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The PI3K/Akt/mTOR signaling pathway mediates many aspects of cell growth 

and regeneration. Dysregulation of the pathway during development or following injury 

can lead to severe symptoms, including behavioral disorders, intellectual disability and 

seizures. We investigated the effects of excess PI3K/Akt/mTOR signaling in the mouse 

brain during embryonic development and following traumatic brain injury; we then tested 

out known inhibitors of the pathway for their potential to prevent or reverse the resulting 

damage. Here, we described the time course and cell specificity of mTORC1 signal 

activation in the mouse hippocampus after moderate controlled cortical impact (CCI), 

and identified an early neuronal peak of activity that occurs within few hours after injury. 

We suppressed this peak activity by a single injection of the mTORC1 inhibitor 

rapamycin one hour after CCI, and showed that this acute treatment significantly 

diminishes the extent of neuronal death and astrogliosis within 24 hours after injury. We 

investigated two other suppressor compounds of the pathway, mTORC1 inhibitor 

RAD001 and Akt inhibitor MK-2206, in an in vitro mouse model of excess developmental 

PI3K/Akt/mTOR activity; increased signaling in this pathway is associated with multiple 
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brain overgrowth disorders in humans. We used excitatory neuron-specific gene deletion 

of the PI3K antagonist Pten as a method for disinhibiting the pathway. We established 

Pten-mutant forebrain neuronal cultures as an in vitro model of brain overgrowth that 

may facilitate the identification of pharmacological treatments. We found that Pten-

mutant neurons exhibit dramatic cellular hypertrophy, including increased soma size and 

dendrite complexity, which can be reversed partially with mTORC1 inhibitor RAD001 and 

fully with Akt inhibitor MK-2206. Our findings suggest that acute Akt and mTORC1 

inhibition may offer viable therapeutic approaches for preventing or reversing 

pathologies caused by excess PI3K/Akt/mTOR signaling, both in the developing and 

healing brain.   
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CHAPTER 1: INTRODUCTION 

1. PI3K/Akt/mTOR Pathway 

The phosphoinositide 3-kinase (PI3K)/Akt/Mammalian target of rapamycin 

(mTOR) pathway integrates signals from growth factors, insulin, and cell energy status in 

order to control protein synthesis, metabolism and cytoskeletal dynamics. The order of 

the signaling cascade was elucidated in the late 1990s and early 2000s, and all 

components have been implicated in a variety of cancers, neurodegenerative diseases, 

autism, diabetes and epilepsy (Prestwich, 2004; Sarbassov et al, 2004; Ma et al, 2005; 

Sarbassov et al, 2005; Karisson et al, 2015). The pathway functions via a series of 

activating and inactivating phosphorylation events, and diseases arise from mutations 

that cause increased signaling activity of the kinases PI3K, Akt and mTOR, or 

inactivation of the two key negative effectors, phosphatase and tensin homolog on 

chromosome ten (Pten) and tuberous sclerosis complex 1 and 2 (Tsc1 and Tsc2) 

(Garami et al, 2003; Tee et al, 2003; Sarbassov et al, 2005; Jansen et al, 2015). 

Research has therefore focused on identifying effective, nontoxic inhibitors of PI3K, Akt 

and mTOR as potential treatment options for patients suffering from diseases secondary 

to dysregulation of this signaling cascade. Rapamycin is the defining small molecule 

inhibitor of downstream effects of PI3K/Akt/mTOR, although new compounds such as 

Akt antagonist MK-2206 and safer, more soluble analog of rapamycin (rapalog) 

RAD001, are swiftly making their way through clinical trials (Oki et al, 2015; Rugo et al, 

2016). 

1.1 PI3K 

PI3K is a major effector of insulin-like growth factors (IGFs) and other growth factors, 

which activate receptor tyrosine kinases (RTKs) in order to stimulate protein synthesis in 

growing and dividing cells (Karisson et al, 2015). PI3K is recruited to the cytoplasmic 

leaflet of the cellular membrane via Src-homology 2 (SH2) domains by 
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phosphatidylinositol-4,5-bisphosphate (PIP2) molecules. PI3K phosphorylates the 3-

hydroxyl group of PIP2, converting it into phosphatidylinositol-3,4,5-trisphosphate (PIP3) 

(Deane and Fruman, 2004; Prestwich, 2004; Briaud et al, 2005). While PIP2 and PIP3 

form only a small component of the plasma membrane, they undergo transient increases 

as second messengers involved in PI3K/Akt/mTOR pathway signal transduction. Resting 

cell levels of PIP3 are especially low, and accumulation of PIP3 due to loss of Pten 

severely disrupts glucose homeostasis in the cell (Prestwich, 2004).  

There are three classes of PI3Ks, called I, II and III, but only Class I targets PIP2. 

Class I PI3K usually consists of one of three 110kDa catalytic subunits (p110) and one 

of five possible regulatory subunits, ranging from 50 to 85kDa (p85), which dictate 

localization and activity. All five regulatory subunits have the SH2 domains necessary for 

recruitment to the cell membrane by PIP2 (Deane and Fruman, 2004; Briaud et al, 2005). 

p85 has an N-terminal and C-terminal SH2 domain, with an inter-SH2 domain in the 

center, which interacts with the N-terminal adaptor domain of p110. p85 can 

downregulate PI3K activity by sequestering into the nucleus or binding Pten to prevent 

its degradation (LoPiccolo et al, 2015). Hyperactivation of PI3K generally results in 

increased cell size and division, mainly through the Akt/mTORC1 signaling pathway. 

1.2 Pten  

Pten is the main upstream inhibitor of the entire PI3K/Akt/mTOR pathway by 

reversing PI3K’s addition of a phosphate on the 3-hydroxyl group of PIP2 through its lipid 

phosphatase activity on PIP3 (Prestwich, 2004; Laplante and Sabatini, 2009). Therefore, 

Pten-inactivating mutations can give rise to a similar host of phenotypes as PI3K- and 

Akt-activating mutations. Pten was initially identified through the study of glioblastomas 

and mutations associated with tumors in a variety of tissues including breast, prostate 

and melanocyte (Backman et al, 2001). Since then, dysregulation of Pten has been 

implicated in a variety of neurologic diseases in addition to cancer, including Autism 
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Spectrum Disorder (ASD), Lhermitte-Duclos, brain overgrowth disorders, and Pten 

hamartoma tumor syndromes (PHTS) such as Cowden syndrome and Bannayan-Riley-

Ruvalcaba syndrome (Backman et al, 2001; Spinelli et al, 2014; Jansen et al, 2015; 

Nakanishi et al, 2016).  

The PTEN/MMAC1 gene is located in the 10q23 region of the chromosome, within a 

section that commonly undergoes somatic mutations during tumorigenesis (Sansal and 

Sellers, 2004). Pten is a 403 amino acid, 55kDa protein with two defined domains, a 

catalytic dual-specificity phosphatase domain, and a C2 Calcium-independent domain 

(Lee et al, 1999; Hopkins et al, 2013; Spinelli et al, 2014; Naguib et al, 2015). The C2 

domain contains a CBR3 loop specific for binding Phosphatidylinositol-3-phosphate 

(PI[3]P), and allows Pten to localize to a variety of membranes, including the 

endoplasmic reticulum, and mitochondrial membranes. Furthermore, Pten can localize to 

the microtubule network, thus allowing for a variety of surfaces and subcellular locations 

where it can modulate local Akt/mTOR activity and protein synthesis (Kreis et al, 2014; 

Spinelli et al, 2014; Naguib et al, 2015). Pten also localizes to the cellular membrane by 

interacting with PIP2 via an N-terminal PIP2 binding motif (PBM), where it can gain 

access to PIP3. The C-terminus of Pten contains a flexible tail with regulatory functions 

and a PDZ binding motif thought to help Pten localize to dendritic spines (Lee et al, 

1999; Kreis et al, 2014). The phosphatase domain of Pten contains a HCXXGXXR 

phosphatase motif, at residues 123-130, with Cysteine-124 as the catalytic amino acid 

(Lee et al, 1999). Pten can dephosphorylate lipids and has predicted protein 

phosphatase activity on Serine, Threonine and Tyrosine residues of peptides based on 

in vitro experiments (Lee et al, 1999; Naguib et al, 2015). Finally, the 49 residues of the 

C-terminal tail appear to form a flexible structure, which, upon phosphorylation, fold into 

a closed conformation to disrupt Pten’s interaction with PIP2 and its localization to the 

cellular membrane (Lee et al, 1999; Kreis et al, 2014). 
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It is important to note that a second form of Pten, the 75kDa Pten-Long, is translated 

in vivo and contains 173 extra amino acids at its N-terminus. Pten-Long is equally 

capable of dephosphorylating PIP3 and inhibiting the PI3K/Akt/mTOR signaling cascade. 

Finally, Pten-Long has a signal sequence for extracellular secretion, and has been 

shown to undergo both secretion and cell entry (Hopkins et al, 2013). Regular Pten can 

also make it into the extracellular space in exosomes (Kreis et al, 2014). Pten can be 

sequestered into the nucleus, potentially as a way to disinhibit PI3K signaling at the 

cellular membrane. Nuclear localization of Pten occurs during cell cycling, and stressful 

events such as excitotoxicity and traumatic brain injury (Kreis et al, 2014). It is clear that 

Pten has a number of functions that can be disrupted by mutations and lead to 

tumorigenesis, such as overactive PI3K/Akt/mTOR activity and disinhibition of apoptotic 

signalsThe symptoms of a patient with a Pten-related disorder vary depending on the 

severity of the mutation. The presence of phosphatase-inactive Pten appears to be more 

detrimental than unstable and active or completely absent Pten. Therefore, mutations in 

the catalytic domain of Pten correlate with the most severe syndromes. Missense 

mutations that destabilize, but do not inactivate, Pten are associated with ASD, while 

truncation mutations result in tumors and PHTS (Kreis et al, 2014; Spinelli et al, 2014). 

Another very curious Pten mutation found in tumors involves a change of function, 

namely from a 3-phosphatase to a 5-phosphatase (Costa et al, 2015). Since absence of 

Pten is less detrimental than inactive Pten, change of function mutations are just as 

destructive and tumorigenic as loss of function mutations that do not affect Pten 

synthesis. Pten-mediated disease in humans can come from a variety of genetic 

conditions, such as germline mutations and somatic mutations leading to type 1 or 2 

mosaicism (heterozygous and homozygous condition, respectively). Germline nonsense 

and missense mutations in PTEN are more commonly associated with Cowden and 

Lhermitte-Duclos disease, while sporadic loss of function mutations in the brain lead to 
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brain overgrowth disorders such as hemimegalencephaly and focal cortical dysplasia. 

Patients tend to be heterozygous for mutations, although rare cases of homozygosity do 

exist (Liaw et al, 1997; Nelen et al, 1997; Jansen et al, 2015). 

 .  Homozygous deletion of Pten in mice is embryonic lethal, whereas heterozygous 

mice are prone to tumors (Kwon et al, 2006). In neurons, Pten is expressed ubiquitously 

in the soma, but can also localize specifically to dendritic spines or the dendritic shaft. 

Pten modulates neurite outgrowth in differentiating and immature neurons, and controls 

synaptic plasticity in mature neurons (Kreis et al, 2014). Since Pten downregulates Akt 

signaling, and thus leads to increased Glycogen Synthase Kinase 3 (GSK3) activity, 

Pten also indirectly regulates a major pathway for establishing neuronal polarity (Jiang et 

al, 2005). Furthermore, there is evidence that Pten interferes with axonal regeneration 

after injury and axonal branching during development, but little else is known about 

Pten’s direct effects on axonal growth (Park et al, 2008; Drinjakovic et al, 2010; Ohtake 

et al, 2014; Ohtake et al, 2015). 

1.3 Akt 

Akt, also known as Protein Kinase B (PKB), is a ubiquitously expressed 57-

60kDa Serine/Threonine protein kinase activated by the PIP3 signal downstream of PI3K 

(Auguin et al, 2004; Muddassar et al, 2008). There are three isoforms of the Akt enzyme, 

Akt1, Akt2 and Akt3, whose expression levels vary between tissues and organs, and 

have 70-80% amino acid sequence homology to each other (Auguin et al, 2004; 

Muddassar et al, 2008). The structure of Akt includes a C-terminal hydrophobic domain 

with regulatory function, a catalytic kinase domain, and an N-terminal pleckstrin 

homology (PH) domain (Auguin et al, 2004). The PH domain is a sequence of about 100 

amino acids specifically used to interact with phosphoinositides such as PIP3, which 

uses the PH domain to recruit Akt to the cellular membrane (Auguin et al, 2004; 

Prestwich, 2004). At the cellular membrane, Akt gets phosphorylated by 
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phosphoinositide-dependent kinase 1 (PDK1), also recruited by PIP3 via a PH domain, at 

Threonine residue 308 (Thr308), within the activation loop of Akt’s catalytic domain. A 

further activating phosphorylation, at the Serine 473 (Ser473) residue in the hydrophobic 

loop of the C-terminal regulatory domain, can be performed by several kinases, including 

mTORC2 and protein kinase C (PKC), allowing activation of Akt to be moderated by 

different signaling cascades (Das et al, 2016). Studies choose to focus on either or both 

of these phosphorylation sites as indicators of Akt activity, but researchers agree that 

pAkt(Thr308) is mainly a readout of PI3K activity, while pAkt(Ser473) is mainly indicative 

of of mTORC2 activity (Auguin et al, 2004; Sarbassov et al, 2005; Sarbassov et al, 2006; 

Karisson et al, 2015; Shimobayashi and Hall, 2016). Two other phosphorylation sites 

have been identified on Akt, at residues Threonine 450 and Serine 124. The former 

negatively regulates Thr308 phosphorylation, while the latter appears to be insensitive to 

cell stimulation and does not influence Akt activity (Auguin et al, 2004; Hiraoka et al, 

2011).  

The Thr308 and Ser473 phosphorylation events have a complex functional effect 

on Akt activity. There is evidence that Thr308 is sufficient for Akt kinase activity, but the 

Ser473 site is necessary for “full activation” (Hietakangas and Cohen, 2006). For 

example, regulation of FoxO1,3 and 4 by Akt requires the presence of phosphate groups 

on both Ser473 and Thr308. Studies in Drosophila mutants with impaired mTORC2 

function show lowered levels Akt signaling and present with a minor growth defect of 

approximately 10% reduction in mass (Hietakangas and Cohen, 2006). Interestingly, the 

same homozygous mutation in mice, deletion of Rictor, an essential component of 

mTORC2, leads to embryonic lethality, suggesting either a greater requirement for 

maximal Akt signaling or other roles of the Ser473 phosphate group in mammalian 

development (Hietakangas and Cohen, 2006). Finally, recent studies demonstrate that 

the presence of a phosphate group on Ser473 may promote the Thr308 phosphorylation 
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event, adding another layer of complexity to the regulation of Akt activity (Das et al, 

2016). 

Once Akt is activated at the cell membrane, it targets and phosphorylates many 

substrates involved in the control of cell growth. One major target of Akt is TSC2, which 

is phosphorylated at the surface of the lysosome, releasing the TSC1/2 complex from 

the lysosomal membrane and disinhibiting Ras homology enriched in brain (Rheb) 

GTPase (Buel and Blenis, 2016; Shimobayashi and Hall, 2016). Free Rheb is 

responsible for activating the mTOR kinase by interacting with its catalytic domain and 

leading to the formation of mTOR complex 1 (mTORC1), which stimulates protein 

synthesis, cell growth and cell survival (Garami et al, 2003; Shimobayashi and Hall, 

2016). PI3K and Akt are two of five downstream effectors of IGF-like receptors, the 

others being Ras, Raf, and Src. However, PI3K/Akt is the only signaling cascade that is 

sufficient to block apoptosis. Akt phosphorylates and inhibits pro-apoptotic transcription 

factors FoxO1, FoxO3, and FoxO4, indirectly inhibiting other pro-apoptotic transcription 

factors including BAD and p53 (Downward, 2004; Kennedy et al, 1997). Finally, Akt 

modulates glycogen metabolism in the cells by inhibiting GSK3 and promoting glycogen 

synthesis (Downward, 2004; Cortes-Vieyra et al, 2015).  
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Figure 1. Simple schematic of the PI3K/Akt/mTOR pathway. Thin black arrows () 

signify activation, while thin black lines (--|) signify inhibition. Large red arrows indicate 

that inactivating mutations of the protein lead to the diseases listed, while large green 

arrows indicate activating mutations lead to diseases. 

 

 

1.4 Tsc1/2 

 TSC1 and TSC2 were first identified as genes mutated in patients with tuberous 

sclerosis complex, a disorder discussed in detail in section 4 of the Introduction. TSC1 

encodes a 130kDa protein called hamartin (Inoki et al, 2002). Although structural 

analysis reveals no putative catalytic domains in hamartin, the amino acid sequence 

does suggest a transmembrane domain (Tee et al, 2003). Since mutations in the TSC1 
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gene yield the same disease phenotypes as TSC2 and homozygous deletion of either 

gene leads to embryonic lethality in mice and rats, it was suggested early on that the two 

proteins work in a complex. TSC2 encodes the 200kDa tuberin, which has a C-terminal 

GTPase activating protein (GAP) domain and GAP activity, promoting GTP hydrolysis 

(Tee et al, 2003; Ma et al, 2005). Studies have now confirmed that hamartin and tuberin 

indeed function as a complex, with tuberin as the catalytic subunit and hamartin in a 

regulatory role, to promote GTP hydrolysis to GDP on Rheb, thereby inhibiting its ability 

to activate mTOR. This inhibition occurs at the lysosomal membrane (Garami et al, 

2003; Inoki et al, 2003; Shimobayashi and Hall, 2016). When Akt phosphorylates Tsc2, 

Tsc1 and 2 dissociate, releasing Rheb. Akt-mediated phosphorylation on Tsc2 also 

downregulates its GAP activity and primes it for ubiquitination (Inoki et al, 2002). Other 

than Pten, Tsc1/2 is the major negative effector of the mTOR pathway. Loss of Tsc1/2 

function leads to hyperactivity of mTORC1 effector S6 kinase (S6K), while 

overexpression suppresses it (Tee et al, 2003). Therefore, Tsc1/2 works to counteract 

insulin and growth factor-mediated PI3K/Akt signaling and downregulates protein 

synthesis and cell growth.  

