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Abstract
The Pten gene is a critical part of the mTOR pathway, encoding for cell growth. Mutation of the Pten gene in children results in enlargement of the head, epilepsy, and cognitive deficits on the Autistic Spectrum. The animal model was created to selectively knockout (KO) the gene in hippocampal granule cells and to observe their developmental growth characteristics and integration into the entorhinal cortex-hippocampal pathway. A recent study showed that this animal model also exhibited difficulties in reconciling new information and associating a familiar goal cue with novel spatial locations. We studied a genetic rescue of this phenotype through double KO (DKO) of Pten and Raptor genes in the mTOR pathway, which has been shown to rescue neuronal hypertrophy associated with Pten KO. We hypothesized that correction of Pten KO associated dendritic overgrowth in dentate gyrus granule cells will also rescue spatial cognitive deficits. However, Pten/Raptor DKO mice exhibited significantly worse performance than controls on the spatial accuracy task, most notably during the hidden cue session. One likely reason for this poorer performance is that DKO mice showed thigmotaxic behavior in the open arena in response to elimination of olfactory cues and removal of the hidden cue, suggesting neophobia. As morphological rescue was not found to rescue cognitive deficits, this strongly suggests that non-canonical mechanisms of mTOR may significantly affect entorhinal-hippocampal network activity and emotional responses to spatial novelty in the DKO model. 
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Introduction
The mTOR Pathway
The mammalian target of rapamycin (mTOR) pathway is a nutrient sensor responsible for growth and metabolism in tissues. It is named from rapamycin, the anti-fungal compound derived from soil bacteria, which inhibits mTOR signaling (Takei and Nawa, 2014). In the brain, this pathway is known for its role in regulating gene transcription and protein synthesis along with synaptic plasticity. It acts as a downstream site of convergence for neurotransmitter signaling through receptors involved in neuronal functioning and plasticity, most notably all receptor tyrosine kinases, and both dopaminergic and metabotropic glutamate receptors (Hoeffer and Klann, 2010). Its role in regulation of neural function, plasticity and development implicates mTOR signaling disruption as a mechanism in neurodevelopmental and neurodegenerative disorders (Takei and Nawa, 2014).
	mTOR regulates cell growth and translation by assembling multi-protein signaling complexes that control signaling, determine subcellular localization and regulate substrate specificity (Hoeffer and Klann, 2010). mTOR is a serine/threonine protein kinase that nucleates two protein complexes, mTORC1 and mTORC2. mTORC1 contains Raptor, a structural protein involved in regulation of assembly, localization, and substrate binding of mTORC1 (Laplante and Sabatini, 2012). Raptor competes with rapamycin to bind to mTOR, resulting in disruption of mTOR-protein complex formation and inhibition of mTOR signaling upon rapamycin binding (Kim et al., 2002). mTORC2 similarly contains the binding partner Rictor and is largely thought to act through a rapamycin insensitive manner (Jacinto et al., 2004). Although, free mTOR interacts with rapamycin when newly formed, causing chronic rapamycin treatment to inhibit mTORC2 activity as well (Chen et al., 2019). 
mTORC1 also contains the proline-rich Akt substrate 40 kDa (PRAS 40), which regulates the interaction between mTOR and its substrates (Wang et al., 2007). mTORC2 exclusively contains mammalian stress-activated map kinase-interacting protein (mSin1), a scaffolding protein that regulates assembly and interaction with a specific kinase, serum-and glucocorticoid-induced protein kinase 1 (SGK1), and protein observed with Rictor 1 and 2 (protor1/2), which increases mTORC2 mediated activation of SGK1. Therefore, mSin1 is essential for proper mTORC2 formation and activity. This structure also contains mammalian lethal with Sec13 protein 8 (mLST8), which is essential to mTORC2 function as its knockout reduces complex stability and activity (Laplante and Sabatini, 2012). mTORC2 also contains Deptor, which is the only characterized endogenous inhibitor of mTORC2, but also functions as a negative regulator of mTORC1.  Both mTORC1 and mTORC2 contain mLST8 and Deptor, but mLST8 deletion has no effect on mTORC1 activity (Peterson et al., 2009). 
 mTORC1 responds to amino acids, stress, oxygen, energy, and growth factors. It promotes cell growth and proliferation through anabolic processes, including lipid and protein biosynthesis. It also limits catabolic processes such as autophagy (Laplante and Sabatini, 2009). An upstream regulator, and one of the most important regulatory sensors, of mTORC1 is the heterodimer hamartin/tuberin (TSC1/2 complex) which functions as a GTPase-activating protein (GAP) for the Ras homolog enriched in brain (Rheb) GTPase. When bound to GTP Rheb interacts with mTORC1 and stimulates kinase activity, however TSC1/2 converts Rheb into being GDP-bound, thus negatively regulating its activity and inhibiting mTORC1 activity (Tee et al., 2003). 
The GTP-bound Rheb activated signaling upstream of mTOR is regulated by insulin and insulin-like growth factor 1 (IGF1), which modulate signaling through stimulating the phosphoinositide 3-kinase (PI3K) and Rheb pathways (Avruch et al., 2004). Such effector kinases are protein kinase B (PKB or Akt) and ribosomal S6 kinase (S6K1). These kinases phosphorylate the TSC1/2 complex, thus inactivating the complex and activating mTORC1. In a pathway independent of TSC1/2, Akt can signal to mTORC1 by phosphorylating PRAS40, causing the dissociation of Raptor and inhibiting mTORC1. PI3K phosphorylates phosphatidylinositol 4,5- bisphosphate (PIP2) into phosphatidylinositol 3,4,5-triphosphate (PIP3). PIP3 acts as a second messenger and directly phosphorylates and activates mTORC2 along with pyruvate dehydrogenase kinase 1 (PDK1), which phosphorylates and activates Akt (Vivanco et al., 2002). Activation of the mTOR-dependent PI3K-Akt pathway regulates the complexity of neuronal dendritic arborization, increasing the dendritic branching and arbor shape (Jaworski et al., 2005). 
mTORC1 additionally phosphorylates S6K1/2 and eukaryotic translation initiation factor 4E (eIF4E) – binding protein 1 (4E-BP1) in response to inactivation of the TSC1/2 complex, leading to increased translation (Feldman et al., 2009). The phosphorylation inhibits 4E-BP1, displacing the protein and facilitating the formation of eIF4E, resulting in enhanced initiation complex formation and subsequent up-regulation of protein translation of 5’ guanine cap-containing mRNA (Marygold and Leevers, 2002). Once S6K is phosphorylated by mTORC1 it goes on to phosphorylate the ribosomal protein S6, resulting in the stimulation of protein synthesis (Hardt et al., 2011). mTORC1 also activates transcription programs mediated by the sterol regulatory element-binding protein 1 (SREBP1), promoting lipid and cholesterol production (Zhu et al., 2022). 
Upstream regulation of mTOR is influenced by receptor tyrosine kinases activating PI3K. The insulin receptor substrate (IRS) proteins are recruited to activated receptors upon insulin binding. Binding of insulin to its receptor recruits the insulin receptor substrate 1 (IRS1), along with other receptor tyrosine kinase activation such the Eph receptor (EphR) and the epidermal growth factor receptor (EGFR) produces PIP3 via PI3K activation, and recruits and activates Akt at the plasma membrane. Here, IRS proteins are phosphorylated which generates binding sites for the recruitment of downstream signaling effects, including PI3K and growth factor receptor-bound protein 2 (GRB-2) (Landis and Shaw, 2014). Activation of mTORC1 can repress the upstream PI3K-AKT axis. IRS can be destabilized and inhibited by S6K1 phosphorylation through activation of mTORC1. This is known as the S6K1-dependent negative feedback loop and is important in metabolic diseases and tumorigenesis (Laplante and Sabatini, 2009). 
Phosphatase and tensin homolog (PTEN), widely known for its role as a tumor suppressor, counteracts the upstream PI3K activity in mTOR pathway activation by dephosphorylating PIP3 to PIP2, thus reducing normal PIP3 production and PIP3 phosphatase activity. This reduces PIP3-dependent signals that activate mTORC2 directly and mTORC1 through the PDK/Akt pathway (Vivanco et al., 2002). Therefore, PTEN is an upstream regulator of the activity of both mTOR complexes. As an upstream negative regulator, disruption of PTEN diminishes its inhibitory regulation and leads to overactivation in the mTOR pathway. Activated p53, a tumor suppressor gene, in response to DNA damage also increases PTEN and TSC2 transcription, which are both negative pathway regulators (Feng et al., 2005). 
mTORC2 is involved in cell survival, metabolism, proliferation, and cytoskeleton organization. The cell survival, metabolism, and proliferation are dependent on Akt activation, done by mTORC2 phosphorylation on the Akt Ser473 site (Guertin et al., 2006). A target of activated Akt is forkhead box O1/3a (FoxO1/3a), a nuclear transcription factor that controls gene expression involved in stress resistance, metabolism, cell-cycle arrest, and apoptosis. This gene is activated in response to mTORC2 deactivation, therefore reducing its phosphorylation of Akt (Laplante and Sabatini, 2009). mTORC2 additionally regulates SGK1, which also regulates FoxO1/3a via phosphorylation, thus regulating cell metabolism and apoptosis (García-Martínez et al., 2008). 
The role of mTORC2 in cytoskeletal organization isn’t clearly understood. It is thought PIP3 stimulates actin cytoskeleton reorganization via the recruitment of the Rho family GTPases, Rac and Rho. This family is responsive to synaptic activity and regulates dendritic spine physiology. The Rho family of GTPases form a signaling super-complex with each other and mTORC2, phosphorylating AKT and regulating the actin cytoskeleton. (Senoo et al., 2019). A simplified mTOR pathway and its effects on tissue growth is shown in Figure 1. 

