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ABSTRACT OF THE DISSERTATION

EXAMINATION OF THE ROLE OF PTEN IN IONOTROPIC GLUTAMATE RECEPTOR

EXPRESSION

By TATIANA MARIA KAZDOBA -LEACH

Dissertation Direadr:

Gabriella, MM®Arcangel o

The phosphatas@tennegatively regulateBI3K/Akt/mTOR signaling, a pathwayitdcal for cell
growthand protein synthesis Germline PTEN mutationsare implicated in seizure and autism,
suggesting that alterations BRTEN affect neuronal function and development. Several brain
specific conditional Pten knocko(KO) mice exhibit enlarged brains, neuronal hypertrophy and
increased seizure susceptibility, which may be indicative of altered glutamate receptor function.
MTOR inhibition can suppress seizure activipseved inthesePten mutant modelsrevealing

the importance of mTORignalingin Ptenrdependent phenotypesTo better understand how
Pten may regulate neuronal excitabiligmotropic glutamate receptexpression was examined
in NEX-Pten homozygousKO mice, which lack Pten in nearly all forebrain excitatory neurons.
Biochemical analyses revealatierations in select NMDA and AMPA receptor subunit protein
levels inthe forebrains ohewly bornNEX-PtenKO mice, suggesting developmental loss of Pten
can affect synaptic proteins important for neurotransmiss&milarly, initial analysis of



C a MK {PterlKO mice indicatel postnatal loss of Ptein excitatory neuronsnay also alter
NMDA receptor subunits ithe cortex, but not the hippocampus, underscoring the importance of
Pten for proper synaptic protein expressidro further characterize the effects Rtien deletion

on glutamate receptor subunit expression, dissociated cortical neuronal culewesied to
evaluatehow chronic Pten deficiency alteglutamate receptorsver time. NMDA receptor
abnormalities were modest and transient, indicating that alterations in glutamate receptor subunits
may normalize due to homeostatic mechanisfsgther, fharmacological inhibition of PI3K
reduced select NMDA receptor subunits dissociated cortical culturesTogether these data
suggest thain vivoactivation of PI3K through loss of Pten leadsédective increases KWMDA
receptor subunits in corticaleurons but not hippocampal neurons, since no alterations were
detectedin this region Additional studies with rapamycin andcecond generation mTOR
inhibitors are requiredo determine howmTOR function contributes to theglutamatereceptor
phenotype.The NEXPtenmodel demonsates that Ptemay be crucial in controlling neuronal
excitability at the synapse. Dysregulation of these functions may underlie some of the

phenotypes associated witif ENmutations in the human population.
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Chapter 1. Introduction
1. Pten and the mTORPathway
1-1. Pteni Function and Structure

Phosphatase and tensin homolog on chromosom@&N also known adMMAC]) is
a tumor suppressor gene locatadchromosome 10g23a locuswith a high frequency of
mutations in many human cancékset al., 1997; Steck et al., 1997; Aliet al., 1999; Saal et al.,
2008) PTENIis expressed in all eukaryotic cells agwcodes norredundant protein and lipid
phosphatase that negatively regulates phesphoinositide3-kinase (PISKMAKT/mammalian
target of rapamycin (MTOR) signaling pathwdligure ). PTEN contains a tyrosine
phosphatase domatihathas dual specificity for protein and lipid phosphatase actMiaehama
and Dixon, 1998)the latter of which has been extem$y characterized. The primary target of
PTENGs | i pid phphegphataylirostd (3,24 c8righesphaty (PIB, svhich is
converted tgphosphatidylinositol (4,5hiphosphate (PIJ by PTEN (Cantley and Neel, 1999)

P T E Ncé@nsnicalole as a lipid phosphatase is thought tdigily specific andts predominant
function, although there is evidence that PTE&h also dephosphorylatehe focal adhesion
kinase (FAK) protein, which is involved in cellular adhesi@amura et al., 1998) The

interaction between PTEN and FAK may be limited, as other studies R&ngull cells and

PTEN overexpression have not found direct interactions between these two [hégdmset al.,

1999; Sun et al., 1999)

Analysis of thecrystalstructure of human PTEN revealkely features of its enzymatic
activity. There are two adjacent phosphatase and-dG@ain lobes as wel as several
transmembrane domains near thetelkminal (Lee et al., 1999) The interface between the
phosphatase and @®mains is critical for PTENhosphatase activity as mutations in this region
resufedin impaired function antlave beeriound in many human cancdisee et al., 1999) The
C2domai n is necessary for PTENOGs and stcalcurma ct i on

independent Numerous mutations have been observed in human PTEN and are associated with a



wide range of disruptions in PTEN function, p
PTEN mutations identified in cases of Cowden Syndroare autosomal dominant disorder
characterized by benign growths and increased risk of casuggest tat C2domain mutations

that truncate this region affect PTHbtalization,phosphorylation, stability and protegmote in
interactionsbut canmaintainP TENG& s p h o s p (Har & al.e2008; \Waite vandt Epng,

2002; Trotman et al.,, 200.7)N-terminal mutations also preserve PTEN catalytic activity, but

affect PTEN stabilitfHan et al., 2000) These mutations have been informative in indicating the

function of specific regions (i.e., @®main, Nterminal) and their importance for moal PTEN

function.

PTEN stability can be influenced by protgirotein interactions and pesanslational
modifications incl udi n-grmipahcordsamd severallresitdueso which PTE
when phosphorylated, increase PTEN staHiiy., serne 370 and 385)Georgescu et al., 1999;
Torres and Pulido, 2001) Conversely, PTEN can be destabilized by phosphorylation at other
sites (i.e., threonine 36@Waccario et al., 2007) Further, catalytic activity can also be altered by
phosphorylation depending on the location laé tmodification. For example, mutation studies
focusing on a cluster of PTEN phosphorylation sies., serine 380, threonine 38and
threonine 383) demonstrated that phosphorylation at these sites promoted a closed protein
conformation (Salmena et al, 2008) When these sites remaehunphosphorylad, PTEN
phosphatase activityncreased, likely due tonaopen protein conformation which enhances
proteinprotein interactiongVazquez et al., 2000; Vazquez et al, 2001; Leslie and Downes,
2004)

PTEN function is highly dependent on its cellular localizatiamitially, PTEN was
thought to be localized primarily to the cytosalloving PTEN to ben close proximity to the
plasma membrane for its lipid phosphatase activiTEN has a lipid binding domainand
several nuclear localization sign@LS)-like sequenceéChung et al., 2005) Despie lacking a

tradtional NLS sequencestudies have demonstrated that there is a pool of PTEN located in the



nucleus in differentiated cells, including neurghachyankar et al., 2000) PTENOGOS subst
PIP;,isalsof ound in the nucleus, but does not seem
activity at this locatior{Lindsay et al., 2006) Rather, nuclear PTEN is implicated in logjcle
regulation via cyclin DIsuppressiorfRadu et al., 2003; Chung et al., 2006 TEN localizes to
the nucleus during the &3, cell cycle phases, which are the resting phase and the intermediate
phase prior to DNA replication, respectively. During this part of the cell ciycheitro studies
demonstratediuclear PTEN reduckcyclin D1 activity either by transcriptional downregulation
or decreasing the nuclelcalizationof cyclin D1 (Radu et al., 2003; Chung et al., 200G)he
mechanism responsible for the trafficking of PTEN into the nucleus is largely unknown but is
thought to be dependent on the PISK/AKT/mTORthway (Liu et al, 2007) Bassi and
colleagues(2013) demonstrated that PTEN is retained in the nucleus when it is modified by
SUMO, a small ubiquitiflike modifier. DNA damage reducethe amount of SUMOylated
PTEN, and reduce® TENO® s nucl eaas wellc c uRTIEE&Ntbisoncatal ytic
SUMOylation were required for DNA repair, suggesting that nuclear PTEN and its SUMO
modification are protective againDNA damage.

Recently, a novel variant of PTEN, PTHMNg, was identified in several cell types
including mouse embryonic stem cells and human breast {isBykins et al.,, 2013) PTEN-
Long istranslated using aalternative start sequence and is secreted by cells. This membrane
permeable variant of PTEpbssesses a polyalanine sequence near-thentihalthat isrequired
for its movement ito and out ofcells. When exogenous PTENong was aplied to cultured
cells, it inhibited PI3K/Akt signaling and activated cell death in P3deficient brain and breast
tumor cell lines. The discovery ofa new mechanism of PTEN activity underscores the diversity

of this phosphatasandthe importance of funer investigation of its functions.



1-2. The PI3K/Akt/mTOR Pathway

The PI3KAkt/mTOR signaling pathway is a critical modulator of cell proliferation and
growth. Signaling through mTOR, an evolutionarily conserved serine/thre&iriase, is critical
for cellular growth and survival as well as protein synthéSao et al., 2008) By working in
opposition to PI3K activity, #n suppresses mTOR signaling, acting as a cellular growth
regulator.Pten convert$IP; into PIP, by hydrolyzing the D3hosphate oPIP:6s i nos it ol
(Stambolic et al., 1998)Figure 1). By shifting the balance from PJRo PIR, Pten works in
opposition to the function of PI3K, which converts Pi® PIP;. PIP; recruits several proteins
containingpleckstrin homology (PH) domains to the cellular membrane, including the Akt family
and3-phosphoinositidelependent protein kinase ROK1) (Varnai et al., 2005) Subsequently,
Akt is activatednear the plasma membram@ phosphorylation of threonine 3@8hr308) by
PDK1 and phosphorylation of serine 473 (Ser473) by mTOR complex 2 (mTOREBhama
and Dixon, 1998; Sarbassov et al., 2005; Manning and Cantley,.2@0@¥)is involved in cell
proliferation, sirvival, growth and metabolisrthrough downstream effectorsuch asTSC2,
GSK3b, MDM2, @®anbingamdCangded 200.7Activated Akt inhibitsa complex
composed ofTSCL (hamartin) and TSC2 (tuberjmvhich normally suppresRheb, a small
GTPaseg(Sato et al., 2008) Inhibition of TSC1/TSC2, therefore, increases Rheb activity, which
leads tanTOR complex 1rfiTORCY activation.