 Other pathways beside PI3K/Akt can modulate Tsc1/2 function. Tsc1/2 activity is 

stimulated by high AMP:ATP ratio, i.e. low available cell energy, and integrates signals 

from several major cellular pathways. Both Tsc1 and Tsc2 are targeted with activating 

phosphorylation by GSK3 and 5’-activated protein kinase (AMPK) during high AMP:ATP 

conditions to conserve cell energy spent on mTORC1-mediated protein synthesis. A 

proposed mechanism by Inoki et al, 2006, is that the AMPK-mediated phosphorylation 

primes Tsc2 for the GSK3-mediated addition of a phosphate group for maximum Tsc2 

GAP domain activity and thereby optimal mTORC1 inhibition (Ma et al, 2005; Inoki et al, 

2006; Shimobayashi and Hall, 2016). Finally, cross-talk with the Ras- extracellular 

signal-regulated kinases (Erk) cascade allows Tsc1/2 to incorporate signals from 
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transcription regulation into protein synthesis activity. Erk itself negatively regulates Tsc2 

by phosphorylation, causing it to dissociate from Tsc1 and the lysosomal membrane (Ma 

et al, 2005).  

1.5 mTOR 

mTOR is a major regulator of protein synthesis, and therefore of cellular growth, 

repair and survival. In neurons, mTOR mediates both global and local protein translation, 

modulating overall cell growth as well as synapse dynamics such as plasticity (Kwon et 

al, 2006). The evolutionarily conserved Serine/Threonine kinase was first identified in a 

rapamycin-insensitive yeast strain as the specific target of the drug (Kafferkey et al, 

1993; Edinger et al, 2003; Coffey et al, 2016). mTOR is a 289kDa PI3K-related protein 

kinase (PIKK) with two lobes, one on the N- and one on the C-terminus, connected by 

an ATP-binding domain (Yang et al, 2013). The N-terminal lobe contains the FK506 

binding protein 12 (FKPB12)-rapamycin binding domain (FRB), where the mTORC1 

inhibitory complex of FKBP12 and rapamycin interact to disrupt kinase activity 

(Sarbassov et al, 2006; Yang et al, 2013).  

 The mTOR kinase can form one of two complexes, mTOR complex 1 or 2 

(mTORC1 and mTORC2). mTORC1 forms downstream of Rheb activation and is 

nucleated by two mTOR molecules held together by the protein regulatory-associated 

protein of mTOR (Raptor). Raptor is proposed to both stabilize the mTOR dimer and 

regulate substrate access to the catalytic domain deep within the mTORC1 structure 

(Edinger et al, 2003; Buel and Blenis, 2016). Another important subunit of mTORC1 is 

FKBP12, which is responsible for mTORC1’s rapamycin sensitivity. Rapamycin 

complexes with FKBP12 and binds free mTOR and the FRB. While this event does not 

prevent the interaction between mTOR and Raptor, the presence of rapamycin weakens 

it to the point of almost completely inhibiting all mTORC1 activity (Sarbassov et al, 

2006). mTORC1 signals downstream of Akt, Erk and Wnt pathways by inducing protein 
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synthesis through two different phosphorylation events: the activation of S6K and 

inhibition of eukaryotic initiation factor 4E (eIF4E)-binding protein (4EBP). S6K activates 

ribosomal protein S6, allowing for ribosomal assembly and protein translation. After 

mTORC1-mediated phosphorylation, 4EBP releases eIF4E, allowing it to complex with 

eIF4F and initiate protein translation (Bhattacharya et al, 2015; Coffey et al, 2016, Wang 

et al, 2016). Levels of phosphorylation of S6K, ribosomal protein S6 and 4EBP are all 

used as reliable readouts of mTORC1 activity across a variety of tissues and organisms 

(Bhattacharya et al, 2015). It is important to note that only S6K and S6 activation are 

fully rapamycin-sensitive, while the phosphorylation of 4EBP is only partially responsive 

to rapamycin treatment (Edinger et al, 2003). S6K further mediates a negative feedback 

loop by phosphorylating mTOR at Serine 2448, inhibiting its kinase activity (Coffey et al, 

2016). Finally, mTORC1 negatively regulates lysosome-mediated protein and organelle 

degradation, called autophagy, by inhibitory phosphorylation of autophagy-related 

protein 13 (Atg13) and Unc51-like autophagy-activating kinase (Ulk) 1 and 2 and 

preventing formation of the phagosome (McMahon et al, 2012; Coffey et al, 2016). 

Depending on the cell type, prolonged suppression of mTORC1 can lead to either 

induction, suppression or no effect on Akt signaling activity (Sarbassov et al, 2006; 

Karisson et al, 2015). Since many neurodegenerative diseases, including Alzheimer’s 

disease (AD), ASD, Fragile X syndrome (FXS) and epilepsy, can be traced back to 

improper protein translation and/or degradation, the mTORC1 signaling cascade is a 

central focus of study for researchers of those diseases (Bhattacharya et al, 2015). 

 While mTORC1’s effects on cell growth, metabolism and glucose homeostasis 

have been studied extensively, mTORC2’s roles in the cell have remained more elusive. 

mTORC2 is the Raptor-independent, rapamycin-insensitive complex, held together by 

the rapamycin-insensitive companion of mTOR (Rictor) and is heavily involved in cell 

survival through Akt and cytoskeletal dynamics through Protein Kinase C 1 (Sarbassov 
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et al, 2004; Karisson et al, 2015). Structurally, Rictor appears to play a similar role in 

mTORC2 as Raptor in mTORC1 (Buel and Blenis, 2016). mTORC2 activity correlates 

with insulin signaling, and is responsible for phosphorylating Serine 473 of Akt’s 

hydrophobic motif and Threonine 450 of Akt’s turn motif (Sarbassov et al, 2006; Shin et 

al, 2011). 

1.6 Available inhibitors 

Due to the PI3K/Akt/mTOR pathway’s heavy involvement in tumorigenesis and 

progression, finding clinically safe inhibitors for various proteins in this signaling cascade 

has been at the forefront of cancer research for decades. The standard drug of choice 

for any PI3K/Akt/mTOR related disorder, rapamycin (also called sirolimus), was initially 

studied heavily because of its ability to extend the lifespan of yeast, C. elegans, D. 

melanogaster and even mice and rats (Baar et al, 2015; Coffey et al, 2016). Once 

rapamycin’s method of action through specific, reversible suppression of mTORC1 was 

elucidated, the drug underwent FDA approval and became widely used as an 

immunosuppressant in transplant patients in order to prevent organ rejection (Kahan, 

1992; Edinger et al, 2003; Sarbassov et al, 2006; Zeng et al, 2009; Cardamone et al, 

2014).  Rapamycin has varying effects on mTORC2 signaling, which are predominantly 

cell type- and time-dependent. For example, brief and acute treatments with rapamycin 

almost always have no effects on mTORC2 and Akt activity. However, prolonged 

treatments in some cells can cause either a hyperactivation of Akt via mTORC2-

dependent Ser473 phosphorylation, a dampening of the Akt and mTORC2 signal, or no 

effect at all. It is generally thought that when rapamycin does perturb mTORC2 activity, it 

accomplishes it by binding so much free mTOR that it sequesters it away from the 

mTORC2 complex (Sarbassov et al, 2006; Wang et al, 2016). 

Unfortunately, rapamycin has led to multiple negative effects in human patients 

including rare but acute pulmonary disease (Jimenez et al, 2006; Das et al, 2007), 
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disturbance of glucose homeostasis and increased risk for diabetes (Johnston et al, 

2008; Shum et al, 2016), and strong immunosuppression. Research has therefore 

shifted into trying to identify three main categories of alternatives to rapamycin: 

analogous mTORC1-specific inhibitors (rapalogs); inhibitors that target global mTOR by 

competing with ATP for the active pocket; and finally, compounds that antagonize other 

components of the PI3K/Akt/mTOR pathway (Muddassar et al, 2008; Ewald et al, 2015; 

Coffey et al, 2016; Shum et al, 2016).  

Two prominent drugs that have recently emerged as potentially clinically safe are 

Akt inhibitor MK-2206 and rapalog RAD001 (Everolimus). Both have undergone multiple 

Phase II clinical trials for various cancers and have proceeded into Phase III (Mego et al, 

2015; Oki et al, 2015; Rugo et al, 2016). Furthermore, both are highly soluble and can 

be delivered orally, which have long been two drawbacks to rapamycin treatment 

schemes (Oki et al, 2015; Rugo et al, 2016). Akt inhibitors can target the ATP binding 

site of Akt, an adjacent allosteric pocket or both (Muddassar et al, 2008). MK-2206 is the 

first allosteric inhibitor to show both high efficacy in Akt activity suppression and 

satisfactory safety in preclinical development (Oki et al, 2015). In cell lines, MK-2206 

prevented proliferation and Akt/mTORC1 signaling, and suppressed tumor growth in vivo 

(Oki et al, 2015). MK-2206 is tolerated by humans with minimal side effects at doses of 

up to 60mg administered every other day, but can be given at higher dosages if the 

frequency of administration is decreased (Hirai et al, 2010; Yap et al, 2011; Oki et al, 

2015). RAD001 has similar effects on mTORC1 activity to rapamycin. It is currently 

being used to treat solid tumors and TSC in clinical studies, and is the only mTOR 

inhibitor currently performing well in trials (Lee et al, 2015; Rugo et al, 2016). Side 

effects of RAD001 are mostly limited to inflammation of oral mucous membranes. 

Importantly, patients carrying certain somatic mutations experience increased sensitivity 

to RAD001 with improved tumor remission outcomes, paving the way for RAD001-based 
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personalized medicine (Iyer et al, 2012; Rugo et al, 2016). Since 2015, RAD001 has 

officially been approved for use on late-stage HER2-negative breast cancer patients 

(Lee et al, 2015).  

2. Traumatic Brain Injury 

Traumatic brain injury (TBI) is a leading cause of death for US residents under 

the age of 45 and the main cause of disability in children and young adults (Don et al, 

2012; Zhou et al, 2012). Furthermore, blast-induced brain injury incidence has increased 

in recent years due to military conflict and the escalated use of homemade explosive 

devices in terrorist attacks (Okie, 2005). Survivors of TBI can develop depression, 

cognitive disturbances, motor issues, epilepsy and memory disorders days or months 

after the trauma (Zhou et al, 2012; Guo et al, 2013; Park et al, 2013). There is even 

evidence that blast-induced TBI may contribute to the physiological mechanisms behind 

post-traumatic stress disorder (Elder et al, 2015). The initial mechanical trauma causes 

physical damage and cell death referred to as primary damage and it is not preventable. 

Secondary damage includes a complex cell- and molecule-mediated inflammatory 

response, edema, increased intracranial pressure, vasospasm and hemorrhages (Erlich 

et al, 2007; Woodcock and Morganti-Kossmann, 2013; Chen et al, 2014; Elder et al, 

2015). Furthermore, an immediate release of glutamate and other excitatory amino acids 

into the surrounding tissues of the cortex and hippocampus leads to excitotoxic cell 

death (Rose et al, 2002). Necrotic and apoptotic cell degenerations peak at around 24 

hours post-TBI, and can continue to progress for days or months following the injury 

(Erlich et al, 2007; Zhou et al, 2012). Finally, TBI increases the risk of and exacerbates 

the effects of dementias such as Alzheimer’s (Webster et al, 2015). Repetitive TBI is 

outside the scope of this study, but it is important to note that even mild concussions 

have additive negative effects on the brain (Xu et al, 2015). 
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2.1 Models of TBI 

Current models for studying the physiological and molecular consequences of 

TBI have focused on small rodents such as rats and mice, and larger mammals like 

swine (Browne et al, 2011; Panzer et al, 2012). Methods of administrating brain injury 

have evolved from a simple weight drop model to more sophisticated procedures, 

becoming more precise and programmable (Erdman et al, 2011). TBI in rodents can be 

closed-head injury (CHI), meant to mimic concussions and blast-induced injury, or open 

and administered directly to the cortical surface (Panzer et al, 2012; Zhu et al, 2014). 

Other methods for modeling injury use air waves from controlled explosions, which pair 

wave transmission through the tissue with rotational acceleration of the head (Don et al, 

2012; Elder et al, 2015). Even mild, closed-head injury with minimal cell death results in 

glial and microglial activation and induction of the same pathways as more severe, open-

head traumas (Zhu et al, 2014). The magnitude of injury is generally classified into 

“mild”, “moderate” and “severe” categories, although the parameters for each vary 

depending on the TBI model used (Don et al, 2012). 

Currently, the two predominant methods for open-head injury are controlled 

cortical impact (CCI), administered by pneumatic cylinder through a craniotomy in the 

skull, and fluid percussion (FP), which uses fluid displacement under pressure onto the 

brain surface to mimic shockwave effects (Faden et al, 1989; Dixon et al, 2010; Erdman 

et al, 2011). Both methods require anesthesia and the drilling of a craniotomy to expose 

the cortical surface. This added treatment necessitates that researchers control for the 

effects of the sedative and the surgery, but at the same time allows for very tight control 

on pressure and severity of the impact and thus increases the reproducibility of 

experimental procedure (Thompson et al, 2005; Dixon et al, 2010; Erdman et al, 2011). 

Furthermore, TBI caused by either method in rats and mice results in physical, 
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behavioral and neurological symptoms that are similar to those observed in human 

patients, such as seizures, apnea and impaired motor function (Thompson et al, 2005; 

Erdman et al, 2011). Despite the fact that mechanical damage usually targets the cortex, 

it is the dentate gyrus of the hippocampus that is most vulnerable and sensitive to TBI. It 

experiences increased cell loss of immature neurons early on after the injury, despite not 

being directly subjected to the mechanical impact (Gao et al, 2008; Zhou et al, 2012). 

Finally, TBI can be studied in vitro using cultured neurons on a flexible surface 

such as a membrane or specially designed plates, which can be subjected to a stretch of 

calculable force. This method generates forces of stretch and displacement upon the 

cultured neural network and can elicit some of the effects of TBI in vitro, including cell 

death and altered electrical excitability, and which vary in response to the severity of the 

stretch injury (Choi et al, 1987; Panzer et al, 2012; Zhou et al, 2012; Liu et al, 2013). 

2.2 TBI sequelae and potential treatments 

 Studies into TBI, brain lesions and the effects of glutamate excitotoxicity have all 

shown that brain trauma leads to an early release of glutamate and aspartate into the 

tissue, leading to a sufficiently high and prolonged increase of excitatory amino acids in 

the cerebrospinal fluid to cause excitotoxicity (Choi et al, 1987; Faden et al, 1989; Rose 

et al, 2002). These findings indicate that neurons untouched by the mechanical force of 

the injury can undergo cell death as a result of these secondary effects. Furthermore, 

the brain tissue’s attempt to repair itself stimulates synaptogenesis and loss of glutamate 

receptors at the synapse, leading to a remodeling of the neuronal network that may be 

responsible for symptoms such as posttraumatic epilepsy in survivors and animal 

models (Park et al, 2013; Andersen et al, 2014). Unfortunately, clinical trials have shown 

no improvement in recovery after TBI from administration glutamate receptor blockers in 

human patients (Don et al, 2012). This inefficacy may be due to a number of reasons, 

one of which is that the therapeutic window for preventing initiation of excitotoxicity may 
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be too short and too close to the injury time to be a viable drug target. Timing studies of 

cell loss and inflammation indicate that these processes peak at around 24 hours of 

initial brain injury, allowing for a more realistic therapeutic window of treatment (Zhou et 

al, 2012; Elder et al, 2015). 

 Other studies have focused on the inflammation aspect of TBI. This response is 

mediated by the JAK/STAT pathway, activated glia and microglia, invading neutrophils, 

and release of cytokines (Lloyd et al, 2008; Don et al, 2012; Chen et al, 2014; Calikoglu 

et al, 2015). The density of microglia and astrocytes is increased in the injured brain, and 

levels of GFAP and various cytokines are elevated in the serum and cerebrospinal fluid 

of both animal models and human patients. These include, but are not limited to, major 

cytokines such as the pro-inflammatory Tumor Necrosis Factor (TNF) and interleukin-1β 

(IL-1β) and anti-inflammatory interleukin-10 (IL-10) (Woodcock and Morganti-Kossmann, 

2013). These molecules have different expression timelines, the earliest of which is 

approximately 3-4 hours post-TBI. Similar to activated astrocytes and microglia, most 

cytokines are elevated at around 24 hours post-TBI, and some can stay elevated for 

days or months (Erlich et al, 2007; Park et al, 2013; Elder et al, 2015). Researchers are 

seeking treatments that can reduce the number of activated glial cells in the brain and 

return cytokine levels in the CSF back to normal (Elder et al, 2015). Furthermore, the 

variety and scope of TBI is wide and complex, scientists are hoping to characterize a 

panel of molecules that can be probed for in serum or CSF that will help predict the 

types of damage in a patient’s brain, and allow for a more personalized pharmacological 

treatment of the injury (Woodcock and Morganti-Kossmann, 2013). In animal models, 

experiments with traditional and non-traditional anti-inflammatory drugs that successfully 

reduce the number of activated glia and cytokine levels have also led to improvements in 

neuronal loss, cerebral edema, and cognitive and behavioral performance (Lloyd et al, 
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2008; Chen et al, 2014; Calikoglu et al, 2015). However, no drugs have yet shown 

beneficial effects in human patients. 