The mTOR Pathway in Human ASD, Macrocephaly, and Epilepsy
Mutations in mTOR regulatory genes comprise a subset of neurodevelopmental disorders known as mTORopathies. In response to genetic or environmental insults, there are loss of function mutations in negative regulators of mTORC1, and therefore mTORC1 signaling is hyperactivated. Common symptoms of mTORopathies are epileptic seizures, macrocephaly, autism spectrum disorder (ASD) and benign tumors or cystic growths (Moloney et al., 2021). 
Autism Spectrum Disorder (ASD) is a neurological and developmental disability characterized by impairments in social communication and interaction along with restricted interests and repetitive behaviors (American Psychiatric Association, 2013). Symptoms generally appear within the first two years of life, thus the description as a “developmental disorder”, however diagnosis can occur at any age. It presents as a “spectrum” due to the variation in type and severity of symptoms. As of 2020, about 1 in 36 children have been identified with ASD, and it is more than 4 times more common among boys than girls. ASD has been reported to occur in all racial, ethnic, and socioeconomic groups (Center for Disease Control and Prevention, 2020). Individual behavioral presentations can range from severely cognitively impaired to superior cognitive ability, with decreases in social function and quality of life common across cognitive levels (Frazier, 2019). Intellectual disability is present in around 30% of ASD cases. Co-occurring medical and mental health conditions are common, including seizure disorder, attention-deficit/hyperactivity disorder (ADHD), and anxiety. As many as 90% of individuals with ASD have at least one co-occurring medical or mental health condition, with at least 25% having a severe behavioral disturbance (Salazar et al., 2015). 
The majority of ASD cases are idiopathic, or spontaneous and unknown. The exact percentage of idiopathic ASD isn’t well known, but the NIH estimates approximately 85% of individuals with ASD to have an unknown cause (National Institute of Health, 2019). However, genetics, biology, and environment have all been shown to be important factors in ASD development (Center for Disease Control and Prevention, 2020). Only around 15% of ASD cases have a known genetic etiology (National Institute of Health, 2019), however the heritability, found from twin studies, is around 50-90% (Frazier, 2019). Known environmental risk factors of ASD include advancing parental, mainly paternal, reproductive age, pregnancy complications, maternal infection, and prenatal exposure to psychotropic drugs such as valproic acid (Guang et al., 2018). 
Macrocephaly, defined as the head circumference is above the 97th percentile, or above 2 standard deviations (Jones and Samanta, 2022), is present in around 15% of ASD cases. A link between PTEN mutations and ASD has been established, with 17% of macrocephalic ASD, or 2% of all ASD cases, relating to PTEN mutations. Additionally, 25-50% of children with PTEN mutations are diagnosed with ASD (Frazier et al., 2019). In a study of PTEN-ASD patients found an even larger head circumference than ASD with macrocephaly without PTEN mutation patients. Additionally, PTEN-ASD patients showed significantly lower IQ, processing speed, and working memory than patients with macrocephaly and ASD and patients with ASD alone. PTEN-ASD patients also showed weaker adaptive functioning (Frazier et al., 2015). 
Epilepsy is a neurological disorder defined by two or more unprovoked seizures in one’s lifetime (World Health Organization, 2023). A more clinical diagnostic considering the spectrum of the disorder includes the predisposition to generate epileptic seizures along with their neurobiological, cognitive, psychological, and social consequences (Fisher et al., 2014). As of 2015, 1.2% of the US population had active epilepsy, meaning currently taking medication and/or had one or more seizures in the past year (Center for Disease Control and Prevention, 2023). Epilepsy is the fourth most common neurological condition, where 1 in 26 people will develop epilepsy during their lifetime (Hesdorffer et al., 2011). Close to a third of patients will continue to have seizures despite medical therapy (Griffith and Wong, 2018). More than 50% of patients with epilepsy have cognitive and neuropsychiatric comorbidities, defined as significant association of two conditions in a patient, such as memory and attention impairments, psychosis, anxiety, and depression (Talos et al., 2018). Co-occurrence of ASD and epilepsy was found in 30% of children with either disorder (Talos et al., 2012). 
	The mTOR pathway has been shown to be important in some epileptic modulation. Enhanced mTOR activation has been associated with many subtypes of malformations of cortical development (MCD), which are highly associated with medically intractable epilepsy, along with intellectual disability and ASD. mTOR pathway variations are particularly associated with focal cortical dysplasia (FCD), which itself is highly associated with intractable epilepsy. Additionally, PTEN mutation has been found in patients with macrocephaly, seizures, and ASD (Crino, 2015).  Temporal lobe epilepsy (TLE) is the most common form of epilepsy in adulthood and is also the most common drug-resistant epilepsy syndrome. A study of surgically resected hippocampal and temporal lobe samples of intractable TLE patients showed highly increased activation of both mTORC1 and mTORC2 complexes. This increased signaling suggests the mTOR pathway may be involved in TLE pathology (Talos et al., 2018), along with other forms of epilepsy. 