MTOR participates in two complexes with differifignctions, mTORC1 and mTORC2.
Some compongs in these complexes are shared, such Gp r ot esubanit lke
protein/ mammal i a)n(YahgRmd8Guan,@00ZWheneasothe8 components of
MTORC1 and mTORC2 are not shared. For exampl€)RC1 contains regulatogsociated
protein of mMTOR (Raptor) and PRAS4¥ang and Guan, 2007) In contrast, mTORC2 is
composed of rapamycmnsensitive companion of mTOR (Rictor) and mammalian stress
activated protein kinase interacting protein 1 (mSI{in et al., 2002; Kim et al., 2003; Wang

et al., 2007; Cybulski and Hall, 2009mTORC1 is involved in protein translation and cellular



growth via phosphorylation g§70 S6 kinase (S6K1) and eukaryotic initiation factor 4E (elF4E)
binding protein (4EBP1), while nQRC2 participates in a positive feedback loop by
phosphorylating Akt at a second site distinct from the PDK1 phosphorylationSstd 73
(Sarbassov et al., 2005mMTORC2 regulates cell survival in response to hormones and growth
factors (Zhou and Huang, 201@nd is involved in longterm memory and the late phase of
hippocampal long term potentiation via regulation ofdleéin cytoskeletofHuang et al., 2013)
MTORCL1 is regulated by a complex of TS@rdd TSC2which when mutatedead to
increasednTOR activity and seizure liabiltgCrino et al., 2002; Hates and Stafstrom, 2007;
Meikle et al., 2007; Zeng et al., 2008Lapdependent protein translation via mRO1 is a key
step in translation inttiatio(Richter and Sonenberg, 2005) el F4E r ecogni zes tF
on the coding sequence and recruits elF4G as well as the small ribosomal suburEBOS,
part of a family of elF4Ebinding proteins, can bind to elF4E to inhibit its function. mMTORCL1
phosphorylates 4EBP1 and relieves its inhibition of elF4E, thereby promotindepapdent
initiation of protein synthesis.Because loss of function ofdhTSC1/TSC2 complex increases
MTORC1 activity, inactivationof TSC1/TSC2can promote protein translatighavazoie et al.,
2005) Severalnew mTOR targets, including Grb10, were identified using proteomic screens
(Hsu et al., 2011; Yu et al., 201I)hese new downstream proteins may yield insight into how

mTORIs involved in a multitude of functions, including seizure activity and synaptic plasticity.
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Figure 1. The mTOR Pathway.
The PI3K/AkYmTOR pathway is critical for cellular growth and protein synthd®BK =

ReceptorTyrosine Kinase. NMDA = NMDA ReceptoArrows (V ) indicate activationwhile

closed circles (06) i aphospharyladoneveri bi ti on. (P)

1-3. Clinical symptomology and manife stationsof PTEN mutations

In humans, germlin®@ TENmutations are associated wéhgroup of autosomal dominant
syndromestermed PTEN hamartoma tumor syndromes (PHTS). PHTS includes Bannayan
Riley-Ruvalcaba syndrome, Cowden syndromkermitte Duclose disease, Proteus syndrome

and Proteudke syndrome. These syndromes are characterized by neurodevelopmental deficits,



multiple hamartomasbénign, tumorliike malformatiors) and increased cancer rigRilarski,

2009; Pilarski et al., 2011; Angurana et al., 2013; Chippagiri et al., 2013; Nieuwenhuis et al.,

2013)hi ghl ighting PTENOGsdtumar buppresson.c el | ul ar gr owt f
PTEN mutations aralsoimplicated in epilepsy and autis(@dhou and Parada, 2012)

indicating that alterations in PTEN may affectur@nal function and developmentSeveral

PHTS casestudies havadentified autisrrrelevant symptoms in affected individug®ori et al.,

1998; Gofin et al.,, 2001; Parisi et al, 20Q1%uch as impaired social communication

Approximately 1820% of autistic chdren develop macrocephdlyainhart et al., 1997; Fidler et

al., 2000; Lainhart edl., 2006) suggesting that excessive growithparticular brain growthmay

contribute to aspects of this disord€ourchesne et al., 2003; Courchesne, 2004)a clinical

study of individuals with autism and macrocephaly, 17% of individuals had gerfiliEN

mutations(Butler et al., 2005)strengthening @onnectionbetween PTEN and subset of cases

with autism. It is estimated that-£% of the total autism popation carriesPTEN germline

mutations(Butler et al., 2005; Buxbaum et al., 2007; Herman et al., 2007; McBride et al., 2010)
Although PTEN has beelmked to a small portion of autism cases, the mechanism by

which PTEN contributes to autisphenotypes is noivell understood. Redfern and colleagues

(2010) characterized the structural properties and subcellular location BTEIN mutation

identified in autismH93R PTEN, which is located at the phosphatase active site. Thisamutati

increased PTENOG6s association with the plasma

activity. Rather, it interfered with the structural changes that PTEN undergoes upon interaction

of its N-terminal with PIR. These data suggest that in theecas this specific autisfrelated

mutati on, the conformational change that nor

unable to occur as efficientlyGiven the range in autism symptomology, it is likely that other

PTEN mutations identified in autistiindividuals may also impact PTEN function, addt to

varying degrees.



1-4. Pten conditional mouse models

In order to model how human PTEN affects the central nervous sysseweral
conditionalPten knockout (KO) mouse models have been generateddiress how Pten may
alter neuonal excitabilty and function. Conditional knockout models are necessary, since
constitutivePteninactivation causes tumors and leads to embryonic letl{BlitZristofano et al.,
1998; Stambolic et al., 1998; Podsypanina et al., 1999)sing Cre/loxP sitespecific
recombination technologiauer and Henderson, 1988; van Diepen and Eickholt, 20@8pten
gene is flanked by twloxP sites, which allows Cre recombinase to catalyze DNA recombination
at these sites. BecauSee is driven by a temporal and tissue specific prom@&mnloss can be
selectively induced in these conditional knockout models.

Brain specific homozyges conditional deletions dPten produce neuronal hypertrophy
and seizuregBackman et al., 2001; Kwon et al.,, 200The increased cell size seen in Pten
mutants isthought to be mediated through translational controlSG&1- and elF4Emediated
processes, since individual overexpressioreidfier of these two protesincreases cell size,
while cooverexpression increases cell size even furitgackman et al., 2002; Fingar et al.,
2002) Mutant chimera mice with a mosdttendeletion in a subset of neuronal progenitor cells
(NS-Pten mice) have abnormally large cell bodies only in those neurons laBkemgy(Backman
et al, 2001; Kwon et al., 20Q1) Further, NSPten homozygous mutant mice developed
spontaneous seizure activity, as measured by electroencephalograp®), (Ehich was
suppressed byne mMTORC1 inhibitorrapamycin(Ljungberg et al., 2009Conditionalde letion of
Ptenin mutant mice can result prematurdethality andorain enlargemenglong withneuronal
hypertrophy(Kwon et al., 2006; Ljungberg et al., 2009; Sperow et al., 2011; Kazdoba et al.,
2012) These data reinforc®t e n 0 s i mportance i nandaeegranbBlat i ng
development.

Behavioral characterization of conditioraten mutarn mice has yielded some insight

into how loss of Ptemay contributdo autismre levant behaviors. Neurapecific enolaseNse



promoter driven Cre selectively delstBtenin discrete populations of ature neurons in the
cerebral cortex and hippocampus, resulting in hypdricopnd ectopic dendrites and axonal
tractswith increased synaps@swon et al., 2006) Ptenhomozygousnutantmice from this line
displayedseveral abnormal behaviors in social interaction and social learning. For exXaraple,
homozygous mutant mice showedncreased responseto sensory stimuli anddecreased
interactionwith a novel juvenile upon repeated presentations compared to WT Isontro
another series of studies, NB&enheterozygous (Hethice were analyzed to determine the effect
of only one mutate@tenallele on brain structure and social behaydapoli et al., 2012) Pten
hapleinsufficiency led tocortical and hippocampal hypertrophy and a preference for social
avoidance, such th&tsePtenHet mice spent more time with an inanimate objean another
mouse In addition, analysis aénergy metabolism in these miemvealed thapartialloss ofPten
increased oxidative stress amgpaired mitochondrial function via a downregulatminthe p53
signaling pathway. p53 is a tumor suppressor protein thgs p role in DNA repair, cetlycle
arrest and apoptosfVang and Gu, 2013) Defects in p53 signailg have been associated with
autism (Kemper and Bauman, 1993; Aragdiiknam and Fatemi, 2003)suggesting that
mutations inPtenand/or this signaling pathway may contribute to the autistic phenotype.

A postnatal deletiondPtend r i ve n by -Grédpeomoareskits in Idss of Pten
in hippocampal and cortical excitatory neurons around postnatal dégp&sow et al., 2011)
Hippocampal structure and pyramidal neuron morphology were not affected by pdBteatal
deletion. However, long term potentiation (LTP) and long term depression (bA®jypes of
synaptic plasticity thougho representellularcorrelates of learning and memowyere impaired
in CaMK | {Pten KO mice. Il n addi-Pten&@ mice Wardimpaiet) in the probe
trial of the Morris water maze, a hippocampapendent spatial memory taskrhese data
suggest that Pten modulates synaptic plasticity independent of its role in cellular growth and

neuronal development.
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2. lonotropic glutamate rece ptors
2-1. NMDA Receptors

N-MethytD-aspartate (NMDA) receptors are ionotropic, ligarmhd voltagegated
transmembrane receptors that open in response to glutamate binding, allowing cations into (e.g.,
sodium and calcium) and out ¢£.g., potassium) the neurofyu et al., 1999; Liu and Zhang,
2000) NMDA receptors are heterotetramers that can be compos&ddifferent subunits,
including at least one copy of an NR1 subunit, along with varying expression of NR2 {NR2A
and NR3 (NR3A or NR3B) subusi{Ghasemi and Schachter, 2011INR1 and NR2 subunits
combine to form the ion pore of the NMDA receptor. The NR2 subunits contain the glutamate
binding site, while NR1 subunits contain glycine aneséine binding sites, which must be
occupied with glycineor D-serinebefore glutamate can activate the recep®nmnmagnesiurmon
blocks the NMDA receptor poreunder basal conditionand is alleviated through cellular
depolarization. Once the magnesium blockade is removed, the NMDA channel can conduct ions
into and out of the cell. Importantly, because calcium plays a vital role in neuronal development
and synaptic plasticity, such as learning and mer(idaren and Baudry, 1995pptimal levels
of NMDA receptors are critical for these procesé€sien et al.,, 1996a; Chen and Tonegawa,
1997; Nakazawa et al., 2004)

Since NMDA receptors are integral for neuronal excitation and calcium signaling,
alterations in levesl of this glutamate receptor type can have significant repercussions on synaptic
plasticity and neuronal activityGlutamate, the principal excitatory neurotransmitter in the brain,
is also implicated in excessive neural activity, including seiz(iéeldrum, 1994) Rodent
modes of seizure, such as kindling, depend on NMDA receptor function, which is enhanced in
these models, as well in the cerebral cortex of human focal epilepsy cases. These studies suggest
that increases in glutamate or NMDA recept@an contribute to epilefiform activity.