In recent years, the involvement of another signaling pathway has come under 

scrutiny. Depending on the severity of the injury, induction of the PI3K/Akt/mTOR 

pathway has been reported as early as 15 minutes post-TBI in the surrounding tissue, 

and was shown to remain elevated for up to 24 hours after the injury (Chen et al, 2007). 

This induction appears to be confined to the injured (ipsilateral or lesion-side) 

hippocampus and cerebral cortex and is not observed in the intact (contralateral) 

hemisphere of the brain (Chen et al, 2007; Park et al, 2012). Phosphorylation of 

mTORC1 downstream target S6 was observed in the cerebral cortex, and the CA1, CA3 

and dentate gyrus regions of the hippocampus at time points between 15 minutes at 24 

hours, while mTORC2-dependent phosphorylation of Akt at Serine 473 was observed 

only at 4 hours post-TBI (Chen et al, 2007; Zhao et al, 2012). Phosphorylation of the Akt 

target GSK3beta reached significant levels at 24-72 hours post-TBI (Zhao et al, 2012). 

Induced levels of phospho-AktS and phospho-GSK3beta however did not appear nearly 

as robust as those of phospho-S6. These data suggest a preferential induction of 

mTORC1 signaling as a result of TBI, and a modest involvement of mTORC2. Studies 

manipulating the PI3K/Akt/mTOR pathway after TBI have yielded conflicting results, 

possibly due to differential treatment doses and timing. Dual inhibition of Akt and 

mTORC1, beginning immediately prior to CCI, led to improvements in learning and 

memory performance in the Morris Water Maze test, and reduced cell death, but had no 

effects on inflammation. However, Akt or mTORC1 inhibition individually was not 

reported to yield any beneficial effects (Park et al, 2012). A similar study using the 

closed-head injury (CHI) of TBI found that mTORC1 inhibition with rapamycin 

immediately prior to injury actually worsened Morris Water Maze performance in rodents 

(Zhu et al, 2014). These results are in stark contrast with previous findings that a single 
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injection of rapamycin 4 hours after CHI reduced cell loss and microglia-mediated 

inflammation, and improved neurologic scores (Erlich et al, 2007). Repeated treatments 

with inhibitors yielded even more conflicting results. Increased Akt signaling via a 14-day 

long post-TBI treatment with Simvastatin, led to improved Morris Water Maze (MWM) 

performance, suggesting that the pathway is beneficial for recovery  (Wu et al, 2008; 

Rozas et al, 2014). However, a 4-week long treatment with rapamycin that inhibits 

mTORC1 signaling, beginning 1 hour post-CCI also appeared to be beneficial, causing a 

reduction of cell loss and posttraumatic epilepsy in mice (Guo et al, 2013). Taken 

together, these studies indicate that the timing of intervention, and the modulation of 

specific components of the PI3K/Akt/mTOR pathway may influence recovery from TBI. It 

is therefore important to conduct further studies aimed at identifying the simplest 

treatment that confers maximum benefits with the minimal amount of detrimental effects.  

3. Somatic brain overgrowth disorders  

Brain overgrowth disorders include a range of developmental cortical 

malformations such as focal cortical dysplasia (FCDIIa and IIb), hemimegalencephaly 

(HMEG) and megalencephaly (MEG), which often present with medically intractable 

pediatric epilepsy (Jansen et al, 2015; Roy et al, 2015). The seizures that accompany 

these disorders do not respond to available anticonvulsant drugs. If epilepsy cannot be 

managed, the only effective treatment is surgical resection of the seizure foci or full 

hemispherectomy (Ljungberg et al, 2006; D’Arcangelo, 2009; Hu et al, 2015; Jansen et 

al, 2015). FCD is determined to be the underlying cause of intractable epilepsy in more 

than 60% of surgical candidates under age 16 (Kloss et al, 2002). This disorder is 

characterized by a localized disruption of the cortex with enlarged and irregular cells that 

become or produce a nearby seizure focus. The focal malformation can sometimes be 

identified by magnetic resonance imaging (MRI) prior to surgery, and the FCD diagnosis 

is based on the neuropathological examination of the brain biopsy after surgery (Hu et 
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al, 2015). The seizure foci can occur on one or both hemispheres, or affect an entire 

hemisphere in the case of HMEG. Both FCD and HMEG can necessitate full 

hemispherectomy (Hu et al, 2015). Furthermore, 15-37% of FCD seizure foci are 

undetectable by MRI, and only 60-70% of patients receiving hemispherectomy or other 

epilepsy surgery end up seizure-free or achieve good seizure control (Kloss et al, 2002; 

Hu et al, 2015). Since surgery in children and infants as young as several months and 

has numerous negative side effects on neurological function, there is a critical need to 

develop less invasive and more effective treatments for epilepsy associated with cortical 

malformations. 

Brain tissue removed during epilepsy surgery has long been used as research 

and diagnostic material (D’Arcangelo, 2009). Studies performed on brain biopsy tissue 

have yielded insights into the underlying mechanisms of intractable childhood epilepsy. 

Two main types of irregular cells are used to diagnose FCD in seizure foci: balloon cells 

and dysmorphic neurons. Balloon cells, also known as neuroglial cells, have enlarged, 

distinguishable cellular morphology and express markers for both neurons and 

astrocytes, suggesting a differentiation defect (Ljungberg et al, 2006; D’Arcangelo, 2009; 

Yasin et al, 2013). Their exact origin is not currently known, although they seem to be 

related to neuronal precursors. These cells show increased mTORC1 signaling and 

disrupted autophagy, including prominent lysosomes and accumulation of autophagy 

cargo proteins (Yasin et al, 2013; Liu et al, 2014). Absence or presence of balloon cells 

determines the type of FCD (IIa and IIb, respectively) (Kloss et al, 2002; Palmini et al, 

2004; D’Arcangelo, 2009). Dysmorphic, or dysplastic, neurons have neuronal 

morphology but are hypertrophic and hyperexcitable (Ljungberg et al, 2006). Since the 

PI3K/Akt/mTOR pathway is a major inducer of cellular growth, its dysregulation has 

been heavily investigated as a potential underlying mechanism for the hypertrophy in 

cortical malformation patients. Studies identified increased levels of phospho-S6, a 
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major downstream effector of mTORC1, in irregular cells of seizure foci in humans 

(Ljungberg et al, 2006; Liu et al, 2014). Furthermore, genetic studies have identified a 

high incidence of mutations in Pten, PI3K, or Akt in HMEG, FCD and dysplastic 

megalencephaly (DMEG) patients that are predicted to increase signaling through the 

pathway (Poduri et al, 2012; Jansen et al, 2015). These results have led researchers to 

focus on the PI3K/Akt/mTOR signaling cascade as a potential drug target in brain 

overgrowth disorders.  

3.1 Rodent models of brain overgrowth disorders 

Currently, researchers use a variety of genetic, chemical and lesion tools to 

induce brain cortical malformations in rodent brains. The freeze lesion model, which 

yields results potentially relevant to TBI as well, generates tissue disruption and network 

changes in the neurons surrounding the lesion. While rodents do not present with 

spontaneous seizures, area around the injury displays epileptiform activity and increased 

excitability (Albertson et al, 2011). This model induces increased synaptogenesis, which 

is potentially driven by an astrocytic response to the lesion. Hyperexcitability is improved 

when treated with gabapentin, which counteracts synaptogenesis, but is unresponsive to 

other common anticonvulsants (Andersen et al, 2014).  

Embryonic administration of BCNU to rats is a chemical tool, which uses induced 

cell death to mimic disruption and thinning of cell body layers in the brain (Inverardi et al, 

2013). However, this model leads to decreased hippocampal volume and does not 

replicate the dysmorphic nature of cell bodies in cortical dysplasia. Postnatal deletion of 

autophagy regulator Atg7 in mice also leads to spontaneous seizures, suggesting that 

autophagy downstream of mTOR contributes to epileptogenesis (McMahon et al, 2012). 

This finding suggests that although balloon cells are electrically inert, their mTORC1-

driven defects may contribute to epilepsy caused by cortical malformations 

(D’Arcangelo, 2009).  



22 
 

 

 

Cre Promoter Group Phenotype 

NEX (neuronal basic helix-loop-

helix protein) 

Expresses starting at E11.5 in 

forebrain excitatory neurons 

Kazdoba et 

al, 2012 

Megalencephaly 

Hypertrophic neurons 

Premature death (within days of 

birth) 

GFAP (Neuronal-Specific) 

Expressed in a subset of neuronal 

cells starting at E13.5 

Ljungberg et 

al, 2009 

Macrocephaly 

Hypertrophic neurons 

Epileptiform activity 

Seizures 

Nse (neuron-specific enolase) 

Expressed in mature forebrain 

neurons; starting at 2 weeks of age 

Kwon et al, 

2006 

Macrocephaly 

Hypertrophic neurons 

Impaired social interactions 

CaMKiiα (Calmodulin Kinase iiα) 

Expressed in forebrain excitatory 

neurons starting after 16 days of 

age 

Sperow et 

al, 2012 

No neuronal hypertrophy 

Deficits in learning, memory and 

synaptic plasticity 

Death starting at 8 weeks of age 

Table 1. Examples of different severities of phenotypes stemming from Pten gene 

deletion at different time points of development and in different populations of neurons. 

 

 

Genetic manipulation of the PI3K/Akt/mTOR pathway removes some of the 

confounding variables that can occur with chemical or lesion models. As Pten is the 

main upstream suppressor of the mTOR pathway, its inactivation or deletion reproduces 

the increased PI3K/Akt/mTOR signal in balloon cells and dysmorphic neurons. A panel 
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of Pten conditional knockout mice has been generated by several laboratories, revealing 

differences and similarities among various developmental gene deletion strategies. 

Complete deletion of Pten is embryonically lethal in mice and rats, rendering the 

production of conditional knockouts necessary, and also prompting the analysis of 

heterozygous or hypomorphic mutants (Backman et al, 2001; Kazdoba et al, 2012). 

Oligodendrocyte-specific, excitatory neuron-specific or neuronal subset-specific Pten 

knockouts all present with macrocephaly, seizures, ataxia, and premature death. Brains 

of these mice reveal hypertrophy of neuronal cell bodies, increased dendritic branching, 

spine density, and defective synapses (Backman et al, 2001; Fraser et al, 2008; 

Ljungberg et al, 2009; Kazdoba et al, 2012). Severity of symptoms increases with earlier 

onset of Pten deletion and higher percentages of the affected neuronal population. 

Consequently, a late-onset knockout driven by CaMKIIa-Cre starting at postnatal day 16 

in excitatory neurons led to variablel effects on neuronal soma size, even though 

electrophysiological properties were disrupted (Sperow et al, 2012). 

3.2 NEX-Pten mouse line 

 One of the most severe Pten mutant mouse models is the NEX-Pten line, created 

and characterized at the D’Arcangelo lab by Tatiana M. Kazdoba, PhD. The mutation is 

made using the Cre-loxP strategy whereby the Pten gene, flanked by loxP sites, is 

deleted by Cre recombinase expressed under the control of the NEX promoter. This 

promoter begins to be active around embryonic day 11.5 in virtually the entire population 

of cortical and hippocampal excitatory neurons, resulting in the ablation of Pten in all 

these neurons (Kazdoba et al, 2012). Wildtype and heterozygous pups show normal 

levels of PI3K/Akt/mTOR activity, as well as normal neuronal size and survival. Knockout 

pups rarely survive past postnatal day 0 or 1, are severely underweight, and have 

increased brain weights as compared to wildtype or heterozygous littermates (Kazdoba 

et al, 2012). The widespread Pten deletion in the forebrain allows us to generate fairly 
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homogeneous knockout neuronal cultures, which can be used to assess the 

effectiveness of drug treatments on soma size and electrical activity in vitro.  

3.3 Evidence for drug alternatives to surgery 

Several studies suggest that the hypertrophic neuronal phenotype and epilepsy 

of brain overgrowth disorders is reversible and treatable. In vitro, transfection of Pten-

deficient neurons with the wildtype Pten gene leads to recovery of normal soma size and 

spine density (Spinelli et al, 2014). Furthermore, long term treatment with mTORC1 

inhibitor Rapamycin or RNAi knockdown of mTOR or Akt lead to reduction in soma size 

and dendritic branching (Jaworski et al, 2005). Epileptic seizures in mice with activating 

mutations in PI3K can be suppressed within an hour of administering PI3K inhibitor 

BKM120 (Roy et al, 2015). Rapamycin treatment in vivo can counteract effects of 

deletion of Pten in mice, such as macrocephaly, epileptiform activity, reduced life span, 

and increased neuronal soma size (Ljungberg et al, 2009; Zhou et al, 2009; Sunnen et 

al, 2011; Kazdoba et al, 2012). Thus, further studies should lead to the identification of 

effective pharmacological treatments for brain overgrowth syndromes. 

4. Tuberous Sclerosis Complex – a hereditary brain overgrowth disorder 

Tuberous Sclerosis Complex (TSC) is a hereditary, autosomal dominant disease 

with high penetrance (Napolioni et al, 2009). TSC has many symptoms in common with 

somatic brain overgrowth disorders, including intellectual disability, ASD, and intractable 

epilepsy (Inoki et al, 2002; Tee et al, 2003; Tsai et al, 2012). Other common symptoms 

include benign tumors, called hamartomas, in many tissues such as the skin, kidneys, 

eyes and brain (Tavazoie et al, 2005; Kwon et al, 2006; Moavero et al, 2015). 

Approximately 1 in 6000 babies is born with TSC (Ma et al, 2005). The disorder is 

caused by Tsc1/2 hemizygosity due to inactivating mutations in TSC1 or TSC2, both of 

which have gene-dosage effects in mice and humans (Garami et al 2003; Tavazoie et al, 

2005). Loss of heterozygosity is believed to occur in some cells within hamartomas, 
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which in the brain are known as cortical tubers. This results in the production of a limited 

number of homozygous null cells, which may profoundly affect the surrounding 

heterozygous tissue. TSC presents with a wide range of symptoms and severity levels, 

depending on the type and location of the mutation. Generally, mutations that prevent 

the Tsc2 GAP domain activity or translation present with the most debilitating forms of 

TSC and earliest onset of symptoms (Garami et al, 2003; Tee et al, 2003; Napolioni et 

al, 2009). Overall, mutations in TSC1 and TSC2 have equal frequencies in inherited 

TSC, while mutations in TSC2 appear to be responsible for over 80% of sporadic TSC 

cases (Napolioni et al, 2009). Furthermore, 20-30% of TSC patients have no detectable 

mutations in either gene (Inoki et al, 2002; Garami et al 2003; Moavero 2015). In this 

subset of patients, TSC is diagnosed solely based on symptoms, although several 

potential alternative mechanisms have been proposed, including Rheb mutations and 

excess Erk activation (Garami et al 2003; Ma et al 2005). 

Tsc1 and Tsc2 are homozygous lethal in mice, restricting studies to 

heterozygous animals and conditional knockouts. Currently, many such mouse models 

exist and are being studied. Research into conditional knockouts has yielded pieces of 

the TSC puzzle, such as that homozygous deletion of Tsc1 or Tsc2 in either neurons or 

in oligodendrocytes leads to myelination defects in the brain (Meikle et al, 2007; Carson 

et al, 2015). Excitatory neuron-specific and astroglial-specific Tsc2 knockout mice have 

increased astrogliosis (Napolioni et al, 2009; Crowell et al, 2015). Other commonly 

observed phenotypes in TSC model rodents include seizures, learning deficits, impaired 

social interaction and shortened life span (Ehninger et al, 2008; Tsai et al, 2012; Crowell 

et al, 2015).   

 While conditional knockout mice generally present with TSC-like phenotypes, 

there is a need to understand whether heterozygous neurons are defective. Within the 

brain, TSC can present with various lesions and tumors, such as nodules, cortical tubers 
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and subependymal giant cell astrocytomas (SEGAs). The presence of dysmorphic 

neurons, giant cells and tumors in the brains of patients was for a long time explained by 

a loss of heterozygosity (LOH) of TSC1 or TSC2 in specific cells in the brain (Tsai and 

Sahin, 2011; Wong and Crino, 2012). However, human patient studies indicate rates of 

LOH in these lesions to be as low as low as 4% (Tee et al, 2003; Ma et al 2005; 

Tavazoie et al 2005). Therefore, either the hemizygous condition is sufficient for 

tumorigenesis and disease, or there are other associated mechanisms that drive cell 

enlargement, epileptogenesis, and network rearrangement in the brain. Studies of 

heterozygotes have shown to date that it is sufficient to delete one copy of Tsc1 in the 

Purkinje cells of the cerebellum to cause cellular hypertrophy and social interaction 

deficits in mice (Tsai et al, 2012). Furthermore, homozygous FloxedTsc1 hippocampal 

neurons transfected with Cre in culture have enlarged somas and dendritic spines, as 

well as a higher density of spines (Tavazoie et al, 2005). Interestingly, in the former 

study rapamycin was able to rescue all phenotypes, while in the second study some 

spine size defects were unaffected by rapamycin. These findings suggest that TSC 

neurological defects may occur only partially through excess mTORC1 signaling, but 

other important mechanisms of disease remain to be elucidated.  