Animal Models of Human mTORopathies
As mutation in PTEN has been implicated in patients with macrocephaly, epilepsy and ASD animal models are important to study phenotypic effects of such mutation. PTEN is highly expressed in neurons and is important for neuronal functioning. Loss of PTEN function during early stages of development in rodent models results in deficits involving neuronal growth, synaptogenesis, and synaptic plasticity (Blair and Harvey, 2012). A main feature of this developmental dysregulation is dendritic and spinal hypertrophy in neurons, along with larger neurons and synapses. It was found that deletion of Pten in later developmental stages in pyramidal neurons of CA1 of the hippocampus does impair long-term potentiation and long-term depression of excitatory synaptic transmission (Sperow et al., 2012). This therefore suggests PTEN involvement in neuronal migration and cellular hypertrophy is independent from the direct involvement of PTEN in synaptic plasticity and excitability.
 While CA1 mostly consists of differentiated cells, the dentate gyrus of the hippocampus, the gate for cortico-hippocampal input, contains a large number of proliferating neuronal progenitor cells, still in development, that give rise to excitatory neurons in not only young but also adult hippocampi (Eriksson et al., 1998). As the dentate gyrus is a more neurogenic region it has a higher level of growth signal activation, and thus a larger magnitude of PI3K pathway activation, which could result in a larger rate of morphological abnormalities with Pten deletion (Blair and Harvery, 2012). This is consistent with a study showing Pten knockdown through short hairpin RNAs (shRNAs) in the dentate gyrus led to an increase in the size of granule neurons, dendritic spines, and the frequency of miniature excitatory postsynaptic current (mEPSC) of both young and mature mice, suggesting loss of PTEN function circuit disruption in the dentate gyrus granule cells can occur beyond early development (Luikart et al., 2011). Another study using a neuron-specific enolase (Nse) promoter-driven Cre transgenic mouse line to delete Pten in mature neurons in the cerebral cortex and hippocampus resulted in macrocephaly and neuronal hypertrophy. This study also found behavioral differences in the mutated mice, where they exhibited deficits in social interaction, shown through social paradigm tests. These mice showed exaggerated reactions to sensory stimuli, anxiety-like behaviors, seizures, and decreased learning, all of which are features associated with ASD.  Measuring PTEN signal during various stages of murine development indicated that Pten deletion accompanied differentiation and maturation of dentate granule neurons (Kwon et al., 2006). 
In a study of retroviral gene deletion with electrophysiological and morphological measures Pten knockout (KO) cells required more current injection to reach spike threshold (Williams et al., 2015). Newborn granule neurons fired at increasingly hyperpolarized membrane potentials, but the action potential threshold in Pten KO neurons was at an even more hyperpolarized membrane voltage. More current was required to cause an action potential, but the action potential was initiated at a lower membrane potential. For firing action potentials, Pten KO needed greater current injection to fire but fired at more hyperpolarized membrane voltages and reached higher peak frequencies. Even though needed more direct current to reach threshold, the Pten KO neurons fired more and at lower stimulation intensities, suggesting Pten KO cells need more current because their membrane surface is larger and thus needs more current to charge, but were more sensitive to depolarizing synaptic input. Additionally, Pten KO increased EPSC amplitude, suggesting synaptic excitation is disproportionately increased. This study postulated the hyperexcitability of Pten KO neurons is mainly explained by an increased recruitment of excitatory synaptic input, suggesting the hypertrophic neurons necessitate an increased excitatory current to fire. This study also determined that increased sensitivity of Pten KO neurons was partly due to a higher density of synapses located closer to the soma (Williams et al., 2015). 
The mechanism behind Pten- loss dependent dendritic overgrowth has been suggested to involve an increase in microtubule polymerization due to the overactive mTOR pathway’s role in increased translation, lipid synthesis, and cytoskeletal polymerization. In a study of Pten KO via a retrovirus injected into the dentate gyrus, this gene loss resulted in hypertrophy and increased migration. In assessing hippocampal cultures of dendritic growth cones, it was found those from Pten KO neurons had an increased microtubule polymerization rate in a manner independent of mTORC1 protein synthesis regulation. This study also found that pharmacological reduction of microtubule polymerization rate through vinblastine was sufficient to reduce dendritic overgrowth in Pten KO neurons. Treatment with vinblastine also rescued spatial cognitive deficits, indicating morphological changes in the dentate gyrus can lead to spatial memory deficits.  Reversing such morphological changes could possibly rescue spatial deficits (Getz et al., 2022). 

The Spatial Accuracy Task as a Measure of Cognition 
The hippocampus is important for human declarative memory, and in animals it mediates both non spatial and spatial declarative memory. Spatial memory, important in environmental learning and spatial orientation, in rodents can be considered comparable to declarative memory in humans as both are manifestations of the same hippocampal mediated cognitive function (Bunsey et al., 1996).  The hippocampus contains neurons known as place cells, which fire in response to specific environmental regions, called place fields (Grieves et al., 2020; J. O'Keefe, 1976; John O'Keefe & Nadel, 1978). In response to environmental changes place cells can respond as if processing abstract spatial information, allowing for not only creation of a “cognitive map”, but also for spatial representations to be “remapped” onto place cells that were previously inactive or weakly active (Muller and Kubie, 1987). 
It’s been found that entorhinal projections to the hippocampal area CA1 and the dentate gyrus are necessary for linking external spatial stimuli to an internal spatial framework. The coupling of theta and gamma frequencies for neuronal activity has been shown to be necessary for processes underlying spatial cognition (Fernández-Ruiz et al., 2021). The hippocampus receives inputs from the neocortex through parahippocampal interface structures, most notably the entorhinal cortex. Through this input, temporally organized relationships, or “cognitive maps” composed of spatially tuned cells are constructed (McNaughton et al., 2006). The lateral and medial entorhinal cortex (LEC and MEC, respectively) receive inputs from two different streams of cortical input. The LEC receives object processing ventral (“what”) inputs through the perirhinal cortex while the MEC receives spatial dorsal (“where”/ “how”) inputs through the postrhinal cortex ( Fernández-Ruiz et al., 2021; GoodSmith et al., 2022; Hargreaves, Rao, Lee, & Knierim, 2005; Knierim, Neunuebel, & Deshmukh, 2014). The LEC processes the sensory stimuli in space, while the MEC’s grid cells and hippocampal place cells for a map-like representation of space (Moser et al., 2014). The entorhinal projections converge on the dentate gyrus granule cells, where the LEC synapses on the outer molecular layer (OML), using slow gamma oscillations to mediate object memory, and the MEC synapses on the medial molecular layer (MML), using fast gamma oscillations to govern spatial memory (O’Keefe & Nadel, 1978).  During a spatial learning task, a study found an increase in synchrony of fast gamma between the MEC and dentate gyrus, associated with increased power of projected fast gamma in the dentate gyrus. Additionally, the MEC fast gamma input more effectively engaged granule cells, which was specifically enhanced during spatial learning, suggesting granule cells are a part of the spatial system controlled by the MEC (Fernández-Ruiz et al., 2021). 
	The appetitive operant reward spatial accuracy task is used to assess spatial learning and memory involved in this circuitry. It contains a visible and hidden goal session modeled after the Morris Water Maze, examining both reference and working memory and has been shown to analyze hippocampal mechanisms in place-navigation (Morris et al., 1982). The spatial accuracy tasks contains both a goal-directed navigation mode for spatial behavior, where the animal seeks the goal zone, along with random searching for the food pellet reward dropped randomly in the arena (Kloc et al., 2022). In the Morris Water Maze, the cued version requires stimulus- response or beacon strategies, using the dorsolateral striatum or other non-hippocampal structures, making this version hippocampal independent. The hidden goal version involved place navigation and was hippocampal dependent (Morris et al., 1982). Similarly, in the spatial accuracy task there are both visible and hidden cue versions. The visible cue version of the tasks requires goal-directed movement, but minimal cognitive demand. The hidden cue version is more spatial cognitively demanding, as it requires the animal to use distal room cues and a spatial stimulus on the arena wall to remember the goal location, while still involving goal-directed movement (Mouchati et al., 2020). 