Additionally, glutamateabnormalitieshave been implicated in autism. Adults with autism have
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higher serum levels of glutama{Bhinohe et al., 2006and glutamate antagonists have shown
some efficacy for the treatment of autism in humé@wederhofer, 2007and animal models
(Silverman et al., 201Mehta et al., 2011)Further,prenatal exposure to valproic acid, an-anti
epileptic drug and mood stabilizer, led to selective overexpressiiR2A and NR2B NMDA
receptor subunits iarodent model of autisifRinaldi et al., 2007) Together, these data suggest
that glutamatergic neurotransmission and NMDA receptors should be investigated further to
determine their contribution teeurodeve lopmental disorders

NMDA receptors suburgt have unigquespato-temporal expression patternsyhich
suggests that NMDA receptor subtypes have distinct roles depending on where and when they
present during developmengeveral NMDA receptor subunits have been clanea the rodent
brain, including NR1 and NR2B® (McBain and Mayer, 1994; Zukin and Bennett, 1995R1
is required for NMDA functior(i.e., it is an obligatory subunjtand is expressed ubiquitously
throughout embryonic and postnatal peri@dsBain and Mayer1994) The NR2 subunits have
varying electrophysiological and pharmacological properties, and exhibit distinct expression
patterns. Given this, it is unsurprising that the expression of NR28 NR2Bcontaining
NMDA receptors isdifferential regulaéd during development and in adulthoo®f the NR2
family of subunits, NR2A and NR2B subuibntaining receptors have been relederized most
extensively Throughout embryonic development and during the early postnatal period, NMDA
receptors are primayilcomposed of NR2B/NR1 subungMonyer et al., 1994; Sheng et al.,
1994; Kirson and Yaari, 1996)NR2B expression peaks in the cortex and hippocampus around
postnatal day 21 (P21), and then declines to moderately low levels in théEaglti RC, 2009)
Similar to NR2B, NR2A levels peak around P21 before declining to adult levels. As synapses
mature and cortical circuits are refd, there is an increase in NMDA receptors containing NR2A
subunits, which have a significantly greater peak channel open probabilty compared to
NR2B/NRL1 receptors(Chen et al, 1999) NR2A and NR2B differ in their sensitivity to

glutamate and deactivation kinetics, with NR&Zceptors possessing a xtecay timg(Monyer
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et al., 1994; Vicini et al., 1998) Generally speaking, more NR2A/NRL1 receptors are present as
neurons and synapses mature, outnumbering NR2B/NR1 receptors, which araipaet in
immature neurongCline et al., 1996; Kew et al., 1998; Stocca and Vicini, 1998; Tovar and
Westbrook, 1999; Aizenman and Cline, 200MIR2C is primarily limited to the cerebellum,
peaking in granule cells around P@4onyer et al., 1994; Vicini et al., 1998NR2C remains the
predominant subunit in the cerebellum where it is expressed at high levels throughout adulthood.
In contrast, NR2D mRNA has very low expression in the forebrain at PO, but is expressed at
higher levels in the diencephalon, mesencephalon and spingMoryer et al., 1994)

Two additional NMDA subunits, NR3A and NR3B, were identified as the final members
of the mammalian NMDA receptor famiffPachernegg et al., 2012)Physiologically, their role
remains elusig. Similar to the NR1 subunit, NR3 subunits possess glycine aseriDe binding
sites instead of a glutamate binding site. Early in postnatal development, NR3A mRNA is
expressed in various brain regions, including the entorhinal cortex and layer Vr&dtwrtex,
but declines in the adult bra{®ucher et al., 1995; Sun et al., 1998h contrast, NR3B is only
weakly expressed until late postnatal stagesishwidely expressed in adulthood (P40) in the rat
forebrain, including the hippocampus and cerebral cdkiéee et al., 2008)In vivo andin vitro
studies have suggested that NR3 subunits act as dominant negative regulators of NMDA
receptors. NR3 conmunoprecipitates with the obligatory NR1 subunit as well as NiRa,
evidence suggesthey changehe electrophysiological properties MDA receptors from that
of the classic NR2/NRIeceptorgDas et al., 1998; AHallaq et al., 2002) For example, NR3
expression can reduce cellular currdbias et al., 1998; Nishi et al., 2001Additionally,
presynaptic NR3Acontaining receptors are thought to participate in thelaéign of glutamate
releasgLarsen et al., 2011)Because the presence of NR3 subunits lowers cajmumeability
of NMDA receptorsit is possble that NR3 may be neuroprotect&ed lower gutamateinduced

excitotoxicitydue to excess calcium
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Several studiesuggestthat reduction of NR3Acontaining receptorss involved in
synapse maturation and memory consolidatiomdudevelopmentincluding longterm memory
formation (Roberts et al., 2009)Cerebrocortical neurons from NR3A knockaumice exhibited
increased NMDA responses in whole cell recordings, as well as increased dendritic spines, as
assessed by Golgi stain at P([@as et al.,, 1998) Glutamatergic receptors concentch# the
synapse earlier in young (P8) NR3A KO mice, accelerdtingexpression of NR1, NR2A and
the AMPA subunit GIuR1 in the postsynaptic denflitgnson et al., 2012Behaviorally, NR3A
KO mice had reduced locomotor adyy but enhanced performance on spatial learning and
memory task{Mohamad et al., 2013)he latter coelated with increased LTP in NR3A KO
hippocampal slices, as well as increaf@dbrain expression @aMKIl, an important mediator
of learning and memorgY amauchi, 2005) These data suggest that NR3Aw@ onlya negative
regulator of spine growtAndsyraptogenesibut also a modulator of learning and memory.

Increasingly, the mTOR pathway is being implicated as having a role in memory
formation due to its importancia protein synthesigHoeffer and Klann, 2010) Genetic and
pharmacological studies have demonstrated that-termy memory isprotein synthesis
dependentAbel et al., 1997)In addition, several proteins in the mRGsignaling cascade have
beenassociated wittkey components involved in synaptic plasticity and neural activity. 4n co
immunoprecipitation studies, Pten associates with NR1, NR2A and NR2B sublingset al.,
2004; Jurado et al., 2010; Ventruti et al., 201Eprther, Ning and colleague&004)
demonstrated thatt®h downregulation inhibited extrasynaptic NMDA receptors angpessed
their activity, this reduction in Rnprotected against delayed neuronal death in the hippocampus
in a transient global ischecnmode!l Additionally, Rheb, an activator of mMTORC1, assodate
with the NR3A subunit, providing another link betweemagytic NMDA receptors and the
MTOR pathwaySucher et al., 2010) Pterwas found tcassociate with the scaffoldingatein
PSD-95 at the synapse and sveecruited to the postsynaptic terminal durifidD, an activity

dependent reduction in neural activigyurado et al.,, 2010)Luikart and colleague$2011)
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demonstrated that Pten knockdown increased the exgitdtive (i.e., frequency of excitatory

miniature and spontaneous postsynaptic currents) of dentate granule cells in acute slice cultures
without affecting inhibitory synaptic activityThis suggests that lack of Pten may shift the

balance betweenetator y and inhibitory activi-PenKQ owar ds
mice, both LTP and LTD were disrupted, although this did not seem to be due to abnormal
expression of postsynaptic NMDA or AMPA recept@&perow et al, 2011) These data
demonstrate that Pten may be involved in the modulation of synaptic plasticity, although the

exact mechanisnemains elusive.

2-2. AMPA Receptors

A second class of ionotropic glutamate receptors are-#rai® 3-(5-methyt3-oxo-1,2-
oxazot4-yl) propanoic acid (AMPA) receptor@ionore et al., 1982) AMPA receptors, which
mediate fast glutamatergic transmission, are transmembrane heterotetramers composed of four
possible subunits (GIuR4; also known as GIURA). Each of the four AMPA subunits has two
major spke variants, flip and flop, which have different pharmacokinetic properties in response
to glutamate evoked cumts (Sommer et al, 1990; Hollmann and Heinemann, 1994)
Antibodies directed at GluR1 and GIuR2/3 detect a high level of these subunits in young rat
cortex, with populations of neurons primarily expressing Gl({iRdtralia and Wenthold, 1992)
Of the four AMPA subunits, GluR4 expression is mostly expressed in the hippocampus during
the first postnatal week,lvile the other AMPA subunits increase their levels of expression in this
brain region, stabilizing at P2&Zhu et al., 2000) Spontaneous neuronal activity in the early
postnatal hippocampus triggers the insertion of AMPA receptors into syn@peest al., 2000;
Malinow and Malenka, 2002)This is mediated by the GluR4 subunit, which complexes with
GIuR2 to become a functional receptor. In contrast, in the adult hippocampus, the majority of
AMPA receptors are composed of GIuR1 and GIuR2, or GIuR3 and GMR2thold et al.,

1996) GIuR1 subunits bind to scaffolding proteins and can be phosphorylated during different
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synaptic plasticity events (e.¢¢TP and LTD (Hayashi et al., 2000; Boehm et al., 2006) hese

data suggest that the differential expression of AMPA subunits is due to the unique re&shfor

of the subunits and their different receptor complexes, depending on where and when they are
expressed.