5. Significance 

The PI3K/Akt/mTOR pathway is highly conserved and plays major roles in neuronal 

growth and survival. While baseline levels of activity of this cascade are essential to 

normal development and function, excess signaling leads to deleterious effects to 

neurons in the brain. Activating mutations cause a range of pathologies including drug-

resistant epilepsy, benign tumors and intellectual disability. Similarly, excess signaling 

following brain injury is associated with post-traumatic epilepsy and motor and 

behavioral disorders. Currently, both brain overgrowth disorders and traumatic brain 

injury patients have few pharmacological treatment options to ameliorate such 
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symptoms. The PI3K/Akt/mTOR pathway offers a list of potential drug targets, but no 

safe, effective inhibitors are available, none is FDA-approved for the treatment of these 

patients. Thus, there is an urgent need to investigate the potential of promising inhibitors 

in preclinical studies using animal models of TBI and brain overgrowth disorders.. 
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CHAPTER 2: BENEFICIAL EFFECTS OF EARLY MTORC1 INHIBITION AFTER 

TRAUMATIC BRAIN INJURY 

1. Introduction 

Focus on the study of mild to severe traumatic brain injury (TBI) has increased in 

recent years and brought researchers’ and clinicians’ attention to the lack of available 

treatments for patients suffering from such injury. Even mild, closed-head trauma to the 

brain can lead to temporary or permanent neurological symptoms, including epileptic 

seizures, behavioral changes, and impaired motor and cognitive function (Okie, 2005; 

Merrit and Arnett, 2014; Kostyun et al, 2015). Negative consequences of TBI can arise 

due to a combination of direct neuronal tissue damage, inflammatory response, and 

secondary excitotoxic damage (Faden et al, 1987; Rose et al, 2002).  However, 

spontaneous healing occurs and, in most cases, leads to at least a partial recovery of 

brain function. To optimize recovery, it is therefore critical to understand which TBI-

induced molecular events contribute to damage of the neuronal tissue and which 

promote healing. Understanding the nature of these mechanisms and their time course 

of induction will then allow us to develop potential therapeutic approaches to minimize 

damage and facilitate functional recovery of the injured brain.  

Research has so far identified three main signaling pathways that are modulated 

by TBI in vivo: the JAK-STAT, PI3K/Akt/mTOR and the MAPK pathways (Don et al, 

2012). The focus of the present study is on the PI3K/Akt/mTOR pathway, which other 

groups have shown to be strongly induced in vivo post-TBI (Chen et al, 2007; Park et al, 

2012). The PI3K/Akt/mTOR signaling pathway is a major player in the control of cell 

size, dendrite and axon outgrowth during brain development and repair (Fingar et al, 

2002; Gong et al, 2006). Growth factors and hormones typically stimulate this pathway 

through the activation of receptor tyrosine kinases, leading to the activation of the PI3K 
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and downstream Akt, which in turn regulates the activity of many signaling molecules, 

including mTOR. This kinase forms two complexes, mTORC1 and mTORC2. mTORC1 

activation specifically induces protein translation through activation of ribosomal protein 

S6Ks and disinhibition of the transcription initiation factor eIF4E through phosphorylation 

of the inhibitor 4EBP1 (Laplante and Sabatini, 2009). However, the role of this signaling 

pathway in TBI is controversial. Indeed studies have shown that both induction of PI3K 

activity by suppression of upstream inhibitor Pten and suppression of mTORC1 by the 

mTORC1-specific inhibitor rapamycin after TBI in vivo can have beneficial effects on 

recovery as measured by extent of tissue damage, motor function, neurological score, 

and learning and memory tasks in rodent models (Erlich et al, 2007; Wu et al, 2013). 

These findings raise the question of whether PI3K/Akt/mTOR induction plays a dual role 

in the TBI sequela, by affecting different cell types at different time points after injury.  

To address this issue we examined the time course of PI3K/Akt/mTOR induction 

in the hippocampus after TBI in the whole tissue and at a cellular level, and discovered 

an early peak of mTORC1 activation that is specific to neurons. Furthermore, we 

investigated the role of early mTORC1 activity using a single systemic injection of 

rapamycin in the immediate aftermath of the injury. We reasoned that an early acute, 

short-term suppression of mTORC1 post-CCI best models the treatment a TBI victim 

might receive in an attempt to limit the extent of brain damage and promote recovery. 

We found that this simple treatment positively affects brain repair and promotes 

functional recovery, laying the foundation for further translational studies in TBI.  

2. Methods 

Controlled Cortical Impact (CCI), Drug Treatments, Morris Water Maze 

  These 3 procedures were performed by our collaborator Dr. David F. 

Meaney and his laboratory at University of Pennsylvania, and are described in full in 

Nikolaeva et al, 2015. Briefly, adult C57BL6 mice were anesthetized with isoflurane and 
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a 4-mm diameter craniotomy was produced on the left parietotemporal region of the skull 

with a trephine. A moderate CCI was produced at a velocity of 2.4m/s with an impact 

depth of 1.15mm, centering the impact at approximately -2.5mm bregma.  In a control 

group (sham) animals were subjected to craniotomy, placed in the stereotaxic holder, 

but no CCI was delivered. At different time points after injury (1, 2, 4, 8, 24 hours or 7 

days), animals were euthanized and processed for either immunohistochemistry or 

Western blot analysis.  Drug treatment with rapamycin or vehicle (5% PEG, 5% Tween-

80 in saline) were done by intraperitoneal injection at a dose of 1mg/kg of body weight. 

We selected this dose based on past studies (Erlich et al, 2007) and our preliminary 

dose-response studies. For immunohistochemistry, mice were transcardially perfused 

with 30 mL of ice-cold phosphate-buffered saline (PBS) (pH 7.4) and then with 40 mL of 

ice-cold 4% paraformaldehyde. Brains were harvested, post-fixed overnight in 4% 

paraformaldehyde at 4°C, and then cryoprotected in 24% sucrose. For Western blotting, 

brains were dissected and the hippocampi separated into lesion-side (L-side, 

experimental injury sample) and contralateral-side (C-side, internal control sample). The 

tissue was flash frozen in liquid nitrogen within 3 minutes of extraction for Western blot 

analysis. Cryoprotected brains for immunohistochemistry and Western blot were either 

shipped overnight by UPS or driven for 3 hours by staff from University of Pennsylvania 

to Dr. D’Arcangelo’s laboratory Rutgers University, where they were stored at -800C until 

use. All experiments and animal housing were in accordance with procedures approved 

by the Animal Care and Use Committees at both University of Pennsylvania and Rutgers 

University, according to the National and Institutional Guidelines for Animal Care 

established by the National Institute of Health. 

Western Blot Analysis 

Hippocampal tissue was freshly dissected from the L-side and the C-side of the 

brain after CCI or sham injury, and lysed in RIPA buffer (50 mM Tris pH 7.4, 1% NP40, 
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0.25% sodium deoxycholate, 150 mM NaCl, 1nM EDTA supplemented with protease 

and phosphatase inhibitors). The tissue was homogenized and spun at 40C, at 3000 rcf 

for 5-7minutes to remove debris, and protein concentration was measured by a standard 

Bradford assay. Laemmli sample buffer was added to the lysates, and the samples were 

boiled for 3 minutes. Proteins (20 g per sample) were separated by SDS-PAGE using 

8.0% or 10.0% gels and transferred onto 0.2 m nitrocellulose membrane at 4 0C in 20% 

methanol Tris-Glycine buffer for 2.5 hours at a constant 0.5 Amp. Membranes were 

blocked in 3% milk in TBS-T for 1 hour, and incubated in primary antibodies overnight at 

4 0C. Membranes were then incubated for 1 hour in secondary HRP-conjugated 

antibodies, and subjected to ECL-Plus Western Blotting Detection System 

(Pierce/Thermo Fisher, Rockland, IL). Primary antibodies against phospho-ribosomal 

protein S6(Ser235/236) (pS6), phospho-Akt(Thr308) (pAktT), total Akt, and S6 were 

purchased from Cell Signaling, and anti-actin antibody was purchased from Millipore. All 

phosphorylated protein levels were normalized to the total amount of each protein. 

Quantification was performed using the band analysis function of Alpha Imager software 

(Protein Simple). For each condition, samples were analyzed from n>3 mice, average 

phosphorylated/total density values were calculated for each protein, and C-side values 

were set at 1. Statistical significance was calculated comparing L-side to C-side values 

using ANOVA and post-hoc Dunnett’s test. A p-value of 0.05 or less was considered 

significant. 

Immunofluorescence 

Brains were frozen in a 30% sucrose/Cryo-OCT compound solution (30: 70 

mixture; Fisher) and serially sectioned at 30-50 m on a cryostat. Coronal slices were 

mounted directly on slides. Slides were thawed at room temperature, permeabilized in 

0.1% Triton-X, and blocked in 5% normal goat serum (NGS). Slides were incubated with 
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primary antibody in 5% NGS in 0.1% Triton-X overnight at 4 0C.  Slides were then 

washed in PBS, probed with fluorophore-conjugated secondary antibodies for 1 hour at 

room temperature, and mounted in Vectashield Mounting Medium with DAPI (Vector 

Laboratories). The following antibodies were used: fluorophore-conjugated AlexaFluor 

488-anti-pS6 (Ser235/236) (1:250, Cell Signaling Technology), anti-GFAP (1:250, Cell 

Signaling Technology or 1:500, Dako), anti-NeuN (1:100, Millipore), and anti-Iba1 

(1:250, Wako). Multiple sections from 3-4 mice per treatment were examined at each 

time point. Representative images were acquired using a Yokogawa CSU-10 spinning 

disk confocal head attached to an inverted fluorescence microscope (Olympus IX50), or 

an epifluorescence microscope (Olympus BX3-CBH). Positive cell counts were 

performed manually and in blind. Statistical significance in positive cell number was 

determined by the Student’s t-test when only 2 datasets were compared, or by ANOVA 

and Dunnett’s post-hoc analysis for more than 2 datasets. p <0.05 was considered 

significant. 

Fluoro-Jade B Staining 

 Slides were washed in PBS to remove OCT, then washed in TBS and dried. 

Dried tissue was serially washed in 1%NaOH and 80% Alcohol, 70% Alcohol, DI, 0.06% 

KMnO4, and DI. Slides were incubated in Fluoro Jade-B (FJB) staining solution (4%FJB, 

Millipore, in Acetic Acid) for 20 min. Slides were then washed in distilled water, dried, 

washed in Xylene and mounted in DPX (VWR). Representative images were acquired 

using a Yokogawa CSU-10 spinning disk confocal head attached to an inverted 

fluorescence microscope (Olympus IX50). Because FJB staining did not allow us to 

distinguish and count individual positive cells, an analysis of the fluorescence intensity 

was performed using ImageJ. Fluorescence analysis for hippocampal areas, such as 

dentate gyrus (DG) and CA3, was performed by measuring the Integrated Density of the 

cell body layer after subtracting the background (Area x Mean Gray Value of adjacent 
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background). Intensity values were normalized to the selected areas to obtain corrected 

total fluorescence values. Comparison between these values obtained from vehicle- 

versus rapamycin-treated brains was performed using the Student’s t-test. p <0.05 was 

considered significant. 

Antibody Vendor Catalogue# Host Dilution Application 

pAkt(Thr308) Cell Signaling 2965 Rb 1:1000 WB 

pAkt(Ser473) Cell Signaling 9271 Rb 1:1000 WB 

Total Akt Cell Signaling 4691 Rb 1:2000 WB 

pmTOR(Ser2448) Cell Signaling 2971 Rb 1:1000 WB 

Total mTOR Cell Signaling 2983 Rb 1:1000 WB 

pS6K (Thr389) Cell Signaling 9208 Rb 1:1000 WB 

Total S6K Cell Signaling 9202 Rb 1:1000 WB 

pS6 (Ser235/236) Cell Signaling 4858 Rb 1:1000 WB 

Total S6 Cell Signaling 2317 M 1:1000 WB 

488-pS6 (Ser235/236) Cell Signaling 4803 Rb 1:1000 IF 

MAP2 Covance SMI-52R M 1:250 IF 

NeuN Millipore MAB377 M 1:100 IF 

GFAP Cell Signaling 3670 M 1:250 IF 

Iba1 WAKO 019-19741 Rb 1:250 IF 

GFAP DAKO Z 0334 Rb 1:250 IF 

Table 2. Primary antibodies used in this study. WB= Western blot, 

IF=Immunofluorescence. Host: Rb=Rabbit, M=Mouse.  
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3. Results 

Time course of CCI-induced PI3K/Akt/mTOR activity in the lesioned hippocampus  

Adult C57Bl6 mice were subjected to moderate CCI or sham injury in Dr. 

Meaney’s lab at U Penn and allowed to recover for 1, 2, 4, 8, 24 hours or 7 days before 

brain dissection. Frozen tissue was shipped to our lab at Rutgers for protein extraction 

and analysis. CCI caused extensive tissue damage to the cerebral cortex on lesion (L)-

side of the brain, but the hippocampus was relatively spared (Fig. 2E). Therefore, the 

effect of the CCI injury on the PI3K/Akt/mTOR pathway was analyzed only in this tissue. 

No damage of the cerebral cortex or hippocampus in the contralateral (C)-side of the 

brain was observed (Fig. 2E). To minimize variability inherent the use of multiple mice 

and multiple blots, we measured signaling activity comparing L-side values to C-side 

values (set at 1) by Western blotting. Phospho-specific antibodies against pAktT 

(Thr308, a readout of PI3K activity), and pS6 (Ser235/236, a readout of mTORC1 

activity) were used to probe the activity of the signaling pathway. Levels of 

phosphorylated proteins were normalized to total levels of proteins in n>4 mice per time 

point. Levels of pAktT were found to be significantly higher in the L-side than in the C-

side of the hippocampus only at 2 hours post-CCI, and returned to normal by 8 hours 

(Fig. 2B,C). We also analyzed levels of pAkt(Ser473), a site targeted by mTORC2 and 

not strictly dependent on PI3K activity, but found no significant induction at any time 

point (Fig 2D). Levels of pS6, on the other hand, were significantly higher in the L-side 

over a broad time period (2-8 hours) post-CCI, and returned to lower levels at later time 

points (Fig. 2B,C). Levels of CCI-induced pS6 peaked by 3-4 fold between 2 and 4 hours 

in the L-side hippocampus. No induction of PI3K/Akt/mTOR pathway was observed in 

the hippocampus in response to sham craniotomy at any time point analyzed (Fig. 2B 

and data not shown). Craniotomy alone did cause activation of the PI3K/Akt/mTOR 

pathway in the L-side cerebral cortex, even though there was no evidence of tissue 
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damage resulting from craniotomy during perfusion, sectioning or immunostaining (Fig. 

2A). Given the sham effect, and the extensive damage to this region resulting from CCI, 

the cerebral cortex was not analyzed further. Immunofluorescence experiments using a 

fluorophore-conjugated anti-pS6 antibody confirmed extensive phosphorylation of this 

mTORC1 target in the cell body layers of areas CA1, CA3 and DG in the L-side 

hippocampus 4 hours after CCI (Fig. 2F). The organization of these cellular layers 

appeared somewhat disrupted by the injury, however individual pS6-positive cells were 

readily observed. The pS6 signal was completely absent from similar regions of the C-

side hippocampus, in which the cell body layers appeared intact (Fig. 2F). Together, 

these studies demonstrate a modest activation of PI3K/Akt, and a robust, but transient 

activation of mTORC1 in the injured hippocampus within few hours after CCI. 
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Figure 2. Induction of the Akt/mTORC1 signaling pathway by CCI. (A) Representative 

Western blot data showing Sham surgery-mediated induction of mTORC1 in the L-side 

cortex. (B) Representative Western blot data showing the levels of phosphorylated and 

total Akt(Thr308) and S6 proteins at each time point in the lesion (L) and contralateral 

(C) side after CCI or sham surgery. (C) Time course of phosphorylation of Akt (pAktT) 

and S6 (pS6) proteins in the hippocampus after CCI. Values indicate the average ratio of 

phosphoryated/total proteins in the lesion side relative to the contralateral side of each 

injured brain (*p<0.05 by ANOVA). (D) Representative Western blot data showing the 

levels of phosphorylated and total Akt(Ser473), mTOR and S6K proteins at each time 

point in the lesion (L) and contralateral (C) side after CCI or sham surgery. (E) 

Representative low magnification image of a whole brain section after CCI and sample 

image of the hippocampus showing the location of regions of interest, such as area CA1, 

CA3 and dentate gyrus (DG). Both sections were stained with SYTOX nuclear stain. (F) 

High magnification (20x) confocal images of the CA1, CA3 and DG regions in the 

contralateral and lesion side of the brain after CCI. Sections were stained with 

fluorophore-conjugated anti-pS6 antibody (green) and Reddot 2 nuclear stain. Scale 

bars: 500 m (E) and 10 m (F). 

 



38 
 

 

 

 

Figure 3. Neuron-specific activation of mTORC1 signaling by CCI. High magnification 

(20x) confocal images of the CA1 hippocampal area in the lesion side of the brain 4 

hours post-CCI. Sections were double labeled with antibodies against pS6 (green) and 

cell specific markers (red) such as neuronal markers NeuN (A) or MAP2 (B), astroglia 

marker GFAP (C), and microglia marker Iba1 (D). Images are representative of data 

obtained in n=3 mice. Only neuronal markers co-localized with pS6. Scale bar: 20 m for 

all panels. 
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Early mTORC1 activation in the injured hippocampus occurs in neuronal cells 

 To determine which cell types undergo mTORC1 activation within few hours 

post-CCI in the L-side hippocampus, we conducted double immunofluorescence using 

fluorophore-conjugated anti-pS6(Ser235/236) antibody in conjunction with a cell type-

specific antibody, such as the neuronal marker NeuN or MAP2, the astroglial marker 

GFAP, and the microglial marker Iba1. All four markers reliably label the expected cell 

types in the mouse hippocampus. Sections obtained from mice sacrificed 4 hours post-

CCI revealed that only some neuronal cells, identified by either NeuN or MAP2 labeling, 

expressed high levels of pS6 in the cell body layers of area CA1 (Fig. 3A,B), CA3 and 

DG (data not shown). GFAP and Iba1 signals did not colocalize with pS6 in any 

hippocampal region (Fig. 3C,D). These data demonstrate that the early activation of 

mTORC1 in the injured hippocampus occurs specifically in a subset of neuronal cells 

within the cell body layers of the hippocampus. 