PTEN Dysfunction and Seizures
As previously discussed, Pten loss of function in the dentate gyrus has led to altered cellular excitability along with seizures in animal models. Epilepsy comes with recurrent bursts of hypersynchronous neuronal activity that can come from many regions, most commonly in locations with pre-existing recurrent excitatory networks. One common location of that is the hippocampus, where recurrent excitatory connections are used in spatial navigation, learning and memory. As the dentate gyrus is involved in signal relay in the entorhinal-hippocampal circuitry, it is heavily implicated in and studied for its relationship to epilepsy (Krook-Magnuson et al., 2015). In the development of temporal lobe epilepsy, dentate granule cells are abnormally integrated into the hippocampus. Such abnormal granule cells are postulated to impair a “dentate gate”, a part of the hippocampal circuit normally suppressing excess excitation, thus mediating epileptogenesis when impaired by allowing significantly more corticohippocampal throughput to CA3 and then CA1. The mTOR pathway is hyperactivated in granule cells following both neuronal injuries associated with acquired epilepsies and genetic mutations to dysregulate mTOR signaling (Santos et al., 2017). 
In a study where around 27% of Pten in hippocampal granule cells was deleted, the KO cells had a lower input resistance. Additionally, the KO cells tended to fire action potential doublets or triplets, showing a tendency towards burst firing which is similar to the appearance of doublets in granule cells in a model of epilepsy induced from pilocarpine, a M1 muscarinic receptor agonist that induces status epilepticus and chronic spontaneous seizures. In such pilocarpine studies, induced status epilepticus produced a prolonged increase in mTOR signaling. (Santos et al., 2017). 
In humans, acquired epilepsies are not typically associated with mTOR pathway mutations, however enhanced mTOR signaling has been observed in temporal lobe epilepsy. Additionally, in almost all rodent models of epilepsy examined, enhanced mTOR pathway signaling is present (Godale et al., 2022). Furthermore, in epilepsy models, granule cells show mTOR-dependent sprouting of mossy fiber axons, producing more excitatory connections that may contribute to seizures, showing mTOR-dependent changes in granule cells relating to epileptogenesis (Butler et al., 2015). In a study of chronic spontaneous seizures in a pilocarpine rat model, rapamycin treatment, thus inhibiting the mTOR pathway, significantly reduced seizure activity and mossy fiber sprouting. In previously treated rats, epilepsy severity returned when rapamycin was halted (Huang et al., 2010). This implies the mTOR pathways involvement in seizure development but inhibiting this overactivated pathway cannot be done broadly as a treatment.

PTEN Dysfunction on mTORC1 and mTORC2 
The mTOR pathway is highly complex with signaling crosstalk and feedback between both of the mTOR complexes and their effectors. As both mTOR complexes are responsible in regulating downstream effects of the mTOR pathway, they are a promising target for remedy in diseases and deficits relating to loss of Pten function, as they mediate responses to this pathway dysregulation. With PTEN being a negative regulator of this pathway, loss of Pten function has been associated with upregulation of mTORC1 activity (Chen et al., 2019). mTORC1 activation regulates biosynthesis of mRNA and ribosomes, along with upregulating cap-dependent protein translation and lipid biosynthesis. In addition, mTORC1 activation inhibits autophagy and lysosomal biogenesis, creating less factors to break down lipids (Laplante and Sabatini, 2009). Therefore, mTORC1 activation upregulates overall protein and lipid anabolic cell growth while inhibiting the anabolic destruction of those cells. Furthermore, rapamycin, which inhibits mTORC1 activity has been shown to improve behavioral and neuropathophysiological deficits in mice with Pten deleted (Zhou et al., 2009). The implication of mTORC1 in causing abnormally high protein and lipid synthesis leading to autism-like phenotypes and epileptogenesis makes this complex a promising target for remedy of Pten deletion related deficits. 
Although not as much information is known, mTORC2 is not to be overlooked in its pathway involvement. Rapamycin, although commonly thought to be insensitive to mTORC2, when treated chronically has reversed Pten deletion-related phenotypes and has sometimes been shown to suppress mTORC2 activity, however this exact relationship is still unknown. Furthermore, it’s been found that genetic mTORC2 deletion led to longer lifespan, less seizure activity, rescue of ASD-like behaviors, rescue of long-term memory deficits, and normalized neural metabolic changes in Pten-deleted mice (Chen et al., 2019). Therefore, since both mTOR complexes have been implicated in deficits related to Pten deletion, studying relationships between both is important in understanding the pathway and actors in this phenotype. 
Though both mTOR complexes have been shown to be involved in phenotypes associated with Pten loss, there is more information known about mTORC1. To study specific effects of mTORC1 or mTORC2 in Pten loss of function, Raptor or Rictor, respectively, can be genetically deleted along with Pten to show the specific complex associated with any rescue. A study of double knockout of both Pten and Raptor in the dentate gyrus completely rescued neuronal hypertrophy and dendritic overgrowth associated with Pten KO alone. In recording electrophysiology, the Raptor/Pten double knockout (DKO) mice rescued increase excitatory synaptic transmission associated with Pten loss (Tariq et al., 2022). This implicates mTORC1 in creation of the abnormal neuronal growth and synaptogenesis caused by loss of PTEN function. Although Pten deletion associated morphological abnormalities have been shown to be rescued by mTORC1 dysfunction, the double knockout effects on behavioral abnormalities associated with the ASD-associate phenotype of Pten loss has yet to be studied. 

