 phosphorylation was also reduced in Rictor-KO neurons 
(Fig. 1b,d). In the double Raptor-KO;Rictor-KO neurons we also observed a strong 
decrease in S6 phosphorylation that is potentially stronger than Raptor-KO alone. Our 
data show that loss of either Rptor or Rictor decrease mTORC1 activity, particularly at 
the p70S6K/S6 branch. 
 
Akt phosphorylation is altered in both Raptor-KO and Rictor-KO hippocampal neurons 

To examine the mTORC2 signaling status in Raptor-KO, Rictor-KO and Raptor-
KO;Rictor-KO hippocampal neurons we quantified the phosphorylation levels of a 
canonical downstream phosphorylation target of mTORC2, the Akt protein at serine 473 
(Fig. 2a). Interestingly we found that downregulation of Raptor protein significantly 
increased p-Akt levels (Fig. 2b,c) suggestive of increased mTORC2 activity. As expected, 
Rictor downregulation, which suppresses mTORC2 activity, significantly decreased Akt 
phosphorylation (Fig. 2b,d). When we looked at the Raptor-KO;Rictor-KO neurons we 
saw that p-Akt was reduced approximately as much as in Rictor-KO neurons alone. These 
data suggest that downregulation of Raptor and suppression of mTORC1 leads to a Rictor 
and potentially mTORC2-dependent increase of Akt phosphorylation.  
 
Raptor downregulation significantly affects mTOR protein levels  

To determine whether total levels of mTOR change upon loss of Raptor or Rictor 
proteins we measured changes in total mTOR protein in Raptor-KO, Rictor-KO and 
Raptor-KO;Rictor-KO hippocampal neurons. Interestingly we found that loss of Raptor 
reduced total mTOR by approximately 50% (Fig. 3a,b) while loss of Rictor affected total 
mTOR by less than ~25% (Fig. 3a,c). With concomitant loss of Raptor and Rictor, we 
observed a strong and additive downregulation of total mTOR levels (Fig. 3a,d). These 
data suggest that in primary hippocampal neurons, mTOR may participate mainly in 
mTORC1 formation and thus there is more mTORC1 than mTORC2 in our system(Fig. 
3e). Finally, this almost complete suppression of total mTOR in the absence of Raptor 
and Rictor suggest that mTOR protein gets degraded if not bound to either one of these 
proteins.  
 
Neither Raptor nor Rictor downregulation affect neuronal soma size 

Since both mTOR complexes have been implicated in the control of cell soma size 
of various cell types including neurons[209, 237, 239, 257], we examined how 
downregulation of Raptor or Rictor affects hippocampal neuron soma size. Interestingly, 
we saw that neither deletion of Rptor (Fig. 4 a-c) nor Rictor (Fig. 4 d-f) significantly 
affected hippocampal neuron soma size in vitro. 
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Discussion  
 

The goal of this study was to dissect  the interactions between the two mTOR 
complexes in mouse primary hippocampal neurons. Out preliminary data show that 
downregulation of either Raptor or Rictor proteins, the obligatory components of mTORC1 
and mTORC2 respectively, affects the activity of both complexes. Furthermore, we saw 
that more mTOR protein is  associated with Raptor and hence within mTORC1 than Rictor 
and mTORC2. Finally, we found that neither Raptor nor Rictor suppression affects 
hippocampal soma size in vitro. Together these data strongly support the idea that the 
two complexes interact and that manipulation of Raptor or Rictor proteins is not the 
optimal strategy to dissociate mTOR complex activity in primary hippocampal cultures 
and potentially other systems.  

Here we deleted Rptor or Rictor to test if and how their suppression affects both 
mTOR complexes. We observed that downregulation of Rictor decreased p-S6 levels and 
thus we hypothesize that under normal conditions mTORC2 is a positive regulator of 
mTORC1. Upon loss of Rictor, mTORC2 activity is downregulated and this positive 
feedback on mTORC1 is removed, hence mTORC1 signaling decreases. Interestingly, 
we noticed that p-S6 in Rictor-KO cultures was even further suppressed in comparison to 
Raptor-KO cultures. This unexpected observation can be explained by our previous 
findings (see Chapter 2 Supplementary Fig. 2a,c,e). Specifically, we found that after 14 
days in vitro in Raptor-KO cultures there was still residual Raptor protein, which may be 
able to maintain significant levels of mTORC1 activity.  