While inttially it was thought that calcium influx primarily occurred through the NMDA
glutamate receptor, it is now known that certain AMPA remeptubtypes can also conduct
calcium. Calcium permeability of AMPA receptors is regulated by the inclusion dbliie2
subunit, such that GluR&ontaining AMPA receptors are calcium impermeagBlenas et al.,

1994; Jonas and Burnashev, 1995Jherefore, AMPA receptors lacking GIuR2 are calcium
permeable; they have large single channel currents and are enriched in the dendrites of
hippocampal neurorderma et al., 1994; Dingledine et al., 199%eurons can contain multiple
AMPA receptorcomplexes (e.g., receptors with and without calcium permeability), underscoring
the diverse electrophysiological properties provided by AMPA subunit composition.

A recent study demonstrated thafinhibition via the hormone leptin increased AMPA
GluR1trafficking, which required NMDA receptactivation, in adult hippocampal slice cultures
(Moult et al., 2010Q) In addition, in ann vitro stretch injury modelising hippocampal neurans
Pten mRNA and protein levelgiere increased after stretch injyr while GIuR2 subunit
expression decreased in the neuronal membrane suyifaceet al., 2013) suggesting Pten
inhibition may reduce cell death after injury by preventing surface GIuR2 reduciibase data
indicatethat in addition to NMDAR regulation,t®nmaymodulate AMPA receptor activity, and

therefore have an effect on synaptic transmission as well as calcium signaling.

3. mTOR Inhibitors
3-1. Rapamycin
Much of the information about mTOR signaling has been studied using rapamycin, a

macrolide (compound that contains a macrocyclic lactone ring) that is secreted by the bacterial
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strain Streptomyces hygroscopicisund on Easter Island (Rapa Nui in the ratianguage)
(Yang and Guan, 2007)Rapamycin, as well as rapamycin analogs (rapalogs), bind to FK506
binding protein 12 kDa (FKBP12), a cytosolic protein receptor, to form a confdiesding et

al., 1989; Siekierka et al., 1989he rapamycin/FKBP12 complex associates with mTOR near
its ATP binding pocket located by the kinase domainy bihding at the FKBP 1apamycin
binding (FRB) domain near the active kinase domain, rapamycin inhibits some of the
physiological functions of mTOR, primarily those of mTORZheng et al., 1995; Yang and
Guan, 2007) However, long term treatment with rapamycin can partially inhibit assembly of
MTORC2 and its subsequent activity, such as Akt phosphoryldEdinger et al, 2003;
Sarbassov et al., 2005)

Rapamycin has been used as a therapeutic agent in preclinical models of Pten and mTOR
signaling. Subclinical epileptiform activity exhied by NSPten KO mice was ameliorated by
rapamycin(Ljungberg et al.2009) In another conditional Pten model, rapamycin treatment
significantly extended the lifespan of NBXen homozygousKO mice (Kazdoba et al., 2012)
Further, ging a combination of prenatal and posthedgamycin treatment, rapamycin rescued
the lethality ofNse-Cre drivenTsc1(NseTscl) mutant mouse modéAnderl et al., 2011) Other
laboratories have had similar success in reducing seizure activity and premature morbidity with
rapamycin and other mTOR inhibitors (e.g., €ZB, curcumin)in several rodent models,
including acute drugnduced seizure models, and conditioRaén and Tsc1 KO mouse lines
(Kwon et al., 2003; Zeng et al., 2008; Jyoti et al., 2009;gZeinal., 2009; Zhou et al., 2009;
Huang et al., 2010) Althoughin vivo treatment of rapamycin can have negateasequences
such asweight loss (unpublished dataN . C. Sunnen and G. P& Arcang

MTORCL1 suppression are clearly evident in animal models of mTOR hyperactivity.
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3-2. New generation mTOR inhibitors

While rapamycin and rapalogs have proven to be valuable tools and therapeutic
compounds, they are not without disadvantages. Asgdieclin the previous section, rapamycin
can only inhibit aspects of mTOR signaling via mTORC1 suppression. In addition, rapamycin
has been found to increase levels of Akt and elF4E phosphoryi&uoret al., 2005; Wan et al.,
2007) This activity can be reduced by PI3K inhibitors, indicating there is a negative feedback
loop via PI3K thatmayc o mpens at e f or ng@aqwth mhyibitionn dherefad, if ec t s
order to completely block PI3K, Akt and mTORC2 mediated activityeogiharmacological
inhibitors of this signaling cascade are necessary.

One approach has been to develop small molecule-dohfpetitive mMTOR kinase
inhibitors (Zhang et al., 2011) Since this class of inhibitors (IMTORC1/MTORC2 inhibitors)
binds to the ATPbinding site in the kinase domain, essentially all mMTORC1 and mTORC2
activity is reduced, shutting down bothpastd t he signaling cascade.
shares certain consensus sequences simike PI3K kinase domain. Thereforeybsets of the
ATP-competitive mTOR kinase inhibitors are also able to inhibit PI3K catalytic activity
(mTOR/PI3K dual inhibites). This additional inhibition of PI3K kinase activity has the added
benefit of reducing the feedback loop to Akt, since both PI3K and mTORC2 are implicated in
Akt phosphorylation. Several compounds from these classes have advanced into cliniéad trials
a diverse range of cancers, while additional compounds are currently being developed.

Since the PI3K/Ak/mTOR signaling cascade has numerous roles in cellular growth,
synaptic plasticity and cell survival, it is likely that these second generatiopocmas will
require careful evaluation in order to minimize mechasnislated adverse events. While
promising, it is likelythat both dual mMTORC1/mTORC2 inhibitors and mTOR/PI3K inhibitors

will need to be carefully opnized in order to identify reasonattherapeutiandex.
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4. Significance
PTENOGs suppression of the PI3K/Akt/ mTOR p
neuronal excitabilty and protein synthespecifically at the synapse. When left unregulated,
this may lead to abnormal synaptic funatioincluding epileptiform activity. In addition,
suppression of mTOR signaling may provide a novel target for the development of more effective
therapeutic treatments for disorders such as epilepsy and aliismnanonical mMTOR inhibitor,
rapamycin, does not completely suppress mTOR activity and possesses unwanted side effects,
such as hypercholesterolaemia (high cholesterol) and thrombocytopenia (low platelet levels)
(Kahan, 1998; MacDonald, 1998n addition, there are mTOR functions that are rapamycin
insensitive, due to mT(Zengetalpl@I5t i ci pation in m
Given that mutatios in Pten are associated with increased seizure activity, as well as
neurodevelopmental disorders such as autism, these studies will help elucidate how Pten is
affecting neuronal development and synaptic functidrhey will further our understamug of
how this phosphatase contributes to cellular function outside its role as a growth regulator and

yield insight into Pteends involvement at the
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Chapter 2. Loss of Pterupregulates the mTOR pathway andalters ionotropic glutamate

re ceptor protein levels inNEX-Ptenknockout mice

1. Introduction

The PI3K/Akt/mTOR signaling pathway is implicated in several aspects of neuronal
development, including cell body size, neuronal polarity, axon formation, dendrite arborization
and synaps formation(Backman et al., 2001; Kwon et al., 2001; Kwon et al., 2006; van Diepen
and Eickholt, 2008; Ljungberg et al., 2009)Given that Pten is a negative regulator of this
pathway, mutations in this lipid and protein phosphatase would be expectetetsie neuronal
size, axon formation, dendrite arborization and synapse number. Several corfeieomalitant
mouse models have been developed, and display neuronal hypertrophy, macrocephaly, abnormal
dendrite and axon patterning, autiselevant alteréd social interaction and increased seizure
activity (Backman et al., 2001; Kwon et al., 2001; Kwon et al., 2006; Ljungberg et al., 2i009)
addition, PTEN mutations in human&ave been implicatedn autism and increased seizure
liability, further demonstratinghat PTEN plays a crucial role in neuronal development and
synaptic activity. While conditionalPten mutant mice can model aspectsRFEN mutations,
such as autisfrelevant behaviors and seizure susceptibility, the molecular mechanism underlying
these abnormalities is still unknown.

| hypothesized that loss of Pten during brd@velopment increases the expression of
glutamate receptor subunits, and thus, profoundly affects neuronal excit@bitityibuting to the
increased seizure susceptibility associated Ridgn mutations There is evidence to support a
relationship betwen Pten and ionotropic glutamate receptors, particularly NMDA receptors.
Pten has been shown to-imamunoprecipitate with several NMDA receptor subufitsg et al.,
2004; Jurado et al, 2010; Ventruti et al, 2011Although several groups have measured
abnormal synaptic activitgue to genetic deletion oPten (Fraser et al., 2008; Ljungbed] al.,

2009; Sperow et al., 201 lentiviral Ptenknockdown(Luikart et al., 2011)no biochemical
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analyses havexamined how Pten deficiency may alter ionotropic glutamate receptor expression.
The present set of studies sautghfurther characterize how deficits in Pten function may result
in abnormalities related to synaptic function.

Inordertost udy the neuronal effects of Pten
NEX-Pten conditional knockout mouse. In this model, the NEX promoter begins to drive Cre
expression around E11.5 in the majority of excitatory neurons in the forébeajrcortexand
hippocampus)thereby deletindgPten in these principal neurons during embryonic development
(Goebbels et al., 2006)Thus, NEXPtenhomozygous mutant (KQjice provide an opportunity
to studyhow loss of Pten function in a major class of neurons affects neuronal development and
synaptic functionparticularly ionotropic glutamate receptors

One of the most strikingharacteristics of NESRten KO miceis their shortened life span
(Kazdoba et al., 2012)Therefore NEX-PtenKO mice were characterized at postnatal day 0 (P0)
in the first set of studies in this chaptdNEX-Ptenbrainswereanalyzedor structural anatomy,
neuronal size and cortical layer formation using histology and immunofluorestshrigues
Biochemical analyses of embryonic and newly born NEn mice revealedhow NMDA and
AMPA glutamate receptor subunits weatfected by loss dPtenand subsequent upregulation of
the PI3K/Akt/mTOR pathway Analysesof mRNA levels determingl if a transcripional
mechanism was responsible for any alterations in glutamate receptor proteinSavedsNEX
PtenKO mice die shortly after birthqut heterozygousHet) mice have a normal life span, these
Het mice werealsoused to determine @lutamatereceptorsubunitabnormalitiesare present in
adulthoodas a consequence lohg-termpartial loss of Pten function.