Studying Pten/Raptor Double Knockout Effects on Cognition 
Therefore, this study aims to investigate a genetic rescue to symptoms and abnormalities that have been shown in Pten knockout animal models of ASD with macrocephaly and epilepsy. Dendritic overgrowth associated with loss of Pten function has been shown to be corrected through a pharmacological fix of microtubule polymerization, and that morphologic rescue was sufficient to rescue spatial cognition. However, such fix had negative effects on controls and was not selective to the dentate gyrus, which is necessary in the cortico-hippocampal circuit necessary for spatial cognition measured in the spatial accuracy task (Getz et al., 2022). Therefore, a targeted genetic rescue is a promising approach for targeting a possible reversal of hypertrophy and behavior. 
 mTORC1 has been most associated with being needed to drive morphological and synaptic abnormalities in the Pten knockout model.  Such neuronal changes, the increase in neuronal tissue growth and inappropriately increased excitatory connections, have been hypothesized to underly symptoms of ASD (Tariq et al., 2022). However, such behavioral effects have yet to be studied, and the relationship between neuronal hypertrophy and hyperexcitability and the effect on behavior isn’t known. This is especially relevant since Pten KO mice have been shown to present with behavioral differences and specific cognitive impairments, shown through impaired spatial memory (Kwon et al., 2009; Blair and Harvey, 2012). 
The dentate gyrus is necessary in spatial cognition and has been shown to have an altered balance of excitation and inhibition in Pten KO mice. As gamma frequency coding has been shown to be necessary for spatial learning (Fernández-Ruiz et al., 2021), and such coding becomes impaired as a result of Pten KO-related altered excitability, the dentate gyrus is a primary candidate region for testing the genetic remedy to behavioral abnormalities caused by Pten KO. Furthermore, pharmacological treatment of Pten KO dendritic overgrowth via increased microtubule polymerization in the dentate gyrus was shown to be sufficient to rescue spatial cognitive deficits (Getz et al., 2019).  Therefore, the Pten knockout mouse model can be used as an effective model for ASD with macrocephaly, showing specific behavioral deficits in spatial learning tasks. As spatial learning is governed in the hippocampal dentate gyrus granule cells of the MEC, this site for Pten knockout is promising for phenotypic representation of ASD-associated behavioral and cognitive deficits.
To determine if the morphological rescue that has been shown with mTORC1 disruption in Pten KO mice is sufficient to rescue behavioral abnormalities, spatial memory was tested in mice with a Pten/Raptor DKO in approximately 30% of granule cells in the dentate gyrus (Williams et al., 2015). We therefore hypothesized that Pten/Raptor double knockout in the dentate gyrus will correct dendritic overgrowth and rescue the putative network effects that result in cognitive impairments on the spatial accuracy task
Spatial memory was examined using the spatial accuracy task, as it can measure multiple aspects of cognition, containing random-searching for a food pellet, goal-directed navigation, with varying degrees of cognitive demand depending on the presence or absence of a visible cue, with the visible cue being independent of hippocampus involvement, and the hidden cue being hippocampal dependent. Spatial cognition is commonly tested using the Morris Water Maze (Morris et al, 1982), but the spatial accuracy task provides ability to measure rodent cognition in a more natural environment out of the water, allowing for said multiple cognitive aspects to be examined. Additionally, the dry land of the spatial accuracy tasks allows for future in vivo electrophysiological recording to examine possible excitability rescue in the Pten/Raptor DKO. 

Methods 
Animals 
	All procedures were approved by Dartmouth College’s or the University of Vermont’s Institutional Animal Care and Use Committee (IACUC) and Association for Assessment and Accreditation of Laboratory Animal Care Review Board. Animals were placed on a 12-hour light/dark cycle with chow and water provided ad libitum until food deprived. 12 male mice and 6 female mice were used. As sex has not been shown to interact with neuronal hypertrophy of Pten knockout neurons, sex was not statistically isolated as a biological variable (Santos et al., 2017; Tariq et al., 2022). 

Viral Constructs and Surgery
Ptenflx/flx animals (B6.129S4-Pten tm1Hwu/J with C57BL/6J background from Jackson Laboratory) were crossed with Raptorflx/flx animals (Jackson Labs stock: 013188) to generate Ptenflx/flx Raptorflx/flx animals. Viral injections were done intracranially at p0 or p1. Retroviral constructs containing GFP or mCherry, with or without Cre recombinase (Addgene # 66692, 66693, 66696, and 66700) were generated for the study as previously described (Luikart et al., 2011). At postnatal (P) day 7, 20 WT C57BL/6J mice underwent stereotaxic surgery anesthetized with isoflurane received 2mL retroviral injections into both hemispheres of the hippocampal dentate gyrus (coordinates relative to lambda: x = ±1.3mm, y = +1.55mm, z = −2.3 to −2.0mm), at the rate of 0.3μL/min with 25% of the virus injected at each z-depth. This experimental approach targets newborn granule neurons for genetic manipulation. 10 Pten/Raptor double knockout mice and 8 control mice were used, with 2 mice originally to be Pten/Raptor double knockout, but histology showed miss of viral injection, so they were treated as controls in analysis.
	
The Spatial Accuracy Task
Spatial cognition was assessed using a dynamic spatial accuracy task. Animals were food restricted at 85% of body baseline rate. Animals were to associate a visible bottle cap cue placed approximately in the center of one quadrant of the 76-cm diameter arena with a food reward. Over the course of training with the visible bottle cap cue, the diameter of the goal zone decreased down to 10% of the arena. The location of the mouse was tracked and recorded via a firewire camera (30 Hz sampling rate) placed over the arena and analyzed with Biosignal software (Tracker, Bio-signal Group Corp, Brooklyn, USA) and custom software (MATLAB v R2019A, Mathworks, Natick, MA). Training began with a 2 cm diameter black bottle cap used as the visible cue. The arena consisted of a circular arena over a green painted wooden floor stood on a table off the ground. A polarizing cue card (color code gray 9.5, Color-Aid Corp., Hudson Falls, NY) was placed along the west sector of the arena wall, covering ~45° of arc. The bottle cap was placed ¾ from the arena wall to the arena center in the northeastern quadrant (Figure 2). 
Animals were advanced to successive visible goal phases after reaching a criterion of 20 rewards. Rewards were achieved through correct location and pause time in the goal zone. In phases 1-4 of training, mice needed to pause for 500-ms in the target zone, which started as 51 cm in phase 1, then 28 cm in phase 2, 19 cm in phase 3, and 15 cm in phase 4. This elicited a +5V TTL pulse via a peripheral component interconnect, triggering release of a food pellet reward (Bioserv; 20-mg dustless precision pellets) from a custom overhead feeder, which fell into a random arena location. A refractory reward period of 5 seconds was set to encourage the animal to leave the target area and forage for the fallen pellet before returning to the goal zone to trigger another pellet. In this manner, measures of continuous navigation to and from the goal zone were possible over the course of each 30-min training session. In phase 5-7, the threshold for the dwell-time in the goal zone was increased to 750 milliseconds in phase 5, 1 second in phase 6, and 1.2 seconds in phase 7. After phase 7 with the visible cue, the bottle cap visible goal cue was removed, and the goal zone size and dwell-time remained the same (Figure 3). Starting in phase 5, to prevent the use of olfactory cues, the floor was rotated 180° and cleaned with a soap and water solution followed by 70% ethanol. 

Perfusion 
Animals were euthanized by isoflurane overdosed followed by intracardiac perfusion first with ice-cold phosphate buffered saline containing 4% sucrose (PBS-Sucrose) followed by perfusion with ice-cold 4% paraformaldehyde in PBS-Sucrose (PFA-solution). Brains were postfixed in PFA-solution for 24 hours at 4° then were transferred to PBS-Sucrose at 4°. 

Immunohistochemistry
	Brains were shipped from the University of Vermont to the Geisel School of Medicine at Dartmouth in PBS-Sucrose for slicing and immunohistochemistry. Procedures described in brief here but can be found in detail in a recent Luikart lab publication (Tariq et al., 2022). Coronal brain slices of 50 µm or 150µm thickness were cut and permeabilized. Sections were incubated with primary antibodies for 48 hours. After three 15 min washes with PBS containing 0.4% Triton X- (PBST), sections were incubated for 48 hours with secondary antibodies. After three 15 min washes with PBST sections were mounted in Vectashield on glass slides. 