A single rapamycin injection post-CCI suppresses injury-induced mTORC1 activity 

 To study the significance of mTORC1 activation in CCI-induced tissue damage 

and recovery, mice were injected with the mTORC1 inhibitor rapamycin one time at 1 

hour post-injury. This single injection method was used to determine whether it may be 

beneficial, modeling a possible strategy for intervention in patients following TBI. Since 

rapamycin is a potent drug that lingers in the brain for a prolonged period of time (Meikle 

et al, 2008), we reasoned that an early single injection may be sufficient to suppress the 

observed transient induction of mTORC1 and to elicit beneficial results, avoiding 

common side effects associated with prolonged, multi-day treatments with this drug 

(Barlow et al, 2012; Barlow et al, 2013). Adult mice were subjected to the same 

moderate CCI described above, and injected once intraperitoneally with 1mg/kg 

rapamycin or vehicle control 1 hour after injury. Different cohorts of injected mice were 
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sacrificed at 4 hours post-CCI to assess the effect of the drug on signal transduction, at 

24 hours to examine cell damage and astrogliosis, or were analyzed at 3 days for 

cognitive function (Fig. 4A). At 4 hours post-CCI Western blot analysis of hippocampal 

tissue revealed that pS6 levels were strongly elevated (by approximately 4 fold) in 

vehicle-treated mice (Fig. 4B,C), similar to previously analyzed untreated mice (Fig. 

2B,C). Rapamycin treatment strongly suppressed this activation, resulting in L-side pS6 

levels that were similar to sham controls (Fig. 4B,C). Even though a modest increase in 

pS6 levels was detected in rapamycin-treated mice when L-side samples were directly 

compared to C-side values (p<0.05 by Student t-test), statistical analysis of the whole 

data set, including sham-treated and vehicle-treated mice, indicated that only the L-side 

samples of vehicle-treated CCI-exposed mice exhibited significantly elevated levels of 

pS6 (p<0.05 by ANOVA). Interestingly, rapamycin treatment also caused a modest 

induction of pAktT levels in the L-side versus the C-side hippocampus (Student t test, 

p<0.05) (Fig. 4B,D). This likely reflects a positive feedback mechanism that attempts to 

compensate for the downstream loss of mTORC1 signaling activity (Huang et al, 2009; 

Das et al, 2012). A very small and not statistically significant induction of pAktT was also 

seen in vehicle-treated mice (Fig. 4B,D), similar to untreated samples previously 

analyzed at 4 hour post-CCI (Fig. 2B). However, when the whole pAktT data set was 

analyzed by ANOVA, no significant effect of any of the treatments was found in either 

the L-side or the C-side of the hippocampus (p>0.05) (Fig. 4D). 

 To confirm the effectiveness of the rapamycin injection on mTORC1 activity, we 

also conducted immunofluorescence experiments using a fluorophore-conjugated pS6 

antibody. As previously noted for untreated mice (Fig 2 and 3), pS6 levels were strongly 

induced 4 hours post-CCI in the L-side of vehicle-treated mice in many pyramidal cells of 

area CA1 (Fig. 4E), as well as in cellular layers of area CA3 and DG (not shown). 

Rapamycin treatment dramatically suppressed pS6 immunoreactivity in these 
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hippocampal regions (Fig. 4E and data not shown). Levels of mTORC1 activity were 

further assessed by counting the number of pS6-positive cells per random field of view in 

the cell body layers of areas CA1, CA3 and DG in the L-side hippocampus. The number 

of pS6-positive cells was significantly reduced in rapamycin-treated compared to vehicle-

treated mice (Fig. 4F) (Student t test, p<0.05). No induction of pS6 was detected in the 

C-side hippocampus of injured rapamycin- or vehicle-treated mice (data not shown). 

Together, our Western blot and immunofluorescence data demonstrate that a single 

rapamycin injection delivered 1 hour after CCI effectively suppresses mTORC1 activity 

in the injured hippocampus. 
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Figure 4. Inhibition of mTORC1 signaling by rapamycin. (A) Schematic of the timeline of 

drug treatments and biological processes analyzed after CCI. (B) Western blot analysis 

of normalized pAktT and pS6 levels in the lesion (L) and contralateral (C) side of the 

hippocampus in vehicle- (Veh) or rapamycin-treated (Rapa) mice 4 hours post-CCI or 

sham surgery. Quantification of pS6 (C) and pAktT (D) data. Values indicate the average 

ratio of phosphoryated/total proteins in the lesion side (L-side) relative to the 

contralateral side (C-side) of each injured brain. CCI induced statistically significant pS6 

levels only in vehicle-treated, but not in rapamycin-treated mice (*p<0.05 by ANOVA and 
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post-hoc analysis by Dunnett’s test). (E) Immunofluorescence analysis of pS6 levels in 

area CA1 of the lesion-side of the brain 4hr post-CCI in vehicle- or rapamycin-treated 

mice. (F) Quantification of the number of pS6-positive cells per field of view in the 

pyramidal layer of area CA1. Rapamycin significantly suppresses pS6 induction by CCI 

(*p<0.05 by Student’s t test). Scale bar: 10 m. 

 

 

Rapamycin injection post-CCI reduces tissue damage in the injured hippocampus  

 To evaluate the effects of the single rapamycin treatment on hippocampal tissue 

damage, we stained brain sections collected 24 hours post-CCI with Fluoro-Jade B 

(FJB). This time is a recognized early point at which post-CCI deficits can be observed, 

and is optimal for FJB signal detection in the DG and CA3, but not in the CA1 area 

(Shein et al, 2008; Zhou et al, 2012). FJB staining is specific for damaged neurons and 

has been used as a reliable method to quantify post-CCI damage in the L-side of the 

brain (Schmued and Hopkins, 2000). Indeed, we detected extensive FJB signal in the L-

side, and no detectable signal in the C-side hippocampus of vehicle-treated CCI-

exposed mice in low magnification images (Fig. 5A). To analyze tissue damage in more 

detail, we collected higher magnification images of hippocampal regions CA1, CA3 and 

DG in both vehicle-and rapamycin-treated mice that had been exposed to CCI. The FJB 

signal was limited to very few cells in the CA1 region of both treatment groups, as 

expected for the 24 hour time point (Zhou et al, 2012), and this area was therefore not 

analyzed further (Fig. 5B). In both CA3 and DG, extensive FJB staining was observed in 

all samples, although the signal appeared reduced in rapamycin-treated compared to 

vehicle-treated mice (Fig. 5B). Since individual cells could not be easily distinguished, an 

analysis of the FJB fluorescence signal was performed in the cellular layers of the CA3 

and DG. The mean fluorescence signal was significantly reduced in rapamycin-treated 
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compared to vehicle-treated mice in both hippocampal regions (Fig. 5C,D). The data 

demonstrate that acute rapamycin treatment post-CCI reduces the extent of tissue 

damage in the injured hippocampus. 

 

 

Figure 5. Rapamycin reduces the extent of neuronal damage after CCI. Mice were 

treated with vehicle (Veh) or rapamycin (Rapa), and analyzed 24 hours after CCI. 

Sections were stained with Fluoro-Jade B and representative confocal images are 

shown. (A) Low magnification images of the hippocampus in the contralateral (C-side) 

and lesioned (L-side) hippocampus. (B) Higher magnification images of areas CA1, CA3 

and DG in the L-side after Veh or Rapa treatment. Quantification of the Fluoro-Jade B 

signal in the pyramidal layer of area CA3 (C) and granule layer of the DG (D). 
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Rapamycin treatment significantly reduced the number of damaged neurons in both 

areas (*p<0.05 by Student’s t test). Scale bars: 100 m (A) and 50 m (B). 

 

 

Rapamycin injection post-CCI reduces astrogliosis in the injured hippocampus 

 We examined the effects of CCI and rapamycin treatment on hippocampal 

astrogliosis by staining sections collected at the 24 hour time point with the astroglial 

marker GFAP. Low power images of the whole hippocampus revealed that CCI induces 

extensive astrogliosis in the C-side (Fig. 6B) as well as the L-side hippocampus (not 

shown), whereas sham surgery did not have any effect (Fig. 6B). Western blot analysis 

confirmed an increase in GFAP expression in both the C-side and L-side hippocampus 

of CCI-exposed mice compared to sham-exposed controls (Fig. 6A). CCI-induced 

astrogliosis was limited to the hippocampus proper areas CA1 and CA3, and did not 

involve the DG (Fig. 6B). Therefore, these areas were further analyzed in higher 

magnification images. In area CA1 (Fig. 6D) astrogliosis was present in vehicle-treated 

CCI-exposed mice in the C-side, and was especially strong in the L-side. Rapamycin 

reduced astrogliosis in both sides of the hippocampus. The C-side of rapamycin-treated 

mice appeared indistinguishable from a sham control (Fig. 6C,D), whereas the L-side 

showed an apparent, but partial improvement compared to vehicle-treated sections.  

Similar results were obtained when area CA3 was analyzed (Fig. 6E,F). To further 

quantify the effect of rapamycin treatment on astrogliosis we counted the number of 

GFAP-positive cells in random fields of area CA1 and CA3 in both the L-side and the C-

side of the hippocampus. Statistical analysis indicated a significant reduction in the 

number of GFAP-positive cells in rapamycin-treated compared to vehicle-treated 

samples in both areas of the C-side (Student’s t-test, p<0.05) (Fig. 6G). However, the 

number of reactive astrocytes in the L-side was not affected by the rapamycin treatment 
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(data not shown). These data indicate that a single rapamycin injection 1 hour post-CCI 

can significantly reduce astrogliosis, particularly in the C-side of the hippocampus.  
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Figure 6. Rapamycin suppresses astrogliosis after CCI. Mice were treated with vehicle 

(Veh) or rapamycin (Rapa), and analyzed 24 hours after CCI or sham surgery. Sections 

were stained with GFAP antibodies (red) and counterstained with DAPI or Sytox (blue). 

(A) Western blot analysis of GFAP levels normalized to actin in the contralateral (C-side) 

or lesion side (L-side) after sham surgery or CCI. GFAP levels are elevated in both sides 

of the CCI-injured hippocampus. (B) Low magnification images of the C-side 

hippocampus after sham or CCI confirm the increase in the number of GFAP-positive 

cells after CCI. (C) Confocal images of area CA1 in the C-side or L-side after sham 

surgery. (D) Confocal images of area CA1 in the C-side or L-side after CCI and vehicle 

(Veh) or rapamycin (Rapa) treatment. (E) Confocal images of area CA3 in the C-side or 

L-side after sham surgery. (F) Confocal images of area CA3 in the C-side or L-side after 

CCI and Veh or Rapa treatment. (G) Quantification of the number of GFAP-positive cells 

per area analyzed in the C-side of the brain in CA1 and CA3 regions. Rapamycin 

treatment significantly reduced astrogliosis in the C-side of both hippocampal areas 

(*p<0.05 by Student’s t test). Scale bars: 100 m (A) and 20 m (B-F). 

 

 

 Given our findings that a single rapamycin injection 1 hour after CCI suppresses 

mTORC1 activation, early neuronal degeneration, and astrogliosis, our collaborators at 

Dr. Meaney’s laboratory at University of Pennsylvania tested if this treatment also leads 

to amelioration of cognitive deficits after injury. Morris Water Maze (MWM) deficits were 

evaluated 3 days after CCI.  The overall performance of the animals in acquiring the 

platform location was calculated over the last four trials of the MWM; performance was 

significantly worsened by CCI.  Rapamycin treatment significantly improved latency time 

in injured animals relative to vehicle treatment after injury (Nikolaeva et al, 2015).  
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Discussion 

  In this study we analyzed the activity of the PI3K/Akt/mTOR signaling pathway in 

the adult mouse hippocampus following moderate CCI, and found a peak induction of 

mTORC1 activity at 2-8 hours post-injury in the L-side of the brain, as evidenced by 

increased pS6 levels. We further showed that this activation is specific to neurons, which 

lose their tight layer organization in the injured hippocampus, and does not involve 

astrocytes or microglia. Previous work that examined the induction of pS6 levels 24 

hours post-injury indicated that signal activation occurs in glial cells as well as in neurons 

at this later time point (Park et al, 2012). Thus, it appears that there is a shift in mTORC1 

activation from neurons in the early hours after injury to glial cells at later times. This 

delayed activation may result directly from injury to glial cells, indirectly from neuronal 

damage, or both. We reasoned that an early intervention with rapamycin 1 hour post-

CCI to suppress neuronal mTORC1 activation may reduce not only neuronal damage, 

but also prevent glial dysfunction at later stages. Indeed, we found that this acute 

intervention strategy was beneficial in preventing both neuronal and glial abnormalities, 

and improving functional recovery at least in the short term (3 days after injury). Our 

results are consistent with a previous study that demonstrated neuroprotection, reduced 

microglial response and improved behavioral performance when rapamycin was injected 

4 hours post-TBI (Erlich et al, 2007). However, no beneficial effect on astrogliosis was 

seen in that study, nor in a study that administered rapamycin immediately prior to CCI 

(Park et al, 2012). These studies, taken together with the data presented here, suggest 

that the most effective time window for an intervention that affects all cell types may be 

between 1 and 4 hours post-TBI. This treatment paradigm would be applicable to at 

least some victims of TBI, as it allows a reasonable window of time for patients to be 

reached by medical personnel.  
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Previous work on TBI has produced conflicting evidence on the role of the 

PI3K/Akt/mTOR pathway in recovery from TBI. Unlike this study, some reports 

suggested that activation, rather than suppression, of the PI3K/Akt/mTOR pathway 

promotes recovery from TBI. In one study, long-term treatment with simvastatin 

beginning 24 hours post-CCI, which stimulates Akt phosphorylation, was shown to 

stimulate neurogenesis and promote spatial learning after TBI (Wu et al, 2008). In 

another, a single dose of rapamycin given just prior to the injury failed to improve 

cognitive performance as assessed by the Morris Water Maze using a CCI model, and 

worsened cognitive performance in a closed-head injury (CHI) model (Park et al, 2012; 

Zhu et al, 2014). Our findings are consistent with previous studies that demonstrate 

beneficial effects of mTORC1 signaling inhibition (Erlich et al, 2007; Zhu et al, 2014). 

Interestingly, in these studies like in ours, rapamycin treatment was initiated in the 1 to 4 

hour window after injury. Thus, it is conceivable that the timing or the length of drug 

treatments targeting the Akt/mTOR pathway play a significant role in determining 

recovery from TBI.  

Rapamycin or rapalogs are widely used to suppress excessive mTORC1 

activation in animal models of cortical malformations (Meikle et al, 2007; Zeng et al, 

2008; Ljungberg et al, 2009; Kazdoba et al, 2012; Way et al, 2012). In virtually all these 

models rapamycin treatment not only significantly prolongs survival, prevents or 

suppresses neuronal abnormalities, and glia pathology, but also strongly suppresses 

seizures. The overwhelmingly positive effects seen in animal studies led to the 

development of clinical trials to evaluate the effectiveness of rapalogs in the treatment of 

epilepsy in these developmental disorders (Krueger et al, 2013). On the other hand, few 

studies investigated the effects of rapamycin treatment in animal models of TBI. In one 

study, treatment was initiated 1 hour post-TBI, but continued daily for several weeks, 

conferring not only protection from neuronal degeneration, but also preventing the 
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development of posttraumatic epilepsy (Zhu et al, 2014). Together with our studies that 

demonstrated the beneficial effects of rapamycin on behavioral performance, this work 

suggests that mTORC1 inhibition may be a viable strategy to ameliorate several aspects 

of functional recovery after TBI. As for all drugs, however, limitations for the use of 

rapamycin in the human patient population exist, and warrant caution in the 

interpretation of these findings. For example, the drug is known to confer non-specific 

inhibition of other kinase complexes, such as mTORC2 (Sarbassov et al, 2006), and 

produce considerable side effects in patients especially when treatment is prolonged. 

These concerns, however, are attenuated if a strategy similar to that used in this animal 

study, consisting of a single, acute intervention shortly after TBI that is unlikely to cause 

adverse effects, would be applied to patients.  

In this study we showed that rapamycin delivered by systemic injection clearly 

entered the brain and suppressed the early neuronal phosphorylation of ribosomal 

protein S6 in the L-side hippocampus, indicating that the treatment successfully reduced 

mTORC1 activity in the injured brain. Both immunostaining and Western blotting data 

obtained at the 4 hour time point after injury confirmed this result. By 24 hours post-CCI, 

neuronal damage was extensive in the L-side, and astrogliosis was apparent in both 

sides of the injured brain, even though we observed no mTORC1 induction, cell damage 

or cell body layer disruption in the C-side hippocampus. Rapamycin treatment strongly 

reduced neuronal and astroglial pathology due to CCI, suggesting that suppression of 

the early mTORC1 induction in the L-side was sufficient to reduce global astrogliosis. 

This suggests that early distress signals originating from neurons in the L-side of the 

brain may cause neuroinflammation in the C-side, and that these secondary effects of 

the injury may be completely preventable by early rapamycin intervention. However, 

since we only saw a modest improvement of astrogliosis in the L-side in response to our 

acute rapamycin treatment, it is possible that repeated or additional forms of intervention 
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are needed to fully prevent neuronal damage and neuroinflammation in the proximity of 

the injury. Indeed, a previous study demonstrated that a combination therapy consisting 

of drugs that inhibit Akt, another kinase component of the PI3K/mTOR signaling 

pathway, as well as mTORC1 improves function outcome when applied before CCI 

(Park et al, 2012). However, further studies are needed to determine whether such dual 

therapy is safe and effective in a clinically-relevant post-TBI paradigm.  

 In summary, we demonstrate that CCI induces a deleterious activation of 

mTORC1 activity in hippocampal neurons, which then drives neuronal damage, 

widespread astrogliosis and cognitive dysfunction. Early intervention with a single dose 

of rapamycin is greatly beneficial to reduce tissue damage and improve functional 

recovery. Future studies should investigate the possible application of this intervention 

strategy to other animal models of TBI and to human patients. 
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CHAPTER 3: TARGETING AKT/mTOR IN AN IN VITRO MODEL OF SOMATIC AND 

HEREDITARY BRAIN OVERGROWTH DISORDERS  

1. Introduction 

The brain overgrowth disorder family includes several cortical malformations, 

including focal cortical dysplasia (FCD), megalencephaly (MEG), hemimegalencephaly 

(HMEG), and tuberous sclerosis complex (TSC) (Hevner, 2014). A large percentage of 

human patients with these disorders have been found to have hyper-activating mutations 

in the PI3K/Akt/mTOR cell growth pathway (Ljungberg et al, 2006; Jansen et al, 2015). 