Pten conditional mouse models can exhibit increased seizure susceptibility, which may
be indicative of altered glutamate receptor functionality. Treatment with mTOR inhibitors, such
as rapamycin, can suppress seizure activity and ameliorate abiiemahutant phenotypes
For exampleNS-PtenKO mice exhibit subclinical epileptiform activity that is mainly detectable

by EEG; these seizures were ameliorated by rapanfigingberg et al., 2009)In addition, the
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shortened lifespan of NERtenKO mice can be extended by rapamycin treatnji€atzdoba et

al, 2012) Rapamycinbinds to FKBP12, part of mTORC1, demonstrating the importance of
MTORC1 in some Ptendependent phenotypes.Here, penatal rapamycin treatment was
employed to determine #&ny detectedglutamate receptor subunit alterations were due to

excessive mTORomplex1 (MTORC1)activity.

2. Materials and Methods
Mice

NEX-Pten mice were generated by crossing NEXe knockin mice(Goebbels et al.,
2006) and Cre negative conditional neuron susgecific Pten (NS-Pten) knockout mice (Pten
1oP1P “NEX-Cre mice on theC57B/6 isogenic background were proeid byDr. Klaus Nave
(Max Planck Institute, Germany). NE®re (+/+);Pten®">* (heterozygous; Hethice were
bred to generate NEKre (+/+);Pten™* (wildtype; WT), Het and NE>XCre (+/+);Pten!®®/o*
(homozygous knockout; KO) mice. For embryoaid early postnatal experimental time points,
NEX-PtenHet female mice were mated with NEXenHet males and checked for seminal plugs
on a daily basis during breeding to determine time of planned pregnancy. Animals were housed
in a temperature and huthity controlled vivarium withad libitumaccess to water and standard
rodent chow and kept on a standard 12 hr light/dark cy&leexperiments and rodent housing
were in accordance with protocols approved by the Animal Protocol and Use Committee at

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

established by the National Institute of Health.

Western Bld Analyses of Total Lysate and Crude Synaptosome Preparations
Brains of NEXPten pups were isolated immediately after birth at postnatal day 0 (PO)
and weighed.For embryonic tissue samples, embryonic day 17.5 (E17.5) embryos were quickly

harvested from pregnant NERXen female mice Forebraintissue was dissectedon ice and
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homogeized together in RIPA lysis buffer (50 mM Tris (pH 7.4), 1% NP40, 0.25% sodium
deoxycholate, 150 mM NaCl, 1nM EDTA) with protease and phosphatase inhibitors. Total lysate
was cleared by centrifugation (3000xg for 5 min at 4°C) and measured by the Bradtbatl

for protein concentration.

For older postnatal time points and crude synaptosome preparation, brains were isolated
and placed in ice cold PBS for 5 minutes. NEdénWt and Het brains from male littermate pairs
were collected at 6 months of ag€ortex and hippocampus were isolated, placed in cold Buffer
A solution (5 mM HEPES) (pH 7), ImM Mg&£10.5 mM CaGl with phosphatase and protease
inhibitors) and homogenized. Samples were centrifuged at 1400xg for 10 min. The pellet from
this step(P1)was resuspended with additional Buffer A, and centrifuged at 700xg for 10 min.
Supernatant was collected from both st§p§1 and S 10,,combied and ¢théni vel y)
centrifuged for an additional 10 min at 13,800xg. All centrifugation steps were perfatrgd.

The pelletthat formed (P2tontaining the crude synaptosomes wasuspended in Buffer A,
and measured for protein concentration using the Bradford method.

For Westernblot analysis, protein samples were supplemented with Laemmli sample
buffer, boiled for 3 minutes and then subjected to HIA&E. Proteins were electtansferred
to a 0.2 pum nitrocellulose membrane using either Blot (Invitrogen) or a standard wet tank
system. The membranes were washed with-TB®Ilution (0.05% Tweef0, 0.8% NacCl, 20
mM Tris (pH 7.5)), and blocked in a 3% nonfat dry miikFDM) solution or bovine serum
albumin (BSA) (in TBST) for 1 hr, followed by additional washingith TBST. Menbranes
wereincubated in 0.39NFDM or BSA/TBST with the appropriate primary antibodies overnight
at 4° C (Table 1). After primary antibody incubation, membranes were washed with aB&
incubated with horseradish peroxidase (HRBnjugated secondarn@bodies for 1 hr at room
temperature (Table 2). Membranes were incubated with E®lus Western Blotting Detection
System (Pierce/Thermo Fisher, Rockland, IL) for 5 min to develop antibody signal, and then

exposed to autoradiographic fims.
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Antibody Vendor Catalogue #| Host Dilution Application
Species
4EBP1 Cell Signaling 9452 R 1:1000 WB
PhosphedEBP1 | Cell Signaling 2855 R 1:1000 WB
(Thr37/46)
Actin Millipore MAB 1501 M 1:10,000 WB
Total Akt Cell Signaling 4691 R 1:1000i wWB
1:5000
PhospheAkt Cell Signaling 4060 R 1:10001 WB
(Sed73YD9)EXP 1:5000
PhospheAkt Cell Signaling 2965 R 1:1000i WB
(Thr 308) 1:5000
BrdU Abcam ab6326 Rat 1:100 IF
Cre Covance MMS-106R M 1:100 IF
Cux1(CDP) Santa Cruz s¢13024 R 1:100 IF
Dabl Provided by . M 1:1000 WB
(D4 Clone) A. Goffinet**
Dabl Rockland 100-401- R 1:1000 WB
225
GluR1 Abcam ab31232 R 1:1000 WB
GlurR2/3 Abcam ab37174 R 1:1000 WB
ab53086 R 1:1000 WB
PhospheelF4e | Cell Signaling 2441 R 1:1000 wWB
(Ser209)
Erk1/2 Cell Signaling 9102 R 1:2000 WB
(p42/44)
PhospheErk1/2 | Cell Signaling 9101S R 1:2000 wWB
(Phosphep42/44)
(Thr202/204)
Grb10(K-20) Santa Cruz sc¢1026 R 1:200 wWB
GS K3 b | CelSignaling 9315 R 1:1000 WB
PhospheG S K 3| Cell Signaling 9323 R 1:1000 wB
(Ser9)
MAP2 Millipore AB5622 R 1:1000 WB
1:250 IF
MAP2 Leinco M119 M 1:250 IF
MAP2 Covance SMI-52R M 1:250 IF
mTOR Cell Signaling 2983 R 1:1000 WB
PhosphemTOR | Cell Signaling 2971 R 1:1000 WB
(Ser2448)
NeuN Millipore MAB377 M 1:1000 WB
(Clone A60) 1:200 IF
Neurofilament Millipore AB8135 R 1:200 IF
(Heawy (NFH)
Neuroliginl Synaptic 129111 M 1:100 wWB
(Nlgl) Systems
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Neuroligin3 Synaptic 129103 R 1:100 wB
(Nlg3) Systems
NR1 Cell Signaling 5704 M 1:1000 WB
NR1 Millipore 05432 M 1:1000 WB
NR2A Millipore 07-632 R 1:1000 WB
NR2B Millipore 06-600 R 1:1000 WB
NR3A Santa Cruz | SCG98986 R 1:1000 WB
NR3B Santa Cruz | SG50474 R 1:1000 WB
p70 S6 Kinase | Cell Signaling 9202 R 1:1000 WB
(S6K1)
Phosphep70S6 | Cell Signaling 9234 R 1:1000 wB
Kinase (S6K1)
(Thr389) (108D2)
Phalloidin Invitrogen R415 -- 2 units IF
(Rhodamine
Conjugated)
Pten Cell Signaling 9559 R 1:1000i WB
(138G6) 1:2000
Reelin (CR50) In House* -- M 1:200 IF
Phosphe Cell Signaling 4858 R 1:1000 wB
ribosomal protein
S6 (Ser35236)
Phosphe Cell Signaling 5364 R 1:1000 wWB
ribosomal protein
S6(D68F8)
(Ser2a0244)
Thrl Abcam ab31940 R 1:100 IF
TSC2 Cell Signaling 4308 R 1:1000 WB
(D93F12) XP

Table 1: Primary antibodies fowesterrblot and immunofluorescenstudies

Phospha= phosphorylated. Thr = Threonine. Ser = Serine. Host speciesnblise, R= rabbit.
WB = Western blot. IE Immunofluorescencé*Dabl (D4 clone) antibody was kindly provided
by Dr. Andre Goffinet (University of Louvain, Brussels, Belgiuf@R:50 was prified from

hybridoma cell culture supernatants usingTiap protein G columns (Amersham Biosciences).

For quantification analysis, all protein levelgre normalized to intensity values of actin
or totalprotein of interest (e.g., total Akt for phoshAdét) (loading control). At least three
different samples of each genotypeere analyzed for statistical analysis. Samplese

represented as felthangeof WT intensity levels



Conjugant Vendor Catalogue #| Specificity | Dilution | Application
Horseradish Sigma A2304 Mouse IgG| 1:10,000 wB
peroxidase (HRP)

HRP Sigma A0545 Rabbit IgG | 1:10,000 WB
Alexa Fluor 488 Invitrogen A11001 Mouse IgG 1:500 IF
Alexa Fluor 438 Invitrogen A11008 Rabbit IgG 1:500 IF
Alexa Fluor 647 Invitrogen A21235 Mouse IgG 1:500 IF
Alexa Fluor 647 Invitrogen A21247 Rat 1gG 1:500 IF
Alexa Fluor Cy5 Invitrogen A10523 Rabbit IgG 1:500 IF

Table 2: Secondary antibodies favesterrblot and immunofluorescence studies.