Statistical Analysis
All graphical representations of the data were performed in PRISM 9 (GraphPad). For spatial accuracy data GEE (General Estimating Equations; SPSS; Armonk, NY), a class of regression marginal model, was used to analyze multivariable relationships between clustered behavioral data for individual animals. Models were adjusted according to the distribution of each analyzed variable, for example gamma with long link model was used for non-normally distributed data while poisson loglinear model was used for count data. Main effects of group x phase (visible phase 1-7 and visible or hidden) interactions are reported as well as the group effects for each performance variable of interest. A Grubbs test at the 95% confidence interval was conducted to determine presence of outliers. 
	
Results 
Immunohistochemistry 
	Animals were classified by the extent of viral hit in the dentate gyrus granule cells. All CTL mice showed unilateral or bilateral viral hit. All but two DKO mice showed unilateral or bilateral viral hits. Examples of CTL and DKO immunohistochemistry showing hits are shown in Figure 4.  One DKO mouse was found to have a very weak bilateral hit and one DKO mouse was found to have no viral hit. Such DKO mice were classified as CTLs for analysis due to the lack of strong viral double knockout. 

The Spatial Accuracy Task Visible Cue Sessions
In the spatial accuracy task, both control (CTL) and Pten/Raptor DKO mice were largely able to learn the visible cued training sessions. However, DKO mice (n=8) showed a higher dropout rate in the visible cue sessions, with 4 DKO mice being unable to learn the task by the time they qualified for the hidden cue session, as opposed to all CTL mice (n=9) learning in the visible cue sessions (Figure 5). A contingency analysis showed DKO mice were significantly more likely to be unable to learn the cued task (p = 0.0294) (Table 1). One CTL mouse didn’t reach the reward criteria during all visible cue session; however, this mouse was an interesting case to be looked at individually. This mouse appeared to know the location of the cue, but seemed to develop an aversion to the cue, stopping just around the goal zone borders. In the hidden cue sessions this mouse showed excellent performance and clear knowledge of goal zone. Therefore, this mouse can be excluded from the non-learner group, since it showed clear awareness of the goal zone, and was therefore not included in analysis of visible cue sessions (Figure 6).
Of the mice able to learn the visible cue version of the task, DKO mice showed similar performance to controls with one significant difference. In comparing the proportion of time spent in the center during all visible cue phases, GEE found a significant group x phase effect for phase 5 (Wald value = 5.572, p = 0.018) (Figure 7, Table 2). This avoidance of center shows some thigmotaxis during this phase, meaning DKO mice avoid the center of the arena linking this novel environment of eliminated scent cues to anxiety related behaviors. 

The Spatial Accuracy Visible and Hidden Sessions
Phase 7 of the spatial accuracy task consisted of a visible cue version followed by a hidden cue version, where the goal zone and dwell-time remained the same, but the bottle cap visible cue was removed, and the floor cleaned and rotated between sessions. Between visible and hidden cue phases, DKO mice showed impaired performance compared to controls. GEE found significant group x phase interaction regarding number of rewards earned (Wald Value = 77.194, p < 0.0001) (Figure 8, Table 3), number of entrances into goal zone (Wald Value = 43.168, p < 0.0001) (Figure 9, Table 4), proportion of time in goal quadrant (Wald Value = 37.066, p < 0.0001) (Figure 10, Table 5) and proportion of time in goal zone (Wald Value = 83.914, p < 0.0001) (Figure 11, Table 6). In a Grubbs test at the 95% confidence interval, one mouse was found to be an outlier in the parameter for proportion of time in goal quadrant (Gtest = 2.08 > Gtable = 1.94). These data show DKO mice earned significantly less rewards and entrances into the goal zone and spent less time in the goal quadrant and zone. This shows DKO mice were unable to learn the hidden cue version of the task to the same level CTL mice were able to. 
Additionally, GEE found significant group x phase interaction in the proportion of time in arena outer annulus (Wald Value = 13.197, p = 0.004) (Figure 12 & 13, Table 7). This shows DKO mice spent more time in the outer edges of the arena, suggesting thigmotaxis in the hidden cue session not shown by CTL mice. This suggests DKO mice may have an onset of anxiety related behavior to an environmental change when the visible cue was removed. There was no significant group difference in speed between CTL and DKO mice, showing the behavioral differences cannot be explained by any gross motor deficits (Figure 14). 
In examining only the peak performances by mice hidden cue sessions alone, meaning the sessions in which the mouse received the greatest number of rewards, group differences were also shown. There was significant group x phase interaction in regard to the number of rewards (Wald Value = 5.215, p = 0.022) (Figure 15, Table 8), number of entrances (Wald Value = 15.725, p < 0.0001) (Figure 16, Table 9), showing DKO mice earned significantly less rewards and entrances during their peak performance of hidden cue sessions. A Grubbs test at the 95% confidence found one mouse to be an outlier for proportion of number of entrances (Gtest = 2.02 > Gtable =1.94). Another significant group x phase interaction was found regarding proportion of time in annulus (Wald Value = 4.472, p = 0.034) (Figure 17, Table 10). 