As we have previously shown, loss of Raptor leads to decreased mTORC1 activity 
and increased mTORC2 activity as indicated by levels of p-S6 and p-Akt respectively (see 
Chapter 2 Supplementary Fig. 2h-j). In this study we were able to recapitulate the same 
observation and hence we hypothesize that mTORC1 is a negative regulator of mTORC2. 
Specifically, we propose that upon loss of Rptor and mTORC1 downregulation, the 
negative feedback exerted from mTORC1 on mTORC2 is removed and thus mTORC2 
activity is upregulated. 

Finally, we wanted to explore whether mTOR kinase participates equally in the 
formation of the two complexes. Therefore, we examined the changes in the total mTOR 
protein levels upon Raptor and Rictor downregulation. We found that total mTOR levels 
were strongly downregulated in Raptor-KO cultures and mildly downregulated in Rictor-
KO cultures. We hypothesize that in normal conditions, there is more mTORC1 than 
mTORC2 in our system (data summarized in  Fig. 5). It will be interesting to examine 
whether in the absence of Raptor protein there is free mTOR that is available to bind on 
Rictor and promote mTORC2 formation. This could potentially partially underlie the 
increased mTORC2 activity levels in Raptor-KO cultures. 
 
Considerations and Future directions  

While these data clearly show that in primary hippocampal cultures the mTOR 
complexes regulate each other’s function, our study is still very limited. Thus far, we have 
used only one downstream target as a readout to assess each mTOR complex’s activity. 
It would be interesting to test whether other downstream targets of both complexes are 
affected the same way as the ones presented here. In an alternative scenario, the two 
complexes might affect each other’s activity towards specific substrates. This substrate 
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bias has been observed in mTORC1 inhibition via rapamycin [117] which has been shown 
to affect some but not all mTORC1 substrates. Such substate bias could arise due to 
differential subcellular localization of the mTOR complexes within different cell types and 
across development. Localization could potentially affect access to certain substates and 
thus dictate which substrates will get primarily phosphorylated.  

Several studies have showed that many mTOR functions are cell-type dependent. 
For instance, downregulation of either Raptor or Rictor decreases dopaminergic[257] and 
cortical[209] but not hippocampal neuronal soma size (Fig. 4a-f and Chapter 2 Fig. 7k,m). 
These data highlight that mTOR signaling might differ among different neuronal cell types 
and hence, the specific interactions we observe between the mTOR complexes in primary 
hippocampal neurons might be unique to that system. It would be interesting to examine 
whether we can recapitulate these observations in other types of neuronal cultures such 
as cortical or dopaminergic.  

Studies have also shown that the developmental stage at which the mTOR 
pathway is perturbed dictates the range and severity of phenotypic manifestations in brain 
development and function. One of the most striking examples is embryonic vs postnatal 
loss of Rptor. We previously showed that embryonic loss of Rptor from forebrain 
excitatory neurons using the Emx1-Cre mouse line causes severely impaired forebrain 
development including cortical hypotrophy and absence of hippocampal structures(see 
Chapter 2 Supplementary Fig. 4f). In contrast, a study that used the CamKIIa-Cre mouse 
line to conditionally delete Rptor from neurons postnatally observed significantly less 
severe phenotypes and mice had fully formed hippocampal and cortical structures[239]. 
How the developmental time course affects the function of the two mTOR complexes has 
not been thoroughly explored, especially in postmitotic cells such as neurons. A study 
has previously shown that phosphorylation levels of S6 decrease over time in human 
differentiated neurons[166]. However, the exact mechanism(s) by which this activity 
change occurs are still unknown. Several parameters could potentially affect mTOR 
signaling  across development. Such parameters include changes in 1) the total levels of 
the two complexes and/or the ratios among them, 2) the expression levels of mTORC1/2 
upstream regulators either inhibitors or activators and 3) the subcellular localization 
patterns of the two complexes, and thus substrate access and availability. Such 
information will be critical to identify developmental time windows during which the mTOR 
complexes might regulate specific functions. 

The neurologic abnormalities associated with mTOR deregulation are numerous 
and studies continue to associate mTOR signaling with essential brain functions. It will be 
important to understand how this signaling pathway is regulated in different cell types, 
across development, and in health and disease states. Such information will enable us to 
develop novel and more targeted therapeutics either to prevent or rescue neurologic 
abnormalities associated with the mTOR signaling pathway. 
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Materials and Methods  
 
Mice  

All animal procedures were carried out in accordance with protocols approved by 
the University of California, Berkeley Institutional Animal Care and Use Committee 
(IACUC) AUP-2016-04-8684. Mice of both sexes were used, and the ages are indicated 
in the methods for each experiment. Mice were on a mixed genetic background. Mice 
were housed with same-sex littermates in groups of 5–6 animals per cage and kept on a 
regular 12 h light/dark with ad libitum access to standard chow and water.  
 