WB = Western blot. IF= Immunofluorescence.

Quantitative Real Time PCR (QRPCR)

To determine if alterationm glutamate receptgroteinexpression were due to changes
in genetranscriptioncortical samples were analyzed by quantitative real time PCR-P§R) to
measure receptor subunit messenger RNA (MRNA) levels betweefPiEXenotypesCortex
from PO ppswere quickly harvested, dissected and frozei®@iC until further use. Total RNA
was purified from collected tissue samples using Qiagen RNeasy kit protocols. RNA was then
reverse transcribed into cDNA using a reverse transcriptase. The resbii®gwas used as a
template for subsequent PCR amplification using primers that are specific for genes of interest.
Appropriate primer sequences were selected using PrimerBank
(http//pga.mgh.harvard.edu/primerbank/) and are listeflable 3 gRTPCR wasrun using
Power SybrGreen master nikpplied Biosystems) as a reporter on arphga Biosystems Real
Time PCR machine The expression of specific genes was quantified by normalizing to levels of
glyceraldehyde3-phosphate dehydrogenase (Gapdh), a stdriuausekeeping gene, to calculate

relative levels of transcripi@faffl, 2001)
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Gene Gene Sequence PrimerBank
Product ID
Dabl Dabl F -BAACCAGCGCCAAGAAAGACT-3 6| 70909360b1
R5 &€ GGACACTTCATCAATCCCAA3 6
Gapdh Gapdh F -AGGTCGGTGTGAACGGATTTG3 0 6679937al
R -5TGTAGACCATGTAGTTGAGGTCA3 @
Grial GluR1 F -36CCCAACAATATCCAGATAGGG3 § 51080al
R -5AAGCCGCATGTTCCTGTGATTE3 6
Gria2 GluR2 F -36CGAGGCGAAACGAATGA3 6 7305115al
R5-0CACTCTCGATGCCATATACGTTGS3 §
Gria3 GIuR3 F -AGCATCAGCATAGGTGGACTT3 0 8393313al
R -PAGGTGGTAGTTCAAATGGAAGG3 6
Grinl NR1 F -BTGGCACCTGCTGACATTCG3 6 26331234al
R -FATTGGCCTGGTTTACTGCCT3 6
Grin2A NR2A F -B56GCCTCGGGAAAGGTTATAG3 6 6680097al
R5-6TCAGTGCGGTTCATCAATAACG3 6
Grin2B NR2B F -BGCATGAACGAGACTGACCG3 6 6680099a1l
R -B5&TTCCTGGTCCGTGTCATE3 6
Grin3A NR3A F -AGAGCCAGGGCGAAATGATG3 6 | 166158133cl
R -BG6GAAACTCGTGGCGCACTA3 6
Grin3B NR3B F -GO0TGGAGCTAGTGGCCGTG3 6 20127397al
R -B6&€GCCTCGGGAAAGGTTATAG3 6

Table 3: Primer sequences for quantitative real time PCR {BRR) analyses

Primer sequences weselected from PrimerBank (http://pga.mgh.harvard.edu/primerbank/). F =

Forward. R= Reverse

Tissue Immunofluorescence

NEX-Pten brains were isolated at PO immediately after birth, fixed in 4% formaldehyde
in phosphate buffered saline (PBS) for 24 hrs and then transferred to a 30% sucrose solution (in
PBS) for cryoprotection. After sinking in the sucrose solution, brains werenfinza 30%
sucrose/CrydDCT compound solution (30:70 mixture ratio; Fisher) and serially sectioned at 30
MM on a cryostat. To determine if Pten deficiency during development affected neuronal
migration, pregnant dams were treated with 100 mg-lofdne 2 @leoxyuridine (BrdU; Sigma
Aldrich) per lg of body weight byintraperitoneal (IP) injectiomt EL5.5 to label proliferating

cels For immunofluorescence of BrdU and cortical layer markers, sections were incubated in
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2N hydrochloric acid for 30 min at 37;@llowed by neutralization with 100 mM sodium borate
(pH 8.5) for 10 min at room temperature. Sections were permeabilized with 0.1% X (ilon
PBS) for 10 min and blocked with 10% normal goat serum in 0.1% TXitéin PBS; blocking
solution) for 1 hrat room temperature. Sections were incubated with primary antibodies in
blocking solution overnight at’€ (Table 1). Sections were then washed and incubated with the
appropriate secondary antibodies in 0.1% Trkoimn PBS (Table 2) fod hr at room tmperature.
After additional washing of PBS, sections were mounted with Vectashield Mounting Medium
with DAPI (Vector Laboratories). Multiple sections from 2 to 3 mice per genotype were
examined. Representative images were acquired using a YokogawdOC§hihning disk

confocal head attached to an inverted fluorescence microscope (Olympus IX50).

Golgi Impregnation and Analysis

Brains from PO NEXPten pups were isolated and processed for Golgi impregnation
using the EZ Golgi Kit (Drs. Degianging and Francis Lee, Weill Cornell Medical College,
Cornell University, New York, NY). Whole brains were immersed in Golgi stain for 10 days at
room temperature in a dark location. Brains were then transferred to 30% sucrose (in distilled
water) for 3days at 4°C, with the sucrose solution changed after the first 12 hrs. Brains were
then imrbedded in 3% agarose and cugigally at 150 um on a vibratome in 30% sucrose (in
distilled water) at room temperature. Brain slices were mounted onto 2% gelegied slides
and brushed with 50% sucrose (in distilled water) and allowed to dry for at least 48 hours in a
dark location before stain processing. Slides were then immersed in distilled water 3 times for 10
min each with gentle shaking, and then transfd into a Blackening Solution for 5 min to
develop the Golgi stain. Slides were then rinsed in distilled water 3 times for 10 min and
dehydrated through graded ethanol (50%, 75%, 95% and 100% ethanol) for perrsiap.
Slides were then cleared witHisto-Clear (National Diagnostics) for 3 x 5 min washes and

coverslipped with DPX mounting solution (Sigmddrich). Representative images of Gelgi
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impregnated brain slices were acquired using brightfiricroscopyon an inverted Olympus
IX50 microscope Cell bodies were measured in the uppee thirdof the cortex and traced

using the Freehand Selection tool in ImageJ (NIH, Bethesda, MD) to measure their size.

Tissue Histochemistry

Thionin staining (FD Neurotechnologies) was performed on 30 pm-REXPO brain
slices fixed in formaldehyde as described above. Sections were first immersed in xylene (3 min)
and then incubated twice in 100% ethanol (3 min each). Slices were then placed in 95% and 75%
ethanol (3 min each), followed by distilled watrtimes (3 nm each). Brain sections were
stained with thionirsolution for 10 min, rinsed with distilled water and immersed in 95% ethanol
with 0.1% glacial acetic acid (2 min). Sections were then dehydrated in 100% ethanol with 4
changes (2 min each), cleared in xylene for 3 changes (3 min each) and mounteet it

(Fisher).

Drug Preparation and Administration

Pharmaceutical grade rapamycin (>99% purity; LC Laboratories) was dissolved in sterile
buffer solution of 4% ethanol, 5% polyethylene glycol (PEG400; Sigma) and 5% Tween 80
(Sigma) in distilled waterta 1mg per mkconcentration. Ethanol was added to rapaminsh
to dissolve it, followed by PEG400, Tween 80 and distilled water, with the soluitexed at
each step. &amycin (1 month shelf lifayasstored at20°C. Pregnant NEXPtenHet femde
mice were dosedither IP or subcutaneously (S@ith rapamycin during pregnaney E13.5 and
E16.5 Dosing regimens that dosed rapamycin 3 times during gestation resulted in pregnancies
that were not carried to ternBody weights of dosed females waecorded on a seftiaily basis
to determine if rapamycin had any effect on body weight during gesdéitem not shown)
Brains of pups were collected immediately after birth at PO. Pup body and brain weights were

recorded prior to tissue dissection.
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Statistical Analyses

For studies using NEERten WT, Het and KO mice, |l anned compa-rison ¢
test evaluated if loss of Pten in NEXenKO mice resulted in abnormalities compared to NEX
PtenWT mice (p<0.05). Subsequently, to determine if there was an effect of gene dosage, a one
way ANOVA was r posthadestshto chmpare al genddypes (i.e., Het and KO)
to WT. Normalized proteirvalues inWesterrblot analysesnd the ratio for the gerof interest
NQRT-PCR studies wer e an-tes$tanéehen by armag ANOVAYWIEH St ude nt
post hocDunnet t &Fsr Golg snpregated cortical neurons soma size of individual
neurons whin genotype were averaged and compared betweetygpesu s i ng a -t8&st udent C
(p<0.05). Effect size was calculated for NMDA and AMPA receptor subunit results, along with

a power analysis (Appendix).

3. Results
Characterization of NEXPten Cortical Layers and Neuronal Morphology

NEX-Ptenconditional knockout mice were generated to evaluate the effects of Pten loss
on brain developmer&nd ionotropic glutamate receptor expressioin NEX-Cre mice, Cre
expression igiriven by the NEX promotein the majorityof forebrain excitatory neurorsoon
after they become postmitotf€&Soebbels et al., 2006)NEX-Cre mice were crossewith Pten
(oxPloxP) to establish the NEXPtencolony. For these studieSlEX-Cre (+/+);Pter""'*" mice
were intercrossed to generate mice that were all J@EX(+/+) but eitherwildtype (WT),
heterozygous (Het) and homozygo{dO) for Pten NEX-Pten KO mice were born at the
expected ratio buliedshortly after birth, whereas Het littermates did not exhibit premature death
(Kazdoba et al., 2012)In addition toa reduced lifespamNEX-Pten KO mice did not differ in

weight compared to WT mice at birth, but did tailthrive, weighing significantly less than WT
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mice by postnatal day 3P3. Due to the seveyit of the phenotype and the early postnatal
lethality, the current studies focused on the analysis of newborrPNEXKO mice (PO).