Discussion 
As ASD is a complex neurologic disorder that presents as a spectrum with a variety of symptoms in humans it is difficult to model and study in animals. No animal model will succeed in capturing all elements of human ASD, so models must aim towards capturing some elements of a disorder that allow specific hypotheses to be tested. Therefore, the spatial accuracy allows the specific hypothesis considering the necessity of dendritic overgrowth to alter cortico-hippocampal circuitry function to be tested. In such manner the degree of circuit alteration on spatial behavior can be tested. As a previous study found Pten/Raptor DKO was sufficient to correct dendritic overgrowth (Tariq et al., 2022) this study aimed to determine the behavioral effects from that genetic alteration. Since the hippocampus is necessary for the spatial accuracy task the cortico-hippocampal circuit can be examined. More specifically, the dentate gyrus is necessary in this task, and perturbation of this circuit has been previously shown to be sufficient to cause learning and memory deficit. Moreover, rescue of the overgrowth involved in causing hyperexcitability impairing the circuitry in the pathway was sufficient to prevent spatial memory deficit in the spatial accuracy task (Getz et al., 2022). Therefore, using the spatial accuracy task provided a way to test the specific hypothesis about the relationship between this circuit and behavior. Additionally, this task captures an element of human ASD by necessitating the ability to flexibly associate a visible or hidden cue with reward and adapt to novel environments, likely mediated by the LEC and MEC input to the dentate gyrus.
In the present study Pten/Raptor DKO mice demonstrated an overall spatial cognitive deficit in performance of the spatial accuracy task. More DKO mice were unable to learn the visible cue session of the task, showing impaired ability of these mice to associate a goal cue with reward and inability to meet the minimal cognitive demand needed in this session. The DKO mice able to learn the visible cue sessions were unable to perform as well as controls on the hidden cue sessions, showing less knowledge of the correct goal location through receiving less rewards, entering the goal zone less, spending less time in the quadrant of the arena with the goal zone and the goal zone itself. This shows the DKO mice had an impaired ability to remember the location of the goal zone in the open field while using goal-directed movement.  The performance on DKO mice in both sessions suggest presence of impaired goal directed navigation, as that is a feature of both visible and hidden versions of the spatial accuracy task, whether they are hippocampal or extra-hippocampal dependent (Morris et al., 1982; O’Keefe & Nadel, 1978)
Additionally, these data suggest presence of anxiety-like behavior in DKO mice. The DKO mice spending less time in the center of the open arena once olfactory cues were eliminated along with DKO mice spending more time on the outskirts of the open arena when the visible bottle cap cue was removed is suggestive of neophobia. In response to these novel environments the DKO present with thigmotaxis, avoiding the center and spending more time on the edges of the open arena. One DKO mouse was able to consistently earn rewards in the hidden cue sessions of the spatial accuracy task, however this mouse employed a unique strategy, avoiding the center of the arena and only entering the goal zone from the closest arena wall (Figure 18). This suggests extreme thigmotaxis and anxiety-like behavior in this mouse. The anxiety-like behavior shown through neophobia of the DKO mice could also contribute to impaired spatial accuracy performance, and additionally present an interesting feature of this genetic phenotype of ASD. 
This impaired spatial cognition and inability to associate an object with spatial locations that lead to reward suggest altered functionality between the entorhinal cortex and MML/OML synapses in the dentate gyrus. Gamma frequency coding has been shown to be necessary for spatial memory, and such coding has been shown to be impaired due to the hyperexcitability present in mice with dentate gyrus Pten KO (Fernández-Ruiz et al., 2021, Getz et al., 2022). Contrary to our hypothesis, these results, showing spatial cognition has not been rescued by dentate gyrus Pten/Raptor DKO, imply the altered gamma frequency coding from Pten KO is still present in Pten/Raptor DKO mice. As Pten/Raptor DKO has been shown to rescue neuronal hypertrophy, it was postulated such increased growth causes increased inappropriate excitatory connections and that connection underlies the behavioral and cognitive changes relating to ASD cognitive symptoms in an animal model (Tariq et al., 2022). Since one recent study found vinblastine treatment reduced abnormal dendritic overgrowth associated with Pten KO was sufficient to rescue spatial cognitive deficits, it was hypothesized that morphological rescue of overgrowth in the dentate gyrus could be sufficient to rescue spatial cognitive deficits (Getz et al., 2022). While morphological changes in Pten/Raptor DKO are rescued (Tariq et al., 2022), spatial cognitive deficits persist. Therefore, it is likely there is another underlying mechanism apart from neuronal overgrowth behind spatial cognitive deficits in the Pten KO model of ASD. 
It was also hypothesized that the hypertrophic neurons from Pten KO cause increased synaptic input which underlies the hyperexcitability of such cells (Williams et al., 2015). However, Pten/Raptor DKO mice have been found to still have seizures and increased excitatory connectivity (Cullen et al., 2022). This excitatory difference along with the current study where Pten/Raptor DKO mice were shown here to still have cognitive deficits, suggest there is likely another cause of this hyperexcitability than pure neuronal hypertrophy. One possible mechanism for this hyperexcitability could be at the level of calcium ion channel function. The large conductance calcium and voltage-dependent potassium (BK(Ca)) and small conductance calcium-activated potassium (SK(Ca)) channels are a possible mechanism for maintained hyperexcitability beyond dendritic overgrowth as it’s been shown that loss of Pten has increased the expression of SK(Ca) channels (Garcia-Junco-Clemente et al., 2013).
Future studies should therefore examine these calcium channels and their relationship to cortical dysfunction in models of Pten knockout and rescue models. Additionally, future research should examine the relationship between the percentage of cells effected by knockout in the dentate gyrus and cognition and anxiety-like behavior. The current study demonstrated that DKO in ~30% of granule cells was sufficient to cause cognitive deficit. Future studies will examine the threshold for the number of affected cells that would be sufficient to create deficit. Furthermore, as it is suggested Pten/Raptor DKO mice still have increased excitatory connectivity (Cullen et al., 2022), electrophysiological measurement of granule cell excitability and field oscillations should be further examined, especially in vivo during the spatial accuracy task. Although this study was not powered for examination of sex differences, and Santos et al., 2017 found no sex differences in dendritic hypertrophy, this would still be an interesting examination in future studies as epileptic disorders can show sex differences in regulation of estradiol of glutamatergic and GABAergic regulation of spine density (Santos et al, 2017). 
These results imply that these non-canonical mechanisms of the mTOR pathway may have significant effects on both the entorhinal-hippocampal pathway activity and emotional responses to spatial novelty in these Pten/Raptor DKO mice. This study presents a novel phenotype for this DKO where neophobia is a critical factor, speaking to the possibility of inflexibility in the cortico-hippocampal circuit. Since genetic dendritic hypertrophy rescue did not rescue cognitive deficit in this model, this shows there needs to be more studied into treatment of cognitive deficit in ASD, as this study found morphologic rescue was insufficient. This also brings up further questions about the extent to which knocking out multiple genes in the pathway could possibly cause disruption of normal neuronal and cognitive processes. Especially considering all mechanisms and interactions involved in the mTOR pathway aren’t clearly understood, the effect of significantly disrupting this pathway isn’t clear and can possibly cause damage beyond the morphological rescue. As such, future studies of treatment of cognitive deficit relating to ASD from PTEN dysfunction should look beyond morphologic aspects as possible causes to cognitive differences. 
This phenotype also provides interesting insights into other models of dentate gyrus granule cell overgrowth. In an animal model of experimental febrile status epilepticus (eFSE), animals show overgrowth in granule cell dendrites, with increased dentate gyrus synaptic activity predicative of poor cognitive outcomes (Kloc et al., 2023). Therefore, cognitive outcomes in other models of altered cortico-hippocampal coordination relating to granule cell dendritic overgrowth should be further studied in relating these animal models to human disorder comorbidities. Additionally, in a FMR1 KO model of Fragile X Syndrome, the most common single-gene cause of ASD, it was found protein translation affected CA1 inputs from the cortex and altered plasticity. These animals were trained on the active avoidance task where a lack of flexibility was found in the FMR1 KO mice relative to controls (Talbot et al., 2018). This cognitive inflexibility found in this Fragile X Syndrome model, along with the neophobia in the new DKO phenotype presented in the current study, suggest the possibility of inflexibility in the cortico-hippocampal circuitry affecting cognition. This animal model phenotype provides a relation to cognitive inflexibility in human ASD (Guerts et al., 2008) to be further studied, especially in relation to this hippocampal circuitry.








 



Figures
Introduction
The mTOR Pathway 

Figure 1: Simplified mTOR pathway and its results leading to protein and lipid synthesis causing dendritic hypertrophy (Tariq et al., 2022).

Methods
The Spatial Accuracy Task
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Figure 2: Photo representation from the visible cue phase 7 of the Spatial Accuracy arena with the orange circle representing the goal zone with the black bottle cap visible cue inside, orange lines representing the mouse’s path around the arena, and red dots inside the goal zone representing rewards earned.
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Figure 3: The spatial accuracy task sessions a) the goal zone is shrunk in sessions 1-4 b) Visible and hidden goal versions of the spatial accuracy task. Mice must self-localize to an object or remember its location in an open field leading to reward.

Results
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Figure 4: Immunohistochemistry showing viral hits from the dentate gyrus a DKO mouse (Left) and a CTL mouse (Right) (mCherry = DKO cells, GFP = CTL cells); Figure and immunohistochemistry complements of Luikart Lab, Geisel School of Medicine at Dartmouth
Visible Cue Sessions
[image: ]
Figure 5: Number of mice unable to learn visible cue phases of the spatial accuracy task. More DKO mice were unable to reach criterion in the cued task (n=4) as compared to CTLs (n=0).

Table 1: 2x2 Contingency Analysis of DKO and CTL mice association with learning and not learning the task showing DKO mice are significantly more likely to not learn the task.
	