Mouse Line Genotyping Primers  Source Reference 

Rptorfl/fl F: AGCCTTTAGTACCCACTTGGC JAX strain # 
013188 [204] R: GGCATCTCACAAAGGGTACAG 

    

Rictorfl/fl F: ACTGATATGTTCATGGTTGTG JAX strain # 
020649 [205, 206] R: GACACTGGATTCAGTGGCTTG 

    
 
Primary hippocampal cultures 

Dissociated hippocampal cultures were prepared from postnatal day 0-1 (P0-1) 
mice using standard protocols. Briefly, hippocampi from 2-3 pups (floxed mouse lines, 
Figs. 1-3 and Supplementary Figs. 1-3) were dissected on ice. The tissue was dissociated 
using 34.4 μg/ml papain in dissociation media (HBSS Ca2+, Mg2+ free, 1 mM sodium 
pyruvate, 0.1% D-glucose, 10 mM HEPES buffer) and incubated for 3 min at 37oC. Tissue 
digestion was stopped by incubation in trypsin inhibitor (1 mg/ml) in dissociation media at 
37oC for 4 min. After trypsin inhibition, dissociation media was carefully removed and the 
tissue was gently manually triturated in 5 ml plating media (MEM, 10% FBS, 0.45% D-
Glucose, 1 mM sodium pyruvate, 1 mM L-glutamine). Cell density was counted using a 
TC10 Automated cell counter (Bio-Rad) and ~2-2.25 × 105 neurons were plated for each 
experiment. For western blotting and Ca2+ imaging experiments, neurons were plated 
onto 24-well plates pre-coated with Poly-D-Lysine (PDL) (Corning, Cat # 08774271). For 
immunocytochemistry, neurons were plated onto 12 mm glass coverslips precoated 
overnight at room temperature (RT) with 0.5 mg/ml PDL in 0.1 M borate buffer (pH 8.5). 
On the plating day, the coverslips were rinsed 4 times with sterile water and then coated 
with 20 μg/ml laminin (GIBCO, 23017015) in 1x PBS for ~1.5h at 37oC. Subsequently, 
coverslips were rinsed 3 times with sterile water, and 400 μl of plating media were added 
prior to adding the dissociated neurons. For all cultures, plating media was removed after 
3 h and 900 μl maintenance media (Neurobasal media (Fisher Scientific # 21103-049) 
with 2 mM glutamine, pen/strep, and B-27 supplement (Invitrogen # 17504-044)) were 
added per well. After 4 days in vitro (DIV 4), 1 μM Cytosine β-D-arabinofuranoside 
(Sigma-Aldrich # C6645 ) was added to prevent glial proliferation. Cultures were 
maintained in maintenance media for 14 days partial media changes every 4 days.  

Adeno-associated virus (AAV) transduction of primary cultures 
AAVs were added on DIV 2. Amounts of AAVs were chosen after titration 

experiments for each virus to accomplish either maximum or sparse transduction 
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efficiency while maintaining low toxicity levels. In primary cultures from Rptorfl/fl, Rictorfl/fl 

and Rptorfl/fl;Rictorfl/fl mice that were used for western blotting experiments, we aimed for 
>95% transduction efficiency using AAV1 human Synapsin 1 (SYN1, “hSyn”) promoter-
driven Cre-GFP or GFP to generate mutant and control cultures, respectively. For 
immunocytochemistry experiments, we aimed for sparse transduction to resolve 
individual neurons using AAV1-CBA-mCherry-Cre (nuclear localized), AAV9-CAG-FLEX-
tdTomato, and AAV5-hSyn-GFP.  
 