The resulting malformations are highly associated with drug-resistant pediatric epilepsy, 

and account for over 50% of epilepsy surgery cases in infants and children (Seifer et al, 

2012). Thus, there is an urgent need to investigate potential anti-epileptic 

pharmacological treatments specifically for this family of disorders.  

To understand how activation of PI3K/Akt/mTOR signaling affects neuronal 

development and leads to the hypertrophic neuronal phenotype of brain overgrowth 

disorders, our laboratory has characterized two novel mouse strains. Kazdoba et al, 

2012 developed NEX-Pten, a conditional knock out mouse line that exhibits 

megalencephaly and activation of the PI3K/Akt pathway specifically in postmitotic 

excitatory neurons of the forebrain (Kazdoba et al., 2012). Mutant mice die shortly after 

birth, but forebrain neuronal cultures can be readily derived from postnatal day (P) 0 

mice. Forebrain Pten-/- neurons in vitro exhibit dramatic cellular hypertrophy, including 

increased soma size and dendrite complexity. Crowell et al, 2015 characterized the 

NEX-Tsc2 mouse strain as a model for TSC. Under the same promoter as the NEX-Pten 

line, Tsc2 is deleted via a Cre-Lox mechanism starting at embryonic day (E) 11.5 in 

forebrain excitatory neurons. Mutant pups display reduced body mass, astrogliosis in the 

forebrain, and reduced lifespan, with few surviving past 20 days of age (Crowell et al, 
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2015). mTORC1 suppression, through rapamycin injection in the Kazdoba et al, 2012 

study and RAD001 injection in Crowell et al, 2015, improved survival in knockout pups.  

We cultured P0 hippocampal neurons from knockout (Pten-/-, Tsc2-/-) 

heterozygous (Pten+/-, Tsc2+/-) and wild type (Pten+/+, Tsc2+/+) littermates from each 

mouse strain to characterize their neuronal phenotype in vitro and make a comparison 

between the resulting morphologies. We also hypothesized that brief treatment with 

novel PI3K/Akt/mTOR inhibitors may be sufficient to reverse mutant phenotypes of Pten-

/- neurons.  We focused our efforts on two compounds currently undergoing clinical trials: 

Akt inhibitor MK-2206 and mTORC1 inhibitor and rapalog RAD001 (Oki et al, 2015; 

Rugo et al, 2016).  

2. Methods 

Mice 

The NEX-Pten mouse colony was previously characterized by Kazdoba et al, 

2012. Briefly, conditional deletion of floxed Pten in postmitotic excitatory neurons of the 

forebrain was driven by the NEX-Cre expression, leading to upregulation of Akt activity. 

The NEX-Tsc2 mouse colony was described by Crowell et al, 2015. Briefly, conditional 

deletion of floxed Tsc2 in postmitotic excitatory neurons of the forebrain was driven by 

the NEX-Cre expression, resulting in upregulation of mTORC1 activity.  

In order to simplify breeding, breeder mice were all homozygous for the presence 

of NEX-Cre (Cre+/+). Therefore, all littermates retain Cre expression and the only 

difference in genetic background is the presence or absence of LoxP sites at the Pten 

gene (Pten+/+, PtenloxP/+ or PtenloxP/loxP).  Because Cre+/+; PtenloxP/loxP (referred to as Pten-/- 

from here on) pups die within days of birth, our breeding strategy was to have 

heterozygous males (Cre+/+; PtenloxP/+, also referred to as Pten+/-) breed with 

heterozygous females (Cre+/+; PtenloxP/+). This method has the capacity to generate wild-
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type and mutant pups in almost every litter, allowing for concurrent study of both 

genotypes: 

 

 

Figure 7. Simple schematic of the breeding strategy for (A) NEX-Pten and (B) NEX-Tsc2 

lines in order to generate wild type, heterozygous and mutant cultures for each gene. 

 

 

Neuronal Cultures 

Cortical and hippocampal neuronal cultures were generated from newborn NEX-

Pten or NEX-Tsc2 littermates using a papain dissociation kit (Worthington). Cells were 

strained with a 70 µm filter, and centrifuged for 5 min at 300 x g. The pellet was re-

suspended in a solution of Earle’s Balanced Salt Solution (EBSS)/deoxyribonuclease I 

(DNase)/ ovomucoid protease inhibitor. The re-suspension was layered on top of 1 ml 

ovomucoid protease inhibitor solution, centrifuged for 6 min at 100 x g, and then 

centrifuged for an additional 6 min at 200 x g to evenly coat the cells with the ovomucoid 

solution. Cells were re-suspended in a mixture of 98% Neurobasal medium (Gibco), 2% 

B-27 supplement (Gibco), 0.5 mM glutamine (Gibco) and 0.5 mM PenStrep (Gibco), and 
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plated onto poly-D-lysine (Sigma) coated glass coverslips at a density of 25-50,000 

cells/cm2 for immunofluorescence studies and 65-100,000 cells/cm2 for 

electrophysiology. Cells were maintained at 37°C in 5% CO2 in a water-jacked incubator 

for 10 days in vitro (DIV) for immunofluorescence studies, 11 DIV for NEX-Pten 

electrophysiological studies and DIV 12 for NEX-Tsc2 electrophysiological studies. 

Hippocampal cultures were used for immunofluorescence and electrophysiology 

experiments and cortical cultures for Western blot analysis. 

Drug treatments 

10 µM RAD001 and 124 µM MK-2206 stocks in DMSO were stored at -800C for a 

maximum of 6 months. Inhibitors were added to cultures at concentrations of 2.5-20 µM 

RAD001 (Selleck Chemicals), and 0.25-2 µM MK-2206 (Selleck Chemicals) for 4 hours 

on DIV9 directly to medium. Medium was replaced by fresh Neurobasal+ B27 medium 

for additional 24 hours for immunofluorescence at 10 DIV and 48 hours for 

electrophysiology at 11 DIV.  

Immunofluorescence and imaging 

24 hours post-treatment with inhibitors, cells were washed twice with PBS and 

fixed for 15min in 4% Paraformaldehyde in PBS at room temperature. Cells were then 

permeabilized for 10 min in 0.1% Triton-X in PBS, washed, and blocked in 10% Normal 

Goat Serum. Cells were probed with anti-MAP2 (Covance), anti-Gad67 (Millipore), anti-

Pten (Cell Signaling), anti-Tau (AbCam) and 488-fluorophore-conjugated anti-phospho-

S6 antibodies (Cell Signaling) and mounted in Vectashield mounting medium with DAPI 

or Reddot2 as nuclear stains. Images were taken with a Yokogawa CSU-10 confocal 

spinning disk connected to an Olympus IX50 fluorescence microscope and analyzed 

using ImageJ. 
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Western blot 

P0 cortexes or DIV 10 cultures were lysed in RIPA lysis buffer (50 mM Tris (pH 

7.4), 1% NP40, 0.25% sodium deoxycholate, 150 mM NaCl, 1nM EDTA supplemented 

with protease and phosphatase inhibitors), and spun at 40C, at 3000 rcf for 5-7minutes to 

remove debris. Protein concentration was measured by a standard Bradford assay. 

Laemmli sample buffer was added to the lysates, and the samples were boiled for 3 

minutes. Proteins (15 µg per sample) were separated by SDS-PAGE using 8.0% or 

10.0% gels and transferred onto 0.2 m nitrocellulose membrane at 40C in 20% 

methanol Tris-Glycine buffer for 2.5 hours at a constant 0.5Amp. Membranes were 

blocked in 3% milk in TBS-T for 1 hour, and incubated in primary antibodies overnight at 

40C. Membranes were then incubated for 1 hour in secondary, HRP-conjugated 

antibodies, and subjected to ECL-Plus Western Blotting Detection System 

(Pierce/Thermo Fisher, Rockland, IL). Primary antibodies against Pten, pGSK3β(Ser9), 

pRibosomal Protein S6(Ser235/236), pAkt(Ser473), pAkt(Thr308), Akt, S6 and GSK3β 

were purchased from Cell Signaling, and anti-actin antibody was purchased from 

Millipore. All phosphorylated protein levels were normalized to the total amount of each 

protein. Quantification was performed using the band analysis function of Alpha Imager 

software (Protein Simple).  
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Antibody Vendor Catalogue# Host Dilution Application 

pAkt(Thr308) Cell Signaling 2965 Rb 1:1000 WB 

pAkt(Ser473) Cell Signaling 9271 Rb 1:1000 WB 

Total Akt Cell Signaling 4691 Rb 1:2000 WB 

pGSK3β(Ser9) Cell Signaling 9323 Rb 1:1000 WB 

Total GSK3β Cell Signaling 9315 Rb 1:1000 WB 

pS6 (Ser235/236) Cell Signaling 4858 Rb 1:1000 WB 

Total S6 Cell Signaling 2317 M 1:1000 WB 

488-pS6 (Ser235/236) Cell Signaling 4803 Rb 1:1000 IF 

Pten Cell Signaling 9559 Rb 1:1000 WB, IF 

Actin Millipore MAB1501 M 1:5000 WB 

MAP2 Covance SMI-52R M 1:250 IF 

Gad67 Millipore MAB5406 M 1:100 IF 

GFAP DAKO Z 0334 Rb 1:500 IF 

Tau AbCam ab64193 Rb 1:20 IF 

Table 3. Primary antibodies used in this study. WB= Western blot, 

IF=Immunofluorescence. Host: Rb=Rabbit, M=Mouse.  

 

 

Statistical Analysis 

For all analyses, cultures from n>2 mice of each genotype were used. Soma size 

was quantified with the Area measurement tool of ImageJ, and Sholl analysis was 

carried out manually for MAP2-positive processes crossing ten concentric circles placed 

at 12.5 µm intervals from each other and centered around the soma. Fluorescence 

analysis for pS6 and Pten expression was performed by measuring the Integrated 
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Density of the fluorescent signal in the cell body and subtracting the background (Area x 

Mean Gray Value of adjacent background). All statistical analyses for 3 groups or more 

were done by ANOVA and Dunnett’s post hoc test if data was normal as determined with 

Shapiro-Wilk test, and Kruskal-Wallis and Dunn’s post hoc test if data was not normal. 

All statistical analyses for 2 groups were done by Student’s t-test if data was normal as 

determined with Shapiro-Wilk test, and Mann Whitney U test if data was not normal. 

p<0.05 was considered significant. 

3. Results 

NEX-Cre driven Pten deletion is excitatory neuron-specific 

In order to determine the specificity of NEX-Cre expression and Pten gene 

deletion, we bred heterozygous NEX-Cre+; Pten+/- mice to generate litters that included 

wild type, heterozygous and mutant pups. We cultured P0 hippocampal neurons for 10 

DIV and performed double immunostaining with antibodies against Pten and either 

neuronal marker MAP2 or the interneuron marker Gad67. We used only hippocampal 

neurons for morphological study because they are less heterogeneous than cortical 

neurons. As expected, our primary cultures consisted primarily of excitatory (MAP2-

positive/Gad67-negative) neurons. Therefore, most MAP2-positive cells imaged can be 

assumed to be excitatory neurons. Both MAP2-positive/Gad67-negative and MAP2-

positive/Gad67-positive neurons in Pten+/+ cultures stained positive for Pten expression. 

By comparison, Pten expression was retained exclusively in Gad67-positive 

interneurons in the Pten-/- culture, and not in MAP2-positive/Gad67-negative excitatory 

neurons (Fig. 8 A-B). Quantification of corrected total cell fluorescence (CTCF) of the 

fluorescent Pten signal showed a significant decrease in Pten expression in Pten-/- 

MAP2-positive neurons (p<0.0001, Mann Whitney U test, n≥3 mice per genotype) 

compared to Pten+/+ MAP2-positive neurons (Fig. 8 C). Interestingly, Gad67-positive 

neurons in the Pten-/- culture showed elevated expression of Pten (p<0.0001, Mann 
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Whitney U test, n≥3 mice per genotype) as compared to interneurons from the Pten+/+ 

culture (Fig 8 D). These data suggest a potential compensatory increase in Pten levels 

in other cell types surrounding Pten-deficient excitatory neurons. Existing evidence that 

Pten can be secreted may account for how such a compensatory mechanism could 

function (Hopkins et al, 2013; Kreis et al, 2014). While this process may help to improve 

upon pathologies resulting from excess Pten activity, it is likely insufficient to rescue the 

phenotype as the symptoms of brain overgrowth disorders in vivo in the mouse and in 

humans are quite severe. However, this mechanism may suggest alternative therapies 

such as Pten protein replacement, which may aid in returning the brain to a normal 

course of development. Overall, these data confirm that the Pten gene is deleted is 

specifically in excitatory but not in GABAergic interneurons in the forebrain of our NEX-

Pten mutant mice. 
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Figure 8. Hippocampal neurons from NEX-Pten wild type (Pten+/+) or homozygous 

mutant (Pten-/-) mice were cultured for 10 DIV and double labeled with the indicated 

antibodies.  (A) Representative images of MAP2-positive (MAP2+) neurons (excitatory). 

Most neurons obtained from homozygous mutant cultures (excitatory) do not express 

Pten. (B) Representative images of Gad67-positive (Gad67+) neurons (interneurons). 

Interneurons from mutant cultures cultures retain Pten expression. (C) CTCF of Pten 

signal in MAP2-positive DIV 10 hippocampal neurons from wild type or homozygous 

mutant neurons (p<0.0001, Mann Whitney U test, n≥3 mice per genotype). (D) CTCF of 

Pten signal in Gad67-positive DIV 10 hippocampal neurons from wild type or 

homozygous mutant neurons (p<0.0001, Mann Whitney U test, n≥3 mice per genotype). 

Bar graphs show the mean values ± SEM 

 

 

Pten-deficient excitatory neurons show altered Akt/mTORC1 signaling, enlarged soma 

and greater dendritic arborization 

We performed a Western blot for pathway activity in DIV 10 cortical NEX-Pten 

cultures and in the P0 cortex of wild type, heterozygous and mutant mice to assess 

whether Pten deletion has an effect on PI3K/Akt/mTOR signaling. Cortical cultures were 

selected for Western blotting over hippocampal cultures because they allow us to collect 

more cells for protein extraction. Samples were probed for phospho(p)-specific 

antibodies against pAkt(Thr308), pAkt(Ser473), pS6 (Ser235/236) and pGSK3β(Ser9) 

and normalized individually to their respective total levels of protein in cultures from n=1 

mouse per genotype and in P0 brains from n=3 mice per genotype. We did not have 

sufficient cortical cultures to do statistical analysis on PI3K/Akt/mTOR signaling by 

Western blot, but are able to provide representative Western blot results of my 

preliminary data in Fig. 9 B from 1 culture each of Pten+/+, Pten+/- and Pten-/- cortical 
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neurons. As expected, Pten-/- cortexes showed significantly increased Akt and mTORC1 

signaling, as evidenced by excess phosphorylation of Akt at the Thr308 and Ser473 

sites, and of pS6 at the Ser235/236 residues (p=0.05, p<0.05, and p<0.05 respectively, 

Kruskal-Wallis test, n=3 mice per genotype) as compared to Pten+/+ and Pten+/- pups 

(Fig. 9 A, D-F). Excess PI3K/Akt/mTOR activity in Pten-deficient NEX-Pten mice was 

also demonstrated by Kazdoba et al, 2012. No change was observed in Akt-mediated 

phosphorylation of GSK3β at Ser9, and therefore was not analyzed further (Fig. 9 G). 

Representative Western blots of DIV 10 cultured wild type, heterozygous and knockout 

neurons suggest the signaling defect and Pten deficiency persist in mature cultured 

neurons from the respective pup genotypes Fig. 9 B).  
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Figure 9. Western blot analysis of the PI3K/Akt/mTOR pathway in NEX-Pten cortex and 

cortical cultures. (A) Representative Western blots of phosphorylated and total Akt, S6 

and GSK3β in P0 mouse cortex of Pten+/+, Pten+/- and Pten-/- pups. (B) Representative 

Western blots of Pten expression and phosphorylated and total Akt and S6 in DIV 10 

cortical neurons. (C) CTCF of 488-pS6 (Ser235/236) signal in MAP2-positive cells of 

Pten+/+ and Pten-/- DIV 10 hippocampal cultures (p<0.0001 by Mann Whitney U test, n=2-

3 mice per genotype). (D-G) Quantification of Western blot data for PI3K/Akt/mTOR 
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signal in P0 Pten+/+, Pten+/- and Pten-/- cortex. (* p<0.05 by Kruskal-Wallis test, n=3 mice 

per genotype.) Bar graphs show the mean values ± SEM 

 

 

We also probed hippocampal DIV 10 cultures with fluorophore-conjugated anti-

pS6(Ser235/236) antibody, using MAP2 neuronal marker labeling as a counterstain. 

Since pS6 is a reliable readout of mTORC1 activity, we used CTCF to quantify the 

fluorescent signal of pS6 in cultured Pten+/+ and Pten-/- neurons (n=2-3 mice per 

genotype). Pten-/- neurons showed significantly elevated levels of pS6 per pixel, 

controlling for cell size (p<0.0001, Mann Whitney U test, n=2-3 mice per genotype), 

indicating that Pten-/- hippocampal neurons have sustained elevated mTORC1 activity as 

compared to Pten+/+ controls.  