Cre immunofluorescence confirmed the predominant expressiGneointhe forebrain
(i.e., cortex and hippocampus), but tlm@ midbrain orhindbrain (i.e., cerebellumpf Cre (#+)
NEX-Pten WT mice (Figure 2a). Accordinglthere wasa progressiveloss of Pten protein
expression in NEXPten Het and KO forebrain but not the cerebelluncompared to WT, as
measuredby semiquantitativeWesterrblot analysis(Figure 2b). Further,Golgi impregnation of
NEX-Ptenbrainsdemonstratethat the somas of cortical neurons in NB¥nKO mice (n=55)
were significantly larger than those of WT neurons (n=42) [t(95)=6.4210080] Figure 2c,
d). In addition to having larger neurons, NiEXenKO brains(n=5) weighed significantly more
than WT braingn=5) immediately after birtHt(8)=3.428, p<0.01]Figure 2e) NEX-Pten Het
brains (n=17) were similar in weight to WT braidg\NOVA analysis revealed aoverall effectof
Pten deficiency on brain weight [F(2,24)=14.15, p<0.0001]Post hocDunnet t 6 s mu | t

comparison test revealed that teifect was drien by complete loss of Pten [WAS. KO,

p<0.05].
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Figure 2. Ptendeletion in the excitatory cortical neurons of the forebrain results in increased
somasize, brain weight and MAP2 staining.

a) Low magnification image of a NERtenwildtype (WT) sagittalbrain slice at postnatal day O

(PO) processed for Cre immunofluorescence, demonstrating widespread expression in the cerebral
cortex (CX) and hippocampus (HC), but not the midbrain (MB) or cerebellum (CB). b)
Representativ&Vesternblot of forebrain and erebellum of NEXPten WT, heterozygous (Het)

and knockout (KO) PO mice. Lysate was probed with antitsofie Pten and actin and revealed

the progressive reduction of Pten in the forebrain of NAEeh Het and KO mice. cHigh
magnification Ibightfield images of cortical neurons inGolgi impregnagd NEX-Pten WT and

KO brains d) Quantification othe soma size of Golgi impregnatedrtical neurons in the upper
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third of the cerebralcortex. NEXPten KO cortical neurons (n=55) have significantly larger
somas than WT cortical neurons (n=42) (**p<0.0001). e) NN KO brains weigkd
significantly more than NEXRtenWT brains at birth (* p<0.05). f) Low magnification confocal

images of MAP2 immunofluescencdabeling in NEXPtenWT and KO cortex. Scale bars = 1

mm (a), 30 pr(c), 100 pum (f).

Histological staining of comparable0 brain sectionshoweda specific enlargement of
forebrain structure in NEXPten KO brains compared to WT littermates (Figure 3), which is
consistent with Cre expression, and thus Pten loss, in this model. Forebrains -6ftéiEXet
mice were unaffected by Pten heterozygosity and were indistinguighal®VT mice(data not
shown) In addition to having a larger cortex and hippocampus, cellular layers were less compact
in NEX-Pten KO structures (Figure 3f). The size of the cerebellum and other hindbrain

structures did not differ between genotypeigure 3gh).
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Figure 3. Histologicalstaining of brain structures imewly bornNEX-Ptenmice.

Sagittal sectionsof postnatal day 0 (PONEX-Pten wildtype (WT) and knockout (KO)
littermates were stained with thionin. Lawagnification images of NERten WT (a) and KO

(b) brains revealdan enlarged forebrain in KO mice at PO. Comparable higher magnification
images of the lateral cerebral cortex (c, d), hippocampus (e, f) and cerebellum (g, l@draveal
specific enlargerm of the forebrain structures in NEXenKO mice. Scale bars = 5Q06m (a,

b), 100pm (c, d), 200 pm ().

To determine if Pten loss affected the migration or positioning of excitatory neurons in
the forebrain, immunofluorescentbeling was performed to evaluate cortical layer development
in NEX-PtenP0 KO mice. Relin (Reln), an extracellular glycoprotein seeted by CajaRetzius

cells in themarginal zonenear the surface of the cortéxinvolved in the regulation of principal
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cortical neuron migratioD'Arcangelo, 2005) In both NEXPten WT and KO mice, the Reln
signal was predominantly found in the marginal zone of the cortex (Figtioe 4&he size and
position of Relrpositive CajkRetzius cells did not diffebetween genotypes, although the
distribution of the Reln signal appeardgss uniformin the NEXPten KO marginal zone.
Labeling with Thrl, a marker of eayorn neurons, identified principal cortical neurons in the
deep layers of WT cortex (Figure 4chnh NEX-Pten KO cortex, the majority of Tbrpositive
neurons were correctly positioned in deep cortical layamslar to WT, butwere less compact
thanthe Tbrkpositive layers inWT controls (Figure 4d). In addition, some Tbpbsitive
neurons in th&NEX-PtenKO cortex were present near or within the marginal zone at the surface
of the cortex. BrdU administration at embryonic day 15.5 (E15.5) labeled-Hate cortical
neurons, which migrated propetly the upper layers of both NERtenWT and KO P(Qortices
(Figure 4e and)). Cuxl, an upper cortical layer markaisodid not differ between genotypes
(Figure 4f and h) suggestingthat Pten loss irexcitatory neuronsin the cortexdid not

significantly alter cortical layer formation or radial migoatiin theyoungneocortex
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Brdu Cux1/BrdU Brdu Cux1/BrdU

Figure 4. Analysisof cortical layer formation ilNEX-Ptenmice at postnatal day O.

Brain sections fronpostnatal day 0 (PQYEX-Ptenwildtype (WT) and knockout (KOinice were
processed for immunofluorescence staining using Reln (a, b) or Tbrl (c, d) antibodies. BrdU was
injected into a pregnant dam to laloiliding cellsat E15.5. Brain sections were processed for
immunofluorescence staining using BrdU and Cuxibadies (eh). Confocal images reveal

that Reln is predominantly expressed in the marginal zone of the cortex:-lab®ld neurons

are present in the deep layers of the caudal cerebral cortex HPREXVT and KO mice. Cells
labeled with BrdU(red) and Cuxl1 (greer@dre predominantly in the upper layers of the cerebral

cortex in both genotypes. Scale bars = 100 um (a, b), 200 pm (c, d), 100m (e
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Analysis of the?I3K/Akt/mTOR Pathwagnd other Signaling Cascad&sNEX-Pten Forebrain

Since Pten is a negative regulator of the PI3K/Akt/mTOR pathway, loss of Pten function
should resutlt in altered signaling in the forebrain of NEE¥nKO mice. Usingsemiquantitative
Westernblot analyses, PO forebrain lysate from multiple mice {&=Ber genotype) were
analyzed to evaluate several components of this signaling cast@déern blot &lues for
proteins of interest were normalized to appropriate loading controls getim, total Akt, total
S6 to take into account potential protein translation c r eases (due t o mTORCL1:
protein translation and synthes) loading variability. In NEX-PtenPO forebrain lysate, there
was a progressive reductiarf Ptenlevels in Het and KO mice compared to WT controls
(Figureba, b, d). NE>PtenKO mice had significantly less Ptétman WT littermatest(4)=3.851,
p<0.@®@]. ANOVA analysisrevealed a effect of genotype due to loss of Ptg(2,6)=9.862,
p<0.03, with significant differences between NERten WT and KO miceflDunnett 6 s post
test, p<0.0h While Pten wasnodestlydecreased in NEERtenHet forebrain(0.7 fold of WT)
this was not statistically different than WT Pten leveloss of Pten in NEXPtenKO mice led
to dramatic increases in Akt phosphorylation at two separate sites, 4€3i(teer473 mediated
by mTORC2 and threonine 308Thr308 target of PDKZ1)which were significantly increased
compared to WT [t(4)=5.848 and 5.044, respectivetg091] (Figure5ac). ANOVA analyses
revealed an overall effect of genotype for both Akt phosphorylation sites [F(2,6)=28.49 and
25.06, for Ser473 and Thr308respectively, §<0.002], with NEX-Pten KO mice having
significantly higher levels thanWT controls[ D u n n gost that ®est, p<0.05].While Pten
deficiency increased phosphorylation of Akt, total levels of Akt were not affeEigaré5ac).
These data indicate that loss of Pten tednlincreased activity of PI3ENnd mTORC2 in NEX

PtenKO mice without affecting the gross level of Akt protein
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Figure 5. The PIBK/Akt/mTOR signaling pathway is upregulated in the postnated éagbrain

/
o o

of NEX-Ptenknockout mice.

a) RepresentativéVesternblots of Pten, phosphakt serine 473 (pAkt Ser473), phosphékt
threonine 308 (@kt Thr308) and total Akt proteins in NERten wildtype (WT), heterozygous
(Het) andknockout (KO) forebrainat postnatal day 0 (P.Ob) RepresentativéVesternblots of
Pten, phosph&6serine 240/244p-S6), Grb10 and actiproteins inPONEX-PtenWT, Hetand
KO forebrain lysate.Semiquantitative analyes reveals thabks of Pterfnormalized to actinjn
NEX-PtenKO forebrainresultsin significantly increased phosphorylatiaf Akt (c) (normalized
to total Akt) and downstream targets of mTORQ) (normalized to actin) compared to WT

forebrain (*p<0.05).Imagesrepresentlata from 36 mice per genotype.