Virus Serotype Prom
oter Source 

Titer of 
viral 
stock 

(vg/ml) 

Dilution 
amount (in 

vitro) 

AAV1.hSyn.HI.eGFP-
Cre.WPRE.SV40 1 hSyn 

Penn 
Vector 
Core 

1.78x1013 

 
1:20 

0.5 μl/well 

AAV1.hSyn.eGFP.WP
RE.bGH 1 hSyn 

Penn 
Vector 
Core 

3.86x1013 1:20 
0.5 μl/well 

AAV5.hSyn.eGFP 5 hSyn 
UNC 

Vector 
Core 

4x1012 1:100 
0.5 

AAV1.CBA.mCherry-
nCre.WPRE.bGH 1 CBA 

Penn 
Vector 
Core 

1.04x1013 
 

1:100 
0.5 μl/well 

AAV9.CAG.Flex.tdTom
ato.WPRE.bGH 

(AllenInstitute864) 
9 CAG 

Penn 
Vector 
Core 

unknown 1:20 
0.5 μl/well 

 

Protein extraction and western blot analysis 
Hippocampal cultures were harvested on DIV 14 -18. Neurobasal media was aspirated 

from one well at a time, wells were quickly rinsed with ice cold 1x PBS with Ca2+/Mg2+ and then 
75 μl of lysis buffer were added (lysis buffer:  2 mM EDTA (Sigma: E5134), 2 mM EGTA (Sigma: 
E3889), 1% Triton-X (Sigma: T8787), and 0.5% SDS (Sigma: 71736) in 1× PBS with Halt 
phosphatase inhibitor cocktail (ThermoFisher: PI78420) and Complete mini EDTA-free protease 
inhibitor cocktail (Roche: 4693159001)). Wells were thoroughly scraped, and lysates were 
collected and sonicated for 5 sec. Total protein was determined by BCA assay (ThermoFisher: 
PI23227) and 10 μg of protein in 1X Laemmli sample buffer (Bio-Rad:161-0747) were loaded onto 
4-15% Criterion TGX gels (Bio-Rad: 5671084). Proteins were transferred overnight at low voltage 
to PVDF membranes (Bio-Rad: 1620177), blocked in 5% milk in 1x TBS-Tween for one hour at 
RT, and incubated with primary antibodies diluted in 5% milk in 1x TBS-Tween overnight at 4°C. 
The following day, membranes were washed 3 x 10 min  in 1x TBS-Tween and incubated with 
HRP-conjugated secondary antibodies (1:5000) for one hour at RT, washed 6 x 10 min in 1x TBS-
Tween, incubated with chemiluminescence substrate (Perkin-Elmer: NEL105001EA) and 
developed on GE Amersham Hyperfilm ECL (VWR: 95017-661). Membranes were stripped by 
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two 7 min incubations in stripping buffer (6 M guanidine hydrochloride (Sigma: G3272) with 1:150 
beta-mercaptoethanol) with shaking followed by four 2 min washes in 1x TBS with 0.05% NP-40 
to re-blot on subsequent days. Bands were quantified by densitometry using ImageJ software 
(NIH). Phospho-proteins were normalized to their respective total proteins. Histone-3 was used 
as a loading control for every experiment. 

 

 Antibody Host 
species 

Company and 
catalog # 

WB 
dilution 

Primary 

Raptor Rabbit Cell Signaling 
2280 1:800 

Rictor Rabbit Cell Signaling 
2114 1:600 

rpS6 Rabbit Cell Signaling 
2317 1:1000 

phospho-rpS6 
Ser244/246 Rabbit Cell Signaling 

5364 1:2000 

Akt Rabbit Cell Signaling 
4691 1:1500 

phospho-Akt 
Ser 473 Rabbit Cell Signaling 

4060 1:1000 

Histone 3 Mouse Cell Signaling 
3638 1:2000 

 Antibody Species 
(reactivity) 

Company and 
catalog # 

WB 
dilution 

Secondary 

Goat anti-
Rabbit-HFP Rabbit Bio-Rad 170-

5046 1:5000 

Goat anti-
Mouse-HRP 

 
Mouse 

 

Bio-Rad 170-
5047 

 

1:5000 
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Figures  
 
Figure 1 

 
Figure 1: Loss of Rptor or Rictor reduces phosphorylation of S6 protein   
a) Schematic representation of mTORC1 showing in addition to other components its obligatory component 
Raptor. mTORC1 phosphorylates S6 at Ser240/244. 
b) Representative western blots from Rptorfl/fl, Rictorfl/fl and Rptorfl/fl;Rictorfl/fl hippocampal cultures treated 
with AAV-GFP (WT;WT) or AAV-Cre-GFP (KO or KO;KO) and harvested on DIV 14. MW indicates 
molecular weight. Two independent samples per genotype are shown; this experiment was replicated three 
times. 
c-e) Bar graphs display western blot quantification (mean +/- SEM) for p-S6-Ser240/244 normalized to Total 
S6 and expressed as a percentage of Control (WT) levels in c) Rptorfl/fl. Mann-Whitney test, ****p<0.0001; 
d) Rictorfl/fl, Mann-Whitney test, ****p<0.0001; and e) Rptorfl/fl;Rictorfl/fl Mann-Whitney test, ****p<0.0001. 
n=9-12 culture wells from 3-4 independent cultures per genotype; 2 mice per culture. 
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Figure 2 