 

 

 Figure 10. (A) Representative images of Pten+/+, Pten+/-, and Pten-/- DIV 10 

hippocampal neurons labeled with MAP2. (B) Sholl analysis of Pten+/+, Pten+/- and Pten-/- 
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MAP2+ processes of DIV 10 hippocampal neurons. (C) Quantification of soma area in 

DIV 10 hippocampal MAP2+ neurons. Pten-/- neurons have larger soma and more 

branched dendrites, but a normal number of axons. (* p<0.05, ** p<0.01, *** p<0.001 by 

Kruskal-Wallis test, n≥3 mice per genotype). Bar graphs show the mean values ± SEM. 

Scale bar: 20µm. 

 

 

Previous studies have reported enlarged neuron cell bodies both in human brain 

tissue from FCD and HMEG patients, and mouse models with increased 

PI3K/Akt/mTOR signaling (Ljungberg et al, 2006; D’Arcangelo et al, 2009; Yasin et al, 

2013). In order to determine whether our mouse model exhibits neuronal hypertrophy in 

vitro, we quantified the dendritic branching and soma area of DIV 10 cultured P0 

hippocampal Pten+/+, Pten+/-, and Pten-/- neurons. We probed cultures with an anti-MAP2 

antibody and measured cell body area and dendritic branching by Sholl analysis from 

10x confocal images. Pten+/+ and heterozygous Pten+/- neurons have indistinguishable 

soma size and dendritic morphology, but Pten-/- neurons have, on average, almost 2-fold 

larger soma (p<0.0001, Kruskal-Wallis test, n≥3 mice per genotype) and significantly 

increased dendritic branching between 12.5 and 50 µm from the soma (p<0.001 and 

p<0.01 respectively, Kruskal-Wallis test, n≥3 mice per genotype) (Fig 10 B-C). 

Unpublished data from previous lab member Dr. Tatiana Kazdoba-Leach suggests no 

axonal abnormalities in Pten-/- hippocampal neurons between 2 and 15 DIV (data not 

shown). Since heterozygous neurons showed a wild type morphological and signaling 

phenotype, they were not studied further except for use as controls where sufficient wild 

type animals were not available. 
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Effect of RAD001and MK-2206 treatment on the soma size phenotype of NEX-Pten-/- 

neurons 

 We hypothesized that suppressing the PI3K/Akt/mTOR pathway might normalize 

the size of hypertrophic Pten-/- excitatory neurons. We selected the Akt inhibitor MK-

2206 and the mTORC1 inhibitor RAD001 because of their promising performance in 

safety and efficacy human trials (Oki et al, 2015; Rugo et al, 2016). We chose a 

treatment scheme whereby we introduced one of four doses of the drug into the culture 

medium on DIV 9, several days after the hypertrophic phenotype of NEX-Pten -/- 

neurons was observable (unpublished data from Dr. Tatiana Kazdoba performed in our 

lab indicates that hypertrophic phenotype of knockout neurons is observable as early as 

4 DIV). We used a brief, 4 hour treatment, as previous work has shown that sustained 

inhibition of Akt or mTORC1 can reduce soma size and dendritic branching even in wild 

type neurons (Jaworski et al, 2005). After 4 hours of incubation with the drug, neurons 

received fresh medium and were allowed to recover for 24 hours. On DIV 10, we fixed 

and probed DMSO-treated control wild type and knockout neurons, and drug-treated 

knockout neurons for MAP2. MAP2-positive cells were imaged, and soma size was 

quantified using the Area tool of ImageJ. Both mTORC1 and Akt suppression were 

individually sufficient to reduce soma size of Pten-/- excitatory neurons (Fig. 11 B). We 

found that 5.0 µM RAD001 and 2.0 µM MK-2206 were the most effective doses for 

reducing soma size (p<0.05 from wild type for RAD001, and p>0.05 from wild type for 

MK-2206, Kruskal-Wallis test, n≥3 mice per genotype). Of the two drugs, only MK-2206 

was able to restore normal soma size area in knockout neurons, bringing values within 

statistically non-significant levels of wild type neurons. While MK-2206 treated neurons 

showed a dose-dependent reduction in soma size, no such gradient was observed in 

response to RAD001 treatments. Furthermore, 10.0 µM and 20.0 µM RAD001 treated 
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cells showed signs of cytotoxicity (data not shown). We therefore decided to continue 

with 2.0 µM MK-2206 and 5.0 µM RAD001 treatments and evaluate their effects on 

excess dendritic branching observed in Pten-/- neurons.  

 

 

Figure 11. Hippocampal neurons from NEX-Pten wild type (Pten+/+) or homozygous 

mutant (Pten-/-) mice were cultured for 9 DIV, treated for 4 hr with vehicle DMSO, 5.0 µM 

RAD001 or 2.0 µM MK-2206, fixed and stained for MAP2 24 hours later. (A) 
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Representative images of wild type, untreated knockout and RAD001 or MK-2206 

treated knockout MAP2-positive neurons. (B) Quantification of soma size in hippocampal 

neurons without drug or treated with increasing doses of RAD001 or MK-2206 (* p<0.05, 

** p<0.01, *** p<0.001 by Kruskal-Wallis test; denotes significant difference from Pten+/+, 

n≥2 mice per treatment). Bar graphs show the mean values ± SEM 

 

 

Both RAD001 and MK-2206 reverse dendritic branching phenotype, but MK-2206 is 

more effective 

 We used our 4 hour treatment and 24 hour recovery scheme to evaluate the 

effects of MK-2206 and RAD001 on dendritic branching in NEX-Pten knockout neurons. 

Sholl analysis was performed in blind on anti-MAP2 immunostained DIV 10 hippocampal 

neuronal cultures for processes up to 125 µm from the soma. Arborization of RAD001-

treated neurons trended higher than wild type neurons between 25 and 75 µm from the 

soma, and was statistically significantly different from wild type neurons at 50 µm from 

the soma (p<0.05, Kruskal-Wallis test, n=3 mice per gentoype). Knockout neurons that 

received 2.0 µM MK-2206 treatment had statistically significantly fewer dendrites 12.5 

µm from the soma (p<0.0001, Kruskal-Wallis test, n=3 mice per gentoype), and trending 

toward fewer dendrites than wild types from 12.5 µm to 62.5 µm from the soma. Overall, 

MK-2206 was more successful at reversing the dendritic branching phenotype of 

knockout neurons (Fig. 12 A-B). 
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Figure 12. Sholl analysis of MAP2-positive dendrites of neurons without drug or treated 

with 5.0 µM RAD001 (A) or 2.0 µM MK-2206 (B).  (* p<0.05, ** p<0.01, *** p<0.001 by 

Kruskal-Wallis test; denotes significant difference from Pten+/+, n≥3 mice per treatment). 

Error bars show ± SEM 

 

 

Brief RAD001 and MK-2206 treatments suppress PI3K/Akt/mTOR signal but do not 

affect soma size and dendritic branching of regular neurons 

 Previous studies have shown that prolonging treatment with mTORC1 or Akt 

inhibitors to 3-6 days can reduce soma size and dendritic branching in wild type neurons 

as well as neurons with elevated PI3K/Akt/mTOR signaling activity (Jaworski et al, 

2005). We quantified effects of a 4 hour incubation in the presence of RAD001 or MK-

2206 on PI3K/Akt/mTOR activity in wild type and heterozygous neurons by Western blot 

to confirm that the pathway is significantly suppressed in our treatment scheme. Our 

results showed that both RAD001 and MK-2206 prevented phosphorylation of S6, 

suggesting that both drugs are capable of inhibiting mTORC1 activity (Fig. 13 A,D). 

RAD001 suppressed Akt activity downstream of PI3K to about 70% of its regular levels, 

while MK-2206 brought Akt phosphorylation at Thr308 down to less than 20% of the 
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untreated samples (Fig. 13 B). Therefore, we concluded that any differences in effects 

between the two drugs are due to their differential modulation of Akt activity upstream of 

mTORC1. Finally, it is important to note that based on levels of Akt(Ser473) 

phosphorylation, neither treatment scheme affects mTORC2 signaling (Fig. 13 C).  

 

 

Figure 13. Western blot analysis of levels of Akt and S6 phosphorylation in treated or 

untreated Pten+/+ cultures. RAD001 preferentially suppresses pS6, whereas MK-2206 

suppresses both pAkt and pS6 levels. (A) Representative images of Western blot for 

pAkt(Thr308), pAkt(Ser473) and pS6 (Ser235/236) in DIV 10 wild type cortical cultures 

treated with DMSO control, 5.0 µM RAD001 or 2.0 µM MK-2206 for 4 hours. (B-D) 

Quantification of p-protein over total for pAkt(Thr308), pAkt(Ser473) and 
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pS6(Ser235/236); (*p<0.05, **p<0.01 by Kruskal-Wallis test, n>4 mice per treatment.) . 

Bar graphs show the mean values ± SEM 

 

 

We wanted to ensure that our treatment, while sufficient to reverse the 

hypertrophic phenotype of Pten-/- neurons, was mild enough not to cause morphological 

changes in wild type neurons with baseline PI3K/Akt/mTOR signaling activity. We 

therefore tested whether heterozygous neurons retain their morphology after drug 

treatments. We used heterozygotes because they were readily available in every culture 

and are indistinguishable in signaling and morphology from wild type neurons. We found 

that heterozygous neurons do not lose soma area or dendritic branching as a result of 

MK-2206 or RAD001-mediated Akt or mTORC1 suppression (Fig. 14 A-B), suggesting 

that there may be viable treatments schemes for in vivo use that will naturally target 

neurons with endogenous excess PI3K/Akt/mTOR signaling, while leaving healthy 

neurons unaffected. 

 

 

Figure 14. (A) Soma size quantification of morphologically normal Pten+/- neurons 

treated for 4 hours with DMSO or 5. 0µM RAD001 or 2.0 µM MK-2206 (p>0.05, by 
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Kruskal-Wallis test, n=3 mice per treatment). (B) Sholl analysis of dendrites from 

morphologically normal Pten+/- neurons treated for 4 hours with DMSO, 5.0 µM RAD001 

or 2.0 µM MK-2206 (p>0.05, by Kruskal-Wallis test, n=3 mice per treatment). Bar graphs 

show the mean values ± SEM 

 

 

Since brain overgrowth disorders are consistently accompanied by epilepsy 

(Inoki et al, 2002; D’Arcangelo, 2009; Jansen et al, 2015; Moavero et al, 2015; Roy et al, 

2015), we hypothesized that Pten-/- neurons will exhibit signaling abnormalities and 

increased excitability in vitro. We cultured wild type and knockout hippocampal neurons 

for 11 DIV before sending them to Dr. Bonnie Firestein’s laboratory for the recording 

miniature excitatory post-synaptic currents (mEPSCs) by Przemyslaw Swiatkowski. 

Briefly, results showed no differences in amplitude of mEPSCs between Pten+/+ and 

Pten-/- cells. However, cultured Pten-/- neurons experienced higher frequency of mEPSCs 

than wild type Pten, which suggests increased spontaneous vesicle release at the 

presynaptic terminal. This finding supports the possibility that enlargement of cells in the 

brain leads to heightened excitability and the potential for epileptogenesis. 

NEX-Cre driven Tsc2 deletion is excitatory neuron-specific 

Since Pten and Tsc2 gene deletion activate different components of the 

PI3K/Akt/mTOR signaling cascade, we wanted to analyze differences in vitro between 

NEX-Pten and NEX-Tsc2 mutant neurons. Just like with the Pten-/- neurons described 

above, we confirmed that only excitatory neurons, and not interneurons or astrocytes, 

experience mTORC1 activation as revealed by increased pS6 fluorescent signal. This is 

as an indirect way of assessing NEX-Cre expression and gene knockout specificity 

(p<0.001, p>0.05, and p>0.05, respectively, Mann Whitney U test, n=3 mice per 

genotype) (Fig. 15 A-B). Furthermore, the approximate increase in pS6 fluorescence 
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from wild type to Tsc2-/- neurons is 9.5-fold, which is extremely similar to the 8.3-fold 

increase in pS6 signal that we observed in Pten-/- knockout neurons when we compared 

them to their wild type counterparts. 

 

 
Figure 15. Excitatory neuron-specific activation of mTORC1 in Tsc2-/- hippocampal 

cultures. (A) Strong pS6 signal was seen preferentially in knockout cultures, and co-

localized with the MAP2 signal in neurons, but not with the Gad67 signal in inhibitory 

neurons or the GFAP signal in astrocytes. (B) Quantification of the CTCF for pS6 levels 

in different cell types demonstrates that only MAP2+ neurons exhibit a statistically 

significant increase in pS6 levels in Tsc2-/- cultures compared to WT. (p<0.001, p>0.05, 

p>0.05 for MAP2+, Gad67+ and GFAP+ cells, respectively, by Mann Whitney U test, 

n=3 mice per genotype) Bar graphs show the mean values relative to Tsc2+/+ ± SEM; 

Scale bar: 20µm. 
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Figure 16. Western blot analysis of the PI3K/Akt/mTOR pathway in NEX-Tsc2 cortical 

cultures. (A) Representative Western blots of phosphorylated and total Akt, S6 and 

GSK3β in DIV 10 cortical cultures from Tsc2+/+, Tsc2+/- and Tsc2-/- mice. (B-E) 

Quantification of Western blot data for PI3K/Akt/mTOR signal in DIV 10 cortical neuron 

cultures from Tsc2+/+, Tsc2+/- and Tsc2-/- mice. (* p<0.05, # p<0.1 by Kruskal-Wallis test, 

n=3 mice per genotype.) Bar graphs show the mean values ± SEM 

 



76 
 

 

Tsc2-/- neurons exhibit enlarged soma and increased dendritic arborization; both Tsc+/- 

and Tsc2-/- neurons have increased number of axons per cell 

 We assessed soma size, axon count and dendritic branching of DIV 10 Tsc2+/+, 

Tsc2+/-, and Tsc2-/- hippocampal neurons by staining with antibodies against axonal 

marker Tau and dendritic marker MAP2. Similar to NEX-Pten knockout neurons, NEX-

Tsc2 knockout neurons exhibit enlarged soma and increased dendritic branching when 

compared to wild type neurons from the same litter. It is interesting to note that the soma 

size phenotype in  Tsc2-/- neurons is not as extreme as  it is in Pten-/- neurons. The 

average fold increase in soma area from wild type to Pten-deficient neurons is 2x, while 

it is only 1.5x for Tsc2-deficient neurons. Furthermore, both Tsc2+/- and Tsc2-/- neurons 

exhibit an increased axon number phenotype (Fig. 17 A, D). This abnormal morphology 

was not observed in either the heterozygous or homozygous knockout Pten neurons 

(unpublished data, Dr. Tatiana Kazdoba-Leach). These data raise several questions 

about the control of growth, polarity and branching in neurons by PI3K/Akt/mTOR. Our 

comparison of Tsc2-/- and Pten-/- neurons in vitro suggest that Akt and mTORC1 have 

overlapping, yet not identical, roles in dendritic branching and soma size, and distinct 

effects on neuronal polarity and axonal development. These differences in function may 

account for some of the variety and severity of symptoms in brain overgrowth disorder 

patients. Furthermore, our findings suggest that not all PI3K/Akt/mTOR activity disorders 

can be treated with one “silver bullet” compound; it may be necessary to develop 

targeted inhibitors for each affected kinase in order to confer maximum benefits to every 

patient. 
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Figure 17. (A) Representative images of dendritic (MAP2) and axonal (Tau) markers of 

Tsc2+/+, Tsc2+/- and Tsc2-/- P0 DIV 10 hippocampal neurons. (B) Sholl analysis of MAP2+ 

processes of Tsc2+/+, Tsc2+/- and Tsc2-/- DIV 10 hippocampal neurons (* p<0.05 by 
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Kruskal-Wallis test, n≥3 mice per genotype). (C) Quantification of soma area in DIV 10 

hippocampal MAP2+ neurons (*** p<0.001 by Kruskal-Wallis test, n≥3 mice per 

genotype). (D) Axon count of Tau+ processes longer than the diameter of the soma. 

Tsc2-/- neurons have larger soma, more branched dendrites and higher number of axons 

(* p<0.05, *** p<0.001 by ANOVA, n≥3 mice per genotype). Bar graphs show the mean 

values ± SEM. Scale bar: 20µm. 

 

 

4. Discussion 

Brain overgrowth disorders are a devastating group of diseases that can present 

with crippling epilepsy, intellectual disability, and lesions or benign tumors in the brain. 

When the epileptic seizures cannot be controlled pharmacologically, the only available 

treatment is surgical resection of the seizure foci. The PI3K/Akt/mTOR pathway has long 

been associated with the pathology of these disorders. Many patients of brain 

overgrowth disorders carry somatic mutations in PTEN, PI3K, AKT or MTOR, or 

hereditary mutations in TSC1 or TSC2 (Jansen et al, 2015). It is therefore important to 

study how loss or gain of function at different levels of the pathway impacts neurons, and 

whether defects can be pharmacologically reversed in order to avoid brain surgery or 

improve upon brain surgery outcomes. 

In this study, we characterized Pten-deficient and Tsc2-deficient primary cultured 

hippocampal neurons, and showed that certain hypertrophic phenotypes are 

pharmacologically reversible in the Pten-/- model without influencing wild type neuronal 

morphology. Finally, we also compared hypertrophic phenotypes of Pten-/- neurons to 

those observed in Tsc2-/- neurons of the same age and found both similarities and 

differences in their morphological abnormalities. 
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 Pten-/- neurons have enlarged soma and increased dendritic branching but show 

no change in the number of their axons. Both the soma and dendrite phenotype can be 

reversed by a transient treatment with mTORC1 inhibitor RAD001 or Akt inhibitor MK-

2206. Our study showed that neither of these treatments affects neurons with wild type-

level PI3K/Akt/mTOR signaling. The RAD001 treatment had a much weaker impact on 

Akt activity than MK-2206, which may account for the differences in their efficacies to 

suppress hypertrophy. While MK-2206 returned soma size to fully within wild type levels, 

RAD001 significantly reduced soma size but Pten-/- neurons remained statistically distinct 

from Pten+/+ neurons. Furthermore, MK-2206 caused a consistently greater decrease of 

dendritic branching in mutant cells than RAD001 did. MK-2206 had a less pronounced 

effect on pS6 levels and, by extension, mTORC1 activity. However, it was extremely 

effective in suppressing pAkt(Thr308) levels. Therefore, it is reasonable to speculate that 

mTORC1 is not completely responsible for the hypertrophic phenotype of Pten-/- 

neurons, especially with regard to the soma enlargement. Our data suggest that Akt 

modulates mTORC1-dependent and independent processes that control soma size and 

dendritic branching in mature neurons.  