Next, Western blot analyses evaluated downstream targets of mTORCLding
ribosomal protein S6 and Grb10, a newly identified substrate of mT@Rs€ilet al., 2011; Yu

et al., 2011) PhospheS6 protein expression wascreagd in NEXPtenKO forebrain although
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thsdid not reach statistical stesgyWT\Vs.iKOonannee when
way ANOVA (Figurebh d). Grbl0, which is stabilized through phosphorylation, was
significantly elevated in NE?Pten KO mice compared to WT littermates [t(8)=4.084, p<0]004
(Figurebb, d). There as an overall effect of gene dosame Grb10 [ANOVA: F(2,12)=14.02,
p<0.001], with NEXPten KO levels being significantyh i gher t han WTpodtevel s
hoc test, p<0.05]. Loss of Pten did natiter mTOR phosphorylation at Ser24@8gure6a, h)
This phosphorylation evens thought to bemediated byp70 S6 kinase (S6K1jChiang and
Abraham, 2005) although earlier reports suggestis mediated by Akt(Nave et al., 1999)
Phosphorylation 0§6K1 at threonine 389 (Thr389), which correlateithvp70 kinase activityn
vivo (Weng et al., 1998)ended to be increased in NEXenKO forebrain, but this did not reach
statisticalsignificance (Figure6a, b).Similarly, phosphorylation of theranslationalrepressor
4EBP1was increased in NERten KO mice although this was not statisticalsignificant
(Figure 6a, h) Phosphorylation of theranslationalinttiation factor elF4E however, was
significantly increased in NERten KO forebrain lysate compared to WT controls [t(8)=2.954,
p<0.02] (Figure @, b). Therevas also a marginal effect genotype on elF4E phosphorylation
levels [ANOVA: F(2,6)=4.683, p<0.0p 4EBP1 binds to elF4E to inhibit cagependent
translation put phosphorylation of 4EBPdisrupts this interaction, allowing the activation of cap
dependent translatiqiPause et al1994) Given this, and that increasexéls of phosphorylated
elFA4E are correlated with translational upregulatiearic et al., 2010; Shveygert et al., 2010)
these data suggestat loss of Pten leads to increased protein translationhgsemTORC1
downstream effectors.

The PI3K/AK/mTOR pathway is integral for mafynctions including cellular growth
and protein synthesis. mTORC1, a central mediator of these processeslaiedelgy a number
of upstream signaling cascades outside of Akt, including the extracetgilated kinase
(Erk1/2; also known as p44/42 MAP kindqd€arlson et al., 2001; Winter et al., 201dhich

promotes MDRCL1 signaling througiTSC2 phosphorylatian Here, Westernblot analysis
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revealedthat NEXPten KO mice haveincreased phosphorylation offkd/2 in the forebrain
compared to WT mice [t(8)=2.954, p<0.0@igure 6c, d). There was alsoraeffect of Pten
deficiency on Erk phosphorjation [F(2,12)=4.657, p<0.04].NEX-Pten Het mice were
significantly higher than WT mice, while KO mice were marginally elevated compared to WT

[ Du n npast ho©VET vs. Het,p<0.05; WT vs. KO, p&.1]. This is in line with previousn

vitro studies that have shown Pten can inhibit Erk1/2 phosphory@tiemg et al., 2001; Gupta

and Dey, 2012)Akt has many targets outside of mTOéhe o f which is GSK36b,
regulatorof glycogen synthesis and cell fai&/elsh et al., 1996) Phosphoryatati on
Ser9by Akt inhibits its activity(Cross et al., 199%nd has been noted in othetenconditional

mutant mousemodels (Zhou et al., 2009) However, despite robusictive/tion of Akt, no

increase n GSK3Db phospho rNeX-RdanK® foreblain(Figure s wa s
6c, d). Taken together, tlse data suggest Pten deficiency in excitatory neurons of the forebrain
leads to excessive activatioof manycomponents of the PI3K/Akt/mTOR signaling pathway

well as other signaling cascadssach as the MAPK pathway leading to Erk1/2 phosphorylation
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Figure 6. Effect of Pten deficiency on additional components of the PI3K/Akt/mTOR signaling
cascade anthe MAPK pathway

a) Representati@/esterrblots of phosphanTOR serine 2448 (MTOR), mTOR, phosphp70

S6 kinasethreonine 389 (56K1), phosphe4dEBP1 (p4EBP1), 4EBP1, phosphalFAE serine

209 (pelF4E) and total Akt proteins in NERten wildtype (WT), heterozygous (Het) and

knockout (KO) forebrain lysate at postnatal day 0 (BPBSemiquantitative analysis dVedern

blots reveal that NE>PtenKO forebrains have higher levels opF4E (normalized to total Akt)

than WT forebrain (*p<0.05). Loss of Pten did not alter levelp-0iTOR (normalized to

MTOR), pS6K1(normalized to total Akt), or-dEBP1 (normalizedot4EBP1). cRepresentative
Westernblots of phosphdcrkl/2 threonine 202/206-Erk), total BEk1/2, phospheGS K3 b s er i ne
9(pGSK3b), and t ot aPtenVWTHethd KO forebrain lydate at PO.SHmi

guantitative analysis diVesternblots indicate that NExten Het KO forebrains have higher

levels of pErkl/2 (normalized to totakrk1/2), butnot pGSK3b (nor mali zed to
compared to WT f-stéh vsaKOfp<q.05t uDduenmposdhsttedis WT

vs. Het, +p<0.05. Images represent data fror653nice per genotype.

Increased activity of the PISK/Ak/mTOR pathway may result in alterations in signaling
cascades that are important @ther brain functions, such as migratioreuronal differentiation
and synaptic function. Dabl is an adaptor proteirich acts ashe main effectorof Reln
signaling for proper cortical layer formation during developmentevels of Dabl were
significanty increased in NEXPten KO, but not Het, mice [orsample itest: t(2)=5.267,
p<0.04] Figure 7a,b) The onesample #testwas used for this analysis because samples were run
on different blots with one WT per blot and therefore, no variability could be calculated for the
WT samples. Dabihcreasesnay have resulted in the cellular layer distortion seen in the-NEX

Pten KO cortex (Figures 3 and 4)To determine if loss of Pten had consequences on neuronal
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differentiation, the mature neuron rkars MAP2 and NeuN were evaluated. While no changes
in NeuN were detected in NERten mutants, MAP2 protein expression was significantl
increased in NEXPtenKO forebraincompared to WT mice [t(10)=2.473, p<0.@&jgure 7c, d).
The effect of genotype on MAP2 was marginal [AN@V F(2,15)=3.098, p<0.08].In
immunofluorescencstudies MAP2 from NEX-PtenKO cortexappeared to havequalitative ly

higherfluorescentsignalthan WT cortexwhen imagesveretaken at the same exposyfégure
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Figure 7. Altered expression of proteins involved in brain development and synapse formation.

Fold Change over Wildtype

a) RepresentativéVesternblots of Dabl and actinproteins in NEX-Pten wildtype (WT),
heterozygous (Het) and knockout (KO) forebrain at postnatal day 0 (P0). bySemiative
analysis of Western blots revealed that NERten KO mice have higher levels of Dabl
(normalized to actin) in the forebrain (eBample ttest, *p<0.05). c) Representatiiestern
blots of MAP2, NeuN, neuroligin 1 (Nlgl), neuroligin 3 (NIg3) and actin levels in PO-R&EX
WT, Het and KO forebrain. d) &®&-quantitativeWesterrblot analyges indicates that NEsRten

KO mice have significantly higher levels of MAP2, but not NeuN, Nigl or Nig8malized to
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actin), compared to NEXPten WT mice (*p<0.05). Data were obtained fror63mice per

genotype.

Characterization of Synaptic Proteins and lonotropic Glutamate Receptor Protein Expression

To investigate if Pten deficiency affects synapse formaWdasternblot analyses of
neuroligin 1 (Nlgl) and neuradin 3 (NIg3) were performed. Neuroligins are postsynaptic cell
adhesion proteins which aid in the maintenance of neuronal synapses by acting as ligands for
neurexins, located on thmesynaptic membrar&abrichny et al., 2007)Neither Nlglnor Nig3
were changed bftendeletion (Figure 7c,)d Further, ionotrom glutamate receptor subunits
were analyzed to determine if loss of Pten altered synaptic function in excitatory neurons. Three
NMDA receptor subunits, NR2A, NR2B and NR1, were significantly increased in the forebrain
of NEX-Pten KO mice compared to WT aotrols [t(10)=2.627, £0.03; t(8)=3.659, p<0.01,;
t(4)=3.038, p<0.04respectively (Figure 8a, c). Although there was nwverall effect of
genotypeon NR2A levels, there was an overall effeEgenotypeon NR2B and NR1 due ttoss
of Pten[NR2B: F(@2,12)=5.323, p<0.03; NR1: F(2,6)=5.646, p<0.08EX-Pten KO forebrains
hadsignificantly moreof eachof these receptor subupkoteirs comparedto WT Dunnpest t 6 s
hoc tess, ps<0.05). Althoughthe loss of ond>tenallele in NEX-Pten Het forebrainincreased
NR2A, NR2B and NR1 levels, these were not significantly different from WT corirels Pten
was haplosufficient)Conversely NEX-Pten KO mice had significantly lower protein levels of
NR3A, but not NR3B, in the forebrain, compared to WT mi¢é)$2.982, p<Q05] (Figure 8b,
d). There was alsmaffectof gene dosagen NR3A protein level§F(2,5)=8.129, p<0.03]such
that both NEXPten Het and KO mice differed significantly from WT mi¢geD u n npest hod s
tess, WT vs. Het, WI' vs. KO, ps®9.05]. Levels of the AMPA receptor subunit GIuR1 were not
affected byPten deficiency (Figure 9). However, protein levels of GIuR2/3 AMPA receptor
subunits were increased in NEXen KO mice compared to WT [t(4)=3.049, p<0.04], with no

overall effect ofgenotype on GIluR2/3 levels (Figure 9)These data suggest that los$tEnin
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forebrain excitatory neuronselectivelyaffects the protein expression séveral, but not all,

NMDA and AMPA subunits

Figure 8. Abnormal expression of NMDA receptor subunits in the forebraimewafbornNEX-
Ptenmice.

a) Representati@/esterrblots of the NMDA receptor subunits NR2A, NR2B, NR1 and actin in
PO NEXPtenwildtype (WT), heterozygous (Het) and knockout (KO) forebedipostnatal day 0
(PO). b) Representativé/esterrblots of the NMDA receptor subunits NR3A, NR3B and actin in
PO NEXPten WT, Het and KO forebrain. c) SemuantitativeWesternblot analyses revealed
that NR2A, NR2B and NR1 (normalized to actin) are iiggintly increased in NEXPten KO
forebrain compared to WT. d) Senuantitative analyses dtesterrblots indicate that NR3A is
significantly decreased in NERten Het and KO forebrain compared to WT, but that NR3B
remains unchanged between genotypes3AIBnd NR3B were normalized to actin. Data were

obtained from & mice per genotype. *p<0.05.

































































































































































