 
Figure 2: Deletion of Rptor or Rictor oppositely affects phosphorylation of Akt. 
a) Schematic representation of mTORC2 showing in addition to other components it’s obligatory component 
Rictor. mTORC2 phosphorylates Akt at Ser473. 
b) Representative western blots from Rptorfl/fl, Rictorfl/fl and Rptorfl/fl;Rictorfl/fl hippocampal cultures treated 
with AAV-GFP (WT;WT) or AAV-Cre-GFP (KO or KO;KO) and harvested on DIV 14. MW indicates 
molecular weight. Two independent samples per genotype are shown; this experiment was replicated three 
times. 
c-e) Bar graphs display western blot quantification (mean +/- SEM) for p-Akt-Ser473 normalized to Total 
Akt and expressed as a percentage of Control (WT) levels in c) Rptorfl/fl. Mann-Whitney test, ****p<0.0001; 
d) Rictorfl/fl, Mann-Whitney test, ****p<0.0001; and e) Rptorfl/fl;Rictorfl/fl Mann-Whitney test, ****p<0.0001. 
n=9-12 culture wells from 3-4 independent cultures per genotype; 2 mice per culture. 
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Figure 3 

 
Figure 3: Total mTOR levels are strongly reduced by deletion of Rptor 
a) Representative western blots from Rptorfl/fl, Rictorfl/fl and Rptorfl/fl;Rictorfl/fl hippocampal cultures treated 
with AAV-GFP (WT;WT) or AAV-Cre-GFP (KO or KO;KO) and harvested on DIV 14. MW indicates 
molecular weight. Two independent samples per genotype are shown; this experiment was replicated three 
times. 
b-d) Bar graphs display western blot quantification (mean +/- SEM) for Total mTOR expressed as a 
percentage of Control (WT) levels in b) Rptorfl/fl. Mann-Whitney test, ****p<0.0001; c) Rictorfl/fl, Mann-
Whitney test, ****p<0.0001; and d) Rptorfl/fl;Rictorfl/fl Mann-Whitney test, ****p<0.0001. n=9-12 culture wells 
from 3-4 independent cultures per genotype; 2 mice per culture. 
e) Schematic representation of the hypothesized ratio between mTORC1 and mTORC2 
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Figure 4 

 
Figure 4: Soma size is not significantly altered in Rptor or Rictor KO primary hippocampal neurons.  
a-b) Example fluorescence images of a) Rptorfl/fl neurons expressing GFP (WT, control) and b) Rptorfl/fl 
neurons expressing Cre dependent tdTomato (Rptor-KO). Scale bars = 100μm 
c) Cumulative distributions of soma area for cultured Rptorfl/fl neurons treated with AAV-GFP (control) or 
AAV-Cre-mCherry and AAV-FLEx-TdTomato (Rptor-KO). n=142 GFP+ and 141 Cre+ neurons. Inset 
scatter dot plot of the same data. Black lines indicated mean +/- SEM. Mann-Whitney, p=0.2330. 
d-e) Example fluorescence images of e) Rictorfl/fl neurons expressing GFP (WT, control) and f) Rictorfl/fl 
neurons expressing Cre dependent tdTomato (Rptor-KO). Scale bars=100μm 
f) Cumulative distributions of soma area for cultured Rictorfl/fl neurons treated with AAV-GFP (control) or 
AAV-Cre-mCherry and AAV-FLEx-TdTomato (Rictor-KO). n=157 GFP+ and 153 Cre+ neurons. Inset 
scatter dot plot of the same data. Black lines indicated mean +/- SEM. Mann-Whitney, p=0.1033. 
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Figure 5 

 
Figure 5: Proposed model of mTOR complexes’ relationships in primary hippocampal neurons.  
In primary hippocampal cultured neurons mTOR kinase participates mainly in the mTORC1 formation. 
Under normal conditions mTORC1 negatively regulates mTORC2 while mTORC2 behaves as a positive 
regulator of mTORC1. Created with BioRender.com 
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