To support this, we examined Tsc2-/- neurons using the same NEX-Cre 

recombinase, breeding strategy and culturing conditions. Since Tsc2 acts as a negative 

regulator immediately upstream of the mTORC1 signaling cascade, any effects on 

morphology from this mutation can be reasonably attributed to excess mTORC1 activity. 

Indeed, Tsc2-/- neurons exhibited both an enlarged soma and increased dendritic tree, 

but the former was less extreme than the change we observed in Pten-deficient neurons. 

Unexpectedly, we also found a neuronal polarity phenotype in both heterozygous and 

homozygous knockout Tsc2-/- neurons. Both sets of neurons had a higher number of 

axons than wild type counterparts by DIV 10, which was not observed in Pten+/- or Pten-/- 

neurons (unpublished data).  PI3K/Akt/mTOR pathway signaling differences were also 
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evident between the two mutant strains. While Pten-/- neurons experience excess Akt, 

mTORC1 and mTORC2 signaling (measured by pAkt(T308), pS6 and pAkt(S473), 

respectively), Tsc2-/- neurons have reduced Akt, increased mTORC1 and unaltered 

mTORC2 activity. Therefore, it is likely that other targets of Akt and mTORC2 can 

regulate soma size and neuronal polarity independent of mTORC1. 

 These findings raise two key questions that require further study. First, could 

pharmacological treatments against the PI3K/Akt/mTOR signaling cascade successfully 

reverse the hypertrophic neuronal phenotype in vivo and ameliorate epilepsy in brain 

overgrowth disorder patients? And second, what mechanisms might lie behind Akt and 

mTORC2’s effects on soma size and dendritic branching and mTORC1’s effects on axon 

number? This study suggests that even if pharmacological alternatives to surgery for 

brain overgrowth disorders are developed, patients with a mutation upstream of TSC1/2 

may respond differently to PI3K/Akt/mTOR inhibitor therapy than patients with mutations 

downstream of TSC1/2. Therefore, patients with these disorders may benefit heavily 

from the growing trends in personalized medicine research, as patients might need to 

receive tailored treatments in order to gain optimal symptom relief with minimal side 

effects. 
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CHAPTER 4: CONCLUSION AND FUTURE DIRECTIONS 

1. Modulation of PI3K/Akt/mTOR signal following traumatic brain injury  

With the incidence of traumatic brain injury on the rise, researchers have focused 

many efforts on studying the complex responses of the damaged and healing brain. 

Modulation of these processes may lead to minimization of long term negative effects 

experienced by victims of TBI. TBI sequelae can manifest days or months after the initial 

injury, but the groundwork for post-traumatic conditions such as epilepsy or behavioral 

defects is laid much sooner than that (Don et al, 2012; Zhou et al, 2012; Guo et al, 2013; 

Park et al, 2013). Therefore, by the time symptoms appear, the therapeutic window has 

mostly closed and treatment options are limited. Research has shown that the 

PI3K/Akt/mTOR pathway is involved in both the repair response necessary to restore as 

much of the damaged tissue and connections as possible, and as a medium for 

secondary damage by stimulating inflammation and exacerbating neuronal death (Erlich 

et al, 2007; Wu et al, 2013; Zhu et al, 2014) (Table 3). It is therefore essential for 

researchers to determine what is the appropriate level and timing of PI3K/Akt/mTOR 

induction for optimal benefits and minimal side effects in the brain. 

In the study presented in Chapter 2, we analyzed the time course of 

PI3K/Akt/mTORC1 activation and selected mTORC1 activity as our drug target. We 

hypothesized that the highest peak of mTORC1 induction is where activity is in excess 

and stimulates detrimental pathways. We targeted that peak induction with a single 

rapamycin injection following brain injury and successfully suppressed it down to basal 

levels of mTORC1 signaling, as measured by its downstream target pS6. This single-

injection treatment strategy was sufficient to reduce neuronal damage in the 

hippocampus by 24 hours after injury as measured by FJB staining, and to reduce 

astrocyte-mediated inflammation on the C-side of the brain. The notion that the 

inflammatory response occurs in the uninjured side of the brain following TBI is a fairly 
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recent one, and very few research groups have studied it to date (Clausen et al, 2009; 

Wiley et al, 2015). Most TBI studies focus on a sham versus a CCI- or FP-injured cortex 

and hippocampus without looking at the adjacent uninjured side (Chen et al, 2007; Park 

et al, 2012). However, the reach and effects of secondary damage following TBI are now 

shown to extend across to the furthest parts of the patient’s brain (Clausen et al, 2009; 

White et al, 2013).  

When we compared our treatment strategy to other studies using rapamycin in 

conjunction with various models of TBI, we discovered that our treatment results in many 

of the benefits scattered across other studies (Table 3). When we plotted treatments in 

literature on a time course, we realized that there is likely an optimal time to administer 

rapamycin suppression. Furthermore, beginning at 24 hours post-TBI, it becomes 

unclear whether the benefits of suppressing the pathway outweigh the benefits of 

inducing it. Rapamycin treatment after injury over the course of 4 weeks decreased 

incidence of TBI-induced epilepsy. However, prolonged treatment with simvastatin, 

which induces the pathway at the Akt level, rescued cell division post-TBI (Wu et al, 

2008; Guo et al, 2013). Finally, based on our discussion on the differential effects of Akt 

and mTORC1 on neuronal growth and polarity in Chapter 3, it may be necessary to 

analyze the activity and optimal suppression timing of each of the 3 major kinases of the 

PI3K/Akt/mTORC1 pathway, as they may have distinct roles during healing and 

secondary damage in the brain. 

Future studies should combine the timed suppression and induction schedules of 

PI3K/Akt/mTORC1 for an optimal protocol to be followed in TBI patients after injury. 

Effects may be dependent upon the type of brain injury suffered and its severity. Finally, 

such treatments may be able to partially or fully offset the additive deficits caused by 

repetitive TBI, thereby improving patient outcomes. 
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Table 4. Comparison of strategy and findings of studies using mTORC1 modulation 

following TBI. √=improvement; X=no change; XX= deterioration; gray box=not tested. 

 

 

2.  Akt inhibition in a Pten-deficient model of brain overgrowth 

Brain overgrowth disorders such as focal cortical dysplasia, hemimegalencephaly 

and tuberous sclerosis complex commonly present with intractable (drug-resistant) 

epilepsy. Patients with such seizures have only one treatment option: surgical resection 

of any discernable seizure foci. These surgical procedures are only effective 

approximately 60% of the time. Furthermore, many surgical candidates are children and 

infants, and can be as young as only a few months of age (Kloss et al, 2002; Ljungberg 

et al, 2006; D’Arcangelo, 2009; Hu et al, 2015; Jansen et al, 2015). While regular anti-

epileptic drugs have no effect on intractable epilepsy, experimental treatments in 

targeting synaptogenesis, network rearrangement, and cell growth in rodents have 

shown promising reversal of epileptiform activity and cell dysmorphism in models of 

brain overgrowth (Kazdoba et al, 2012; Andersen et al, 2014; Roy et al, 2015). 

Intractable epilepsy and dysmorphic neurons with increased PI3K/Akt/mTORC1 

signaling are present in most cases of brain overgrowth. Enlargement of the cerebral 

cortex is caused by increased cell division, enlarged cell size or a combination of the 

two. Other features of the disease are only present in a subset of cases, such as 

neuronal migration defects and balloon cells (Hung et al, 2005; Ljungberg et al, 2006; 

Guerrini and Barba, 2010; Bozzi et al, 2012; Mirzaa and Poduri, 2014; Rossini et al, 

2014; Chen et al, 2015). While neuronal migration defects are present in some animal 

models as well, they do not need to be corrected by drug treatments in order to reduce 

or eliminate seizures in rodents (Kazdoba et al, 2012; Baek et al, 2015; Roy et al, 2015). 
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We therefore hypothesized that targeting the enlargement defect in the cells of FCD, 

HMEG and TSC patients may hold the key to reducing seizure activity. 

In the study described in Chapter 3, we showed that Pten-deficient neurons in 

vitro show enlarged soma size and increased dendritic branching. This phenotype also 

appeared to be associated with increased excitability, as demonstrated in 

electrophysiological experiments conducted at our collaborator Dr. Bonnie Firestein’s lab 

(data not shown). We were able to reverse the overgrowth phenotype with Akt inhibitor 

MK-2206, without affecting wild type neurons. mTORC1 suppressor RAD001 was able 

to partially reverse both the dendritic and soma size phenotype, suggesting that Akt may 

send additional signals through mTORC1-independent pathways to stimulate cell growth 

in neurons. If future experiments in vitro indicate that MK-2206 can also return electrical 

properties of dysmorphic neurons back to normal levels, studies will have to focus on 

testing the drug for phenotype reversal in live mouse and other rodent models. If drugs 

such as RAD001 and MK-2206 can actively reverse neuronal hypertrophy in vivo, and 

ameliorate electrical properties of the neurons, they may provide pharmacological 

alternatives to surgical resection of seizure foci in the brain. It is important to note that 

we have not investigated effects of either drug on balloon cells, such as those present in 

FCDIIb (D’Arcangelo, 2009). These cells are electrically inactive, and are somewhat 

unlikely candidates for seizure induction; nevertheless, their impaired-autophagy 

phenotype may eventually lead to other neurological disorders if left untreated. Since 

balloon cells are considered to be primarily the result of faulty differentiation, a stem-cell 

model or very early embryonic Pten deletion may be a more appropriate model for such 

cells (Ljungberg et al, 2006; D’Arcangelo, 2009; Yasin et al, 2013).  

Genetic studies in patients with brain overgrowth disorders, such as FCD and 

HMEG, have identified loss-of-function mutations in the negative regulator PTEN gene, 

and gain-of-function mutations in AKT, MTOR, and PI3K (Le Belle et al, 2014; Mirzaa 



86 
 

 

and Poduri, 2014; Chen et al, 2015; Jansen et al, 2015; Lim et al, 2015; Lin et al, 2015; 

Winden et al, 2015). Furthermore, hereditary brain overgrowth disorder TSC is caused 

primarily by loss-of-function mutations in mTORC1 negative regulators TSC1 or TSC2 

genes (Feliciano et al, 2013; Tavazoie et al, 2015). Studies in vivo in rodents have 

suggested that treatments such as rapamycin or PI3K inhibitor BKM120 can reverse the 

growth phenotype and reduce seizure activity (Kazdoba et al, 2012; Baek et al, 2015; 

Roy et al, 2015). In our study, we used mTORC1 inhibitor RAD001 and Akt inhibitor MK-

2206 to reverse the overgrowth phenotype of Pten-/- neurons in vitro. There are two 

benefits to this approach. Performing the assay in vitro allowed us to do detailed 

morphological analysis of neurons and do statistical comparisons of exact soma size 

and branching phenotypes to directly compare the two inhibitors. Furthermore, our study 

is of high translational value as both RAD001 and MK-2206 are currently showing 

promising results in terms of drug safety in clinical trials, and can both be administered 

orally instead of via injection. Finally, both are highly soluble as compared to rapamycin 

and other PI3K/Akt/mTORC1 inhibitors (Schuler et al, 1997; Hirai et al, 2010, Pal et al, 

2010).  

3. Comparison of Pten- and Tsc2-deficient neurons 

TSC is known as the hereditary member of the brain overgrowth disorder group. 

Affecting on average 1 person in every 6-10 000, the disease’s underlying cause is an 

inactivating mutation either in the TSC1 or TSC2 gene (Napolioni et al, 2009; Tsai et al, 

2012; Feliciano et al, 2013). Recent studies into the genetics of the disorder suggest that 

about 30% of patients have an inherited germline mutation, another ~50% carry some 

form of mosaicism for a mutation, 2-3% of patients have a de novo sporadic mutation, 

and the remaining 10-15% show no detectable alteration in either gene (Feliciano et al, 

2013; Tuburczy et al, 2015). Studies focusing on these two genes have shown that 

deletion of Tsc1 in mouse neuronal progenitor cells lead to formation of the TSC 
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equivalent of dysmorphic neurons, referred to as giant cells. Giant cells generated in 

vivo in a mouse model in this way have a more complex dendritic tree than wild types, at 

a similar fold increase of branching as what we observed in vitro in Chapter 3 for Tsc2-/- 

neurons (Goto et al, 2011). Other reported abnormalities in Tsc1- or Tsc2-deficient cells 

include enlarged soma, spine density defects, altered gene expression, and increased 

electrical excitability (Tavazoie et al 2005; Nie et al, 2015). 

Our study reveals a new phenotype in Tsc2-haploinsufficient hippocampal 

neurons, which has not been previously reported in this cell type. Brain overgrowth 

disorders can be caused by both the heterozygous and homozygous gene inactivation of 

the PI3K/Akt/mTOR pathway. TSC cases are associated with heterozygous mutations, 

with predicted loss of heterozygosity in at least some of the cells of cortical tubers and 

lesions, which form in the brain. Other proposed genetic mechanisms of TSC include 

autosomal dominant mutations, and dosage effect (Tavazoie et al 2005; Nie et al, 2010; 

Goto et al, 2011; Feliciano et al, 2013). However, in mouse neurons, a developmental 

phenotype in Tsc1+/- or Tsc2+/- cells is rarely observed, and only in specific cell types to 

date. Two examples are enlarged soma and dendritic branching in Tsc1+/- Purkinje cells 

and impaired axonal growth cone collapse in Tsc2+/- retinal cells (Nie et al, 2010; Tsai et 

al, 2012). Here, we report that excitatory neurons in the Tsc2+/- condition have a slightly 

enlarged soma and dendritic branching phenotype, accompanied by clear increase in 

number of axons. Furthermore, just like homozygous Tsc1-/- hippocampal neurons,  

Tsc2-/- neurons also form more axons than wild type counterparts (Nie et al, 2010). 

Increase in axonal number appears to be a Tsc1/Tsc2-deletion specific phenotype, since 

genetic upregulation of the pathway starting at the PI3K or Akt level does not have the 

same effect unless an injury is used to stimulate axonal regeneration (Park et al, 2008; 

unpublished data).  
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We generated cultures from Tsc2-deficient mice in order to compare their 

phenotype to that of Pten-/- neurons. We observed that while Pten-deficient neurons have 

a more severe soma size enlargement, Tsc2-negative neurons have an axonal 

phenotype not previously observed in the NEX-Pten strain in our lab. We hypothesize 

that differential signaling (lowered Akt and unchanged mTORC2 signaling) in mTORC1-

independent targets is responsible for governing neuronal polarity. One potential target 

to explain this difference was GSK3β; however, the signaling differences between wild 

type and knockout cultures were not statistically significant. Even if statistical 

significance had been achieved, the more GSK3β is phosphorylated and inhibited by 

Akt, the more axons each neuron should grow (Jiang et al, 2004). Since Akt and GSK3β 

are both less active in the Tsc2-/- neurons, GSK3β signaling is unlikely to be the 

underlying mechanism. From the signaling proteins we probed for, only two differed in 

trends from wild type to mutant between the NEX-Pten and NEX-Tsc2 cultures: 

pAkt(Ser473) (mTORC2 target) and pAkt(Thr308). mTORC1-dependent pS6 

phosphorylation levels were similarly induced in Pten and Tsc2 knockouts, as measured 

both by Western blot and immunofluorescence. It is therefore more likely that neuronal 

polarity and the decision to generate extra axons is mediated by an mTORC1-

independent target of mTORC2 or Akt. Nie et al suggest Ephrin signaling as a potential 

mediator of axonal growth cone collapse (Nie et al, 2010). Other studies into the Tsc1-/- 

multi-axonal phenotype implicate the SAD family of kinases (Choi et al, 2008). Finally, a 

study from 2006 suggests ubiquitination and depletion of Akt from the dendrites 

stimulates axon formation; perhaps depleting active Akt in the neuron as compensation 

for overactive mTOR has the same effect (Yan et al, 2006). More studies need to be 

performed in order to elucidate the mechanism through which Tsc1/Tsc2 controls axonal 

outgrowth. 
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In conclusion, our study indicates targeting different members of the 

PI3K/Akt/mTORC1 pathway may need to be tailored to each patient’s underlying genetic 

makeup. While mutations in PTEN, PI3K, AKT, and MTOR do not appear to account for 

the majority of brain overgrowth disorders in humans, an overactive PI3K/Akt/mTORC1 

pathway is almost always observed in cytomegalic neurons of resected brain tissue. 

Therefore, even if the underlying mutation is not in one of the major players of the 

signaling cascade, it results in uncontrolled activation of the pathway and Akt or 

mTORC1 inhibitors could still be used to counteract the events of overgrowth in such 

patients. In the case of TSC, up to 85% of patients are found to have mutations in TSC1 

or TSC2, and therefore mTORC1 inhibitors specifically may prove most beneficial to 

them. The studies presented here hint at the delicate balance of the PI3K/Akt/mTOR 

signaling cascade, which must be maintained during development and healing in the 

brain. The wrong timing or level of induction of the pathway is sufficient to cause 

destructive medical conditions such as epilepsy, intellectual disability and behavioral 

difficulties. We must continue to examine the pathway and generate more data about the 

boundaries between benefit and detriment before clinical trials can be undertaken in 

younger patients or victims of brain injury. 
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