	Learners
	Non-Learners
	Total

	CTL
	9
	0
	9

	DKO
	4
	4
	8

	Total
	13
	4
	17


Fisher’s exact test: The two-tailed P value equals 0.0294. The association between rows (groups) and columns (outcomes) is considered to be statistically significant.
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Figure 6: Control mouse in A) Visible and B) Hidden cue versions of the spatial accuracy task; This mouse shows awareness of goal zone location, although avoiding bottle cap visible cue (A), but able to find goal location once the visible cue was removed (B).



Figure 7: A) Mean proportion of time in center during phase 1 of the visible cue sessions with mean and standard error of the mean (SEM) bars; B) Mean proportion of time in center of the arena in phase 2-7 of the visible cue sessions with mean and SEM bars; DKO mice spent significantly less time in the center of the arena than CTL mice in phase 5 (p=0.018).

Table 2: Group x Phase 5 interaction for proportion of time in center
	
	Mean
	Std. Error
	Wald Chi-Square
	Sig.

	[group=CTL] * [phase=5.00]
	0.02227527
	0.00416097
	5.572
	0.018

	[group=DKO] * [phase=5.00]
	0.010205709
	0.00278448
	                0a

	
	
	
	


Visible and Hidden Cue Sessions

Figure 8: Average number of rewards per mouse per group in phase 7 visible and hidden cue sessions with mean and SEM bars; DKO mice earned significantly less rewards in the hidden sessions (p < 0.0001). 

Table 3: Group x phase interaction for number of rewards compared to DKO mice in hidden 
phase
	
	
	Mean
	Std. Error
	Wald Chi-Square
	Sig.

	[GRP=CTL] * [Phase=visible]
	22.3700337
	1.822366296
	47.353
	0

	[GRP=CTL] * [Phase=hidden]
	10.3660462
	2.798497741
	5.499
	0.019

	[GRP=DKO] *[Phase=visible]
	18.2146132
	1.490135889
	68.446
	0

	[GRP=DKO] *[Phase=hidden]
	4.64127936
	0.979369421
	0a
	



Figure 9: Average number of entrances into goal zone per mouse per group in phase 7 visible and hidden cue sessions with mean and SEM bars; DKO mice entered the goal zone significantly less in the hidden sessions (p < 0.0001).

Table 4: Group x phase interaction for number of entrances compared to DKO mice in hidden phase
	
	
	Mean
	Std. Error
	Wald Chi-Square
	Sig.

	[GRP=CTL] * [Phase=visible]
	76.5918815
	5.7278824
	13.621
	0

	[GRP=CTL] * [Phase=hidden]
	50.954515
	6.68007053
	4.881
	0.027

	[GRP=DKO] * [Phase=visible]
	66.5527029
	13.0180921
	8.771
	0.003

	[GRP=DKO] * [Phase=hidden]
	22.0237775
	7.84736662
	0a
	




Figure 10: Average proportion of time in goal quadrant per mouse per group in phase 7 visible and hidden cue sessions with mean and SEM bars; DKO mice spent a significantly lower proportion of time in the goal quadrant in hidden sessions (p < 0.0001).

Table 5: Group x phase interaction for proportion of time in goal quadrant compared to DKO mice in hidden phase
	
	
	Mean
	Std. Error
	Wald Chi-Square
	Sig.

	[GRP=CTL] * [Phase=visible]
	0.26917678
	0.00959579
	3.808
	0.051

	[GRP=CTL] * [Phase=hidden]
	0.24963371
	0.01826461
	0.947
	0.33

	[GRP=DKO] * [Phase=visible]
	0.28675133
	0.02168793
	34.257
	0

	[GRP=DKO] * [Phase=hidden]
	0.22309662
	0.01993661
	0a
	




Figure 11: Average proportion of time in goal zone per mouse per group in phase 7 visible and hidden cue sessions with mean and SEM bars; DKO mice spent a significantly lower proportion of time in the goal zone in the hidden sessions (p < 0.0001).

Table 6: Group x phase interaction for proportion of time in goal zone compared to DKO mice in hidden phase
	
	
	Mean
	Std. Error
	Wald Chi-Square
	Sig.

	[GRP=CTL] * [Phase=visible]
	0.04677781
	0.00304055
	54.088
	0

	[GRP=CTL] * [Phase=hidden]
	0.02262139
	0.00404652
	6.458
	0.011

	[GRP=DKO] * [Phase=visible]
	0.04444243
	0.00307667
	62.261
	0

	[GRP=DKO] *[Phase=hidden]
	0.01190242
	0.00212435
	0a
	





Figure 12: Average proportion of time in outer arena annulus per mouse per group in phase 7 visible and hidden cue sessions with mean and SEM bars; DKO mice spent significantly more time in the outer arena annulus in the hidden session (p = 0.0004).

Table 7: Group x phase interaction for proportion of time in arena outer annulus compared to DKO mice in hidden phase 
	
	
	Mean
	Std. Error
	Wald Chi-Square
	Sig.

	[GRP=CTL] * [Phase=visible]
	0.69660263
	0.02664978
	9.056
	0.003

	[GRP=CTL] * [Phase=hidden]
	0.70949009
	0.03461047
	4.699
	0.03

	[GRP=DKO] * [Phase=visible]
	0.74491108
	0.02183777
	5.261
	0.022

	[GRP=DKO] * [Phase=hidden]
	0.82435363
	0.04048754
	0a
	




Figure 13: Spatial accuracy results in visible and hidden session from representative trials showing path in the outer annulus of the arena, the speed map (cm/s), the dwell time map (secs), the rewarded paths to the goal zone, and the proportion of time in equal sized zones per arena quadrant, with NE quadrant containing the goal zone A) CTL mouse; Bi) DKO mouse able to learn the visible cue session; Bii) DKO mouse unable to learn visible session; CTL mice spent a similar proportion of time in the outer arena between visible and hidden sessions, whereas both DKO mice spent a larger propotion of time time in the outer arena in hidden sessions.   


Figure 14: Mean speed per mouse per group in phase 7 visible and hidden cue sessions with mean and SEM bars; No significant group differences in speed are shown.



Figure 15: Number of rewards per mouse in peak performance of hidden cue sessions; DKO mice earned significantly less rewards in their peak performance session (p = 0.022).

Table 8: Group x phase interaction for number of rewards compared to DKO mice in hidden phase during the peak performance of hidden cue phases
	
	Mean
	Std. Error
	Wald Chi-Square
	Sig.

	[Group=CTL]
	21.7
	2.51018
	5.215
	0.022

	[Group=DKO]
	12.1667
	2.74284
	                   0a
	





Figure 16: Number of entrances into goal zone per mouse in peak performance of hidden cue sessions; DKO mice had significantly less entrances in their peak performance session (p < 0.0001).

Table 9: Group x phase interaction for number of entrances into goal zone compared to DKO mice in hidden phase during the peak performance of hidden cue phases
	
	Mean
	Std. Error
	Wald Chi-Square
	Sig.

	[Group=CTL]
	63.2
	5.58355
	15.725
	0

	[Group=DKO]
	27.4
	5.2429
	               0a
	





Figure 17: Proportion of time in arena outer annulus per mouse in peak performance of hidden cue sessions; DKO mice spent significantly more time in the outer annulus of the arena (p = 0.034)

Table 10: Group x phase interaction for proportion of time in outer arena annulus compared to DKO mice in hidden phase during the peak performance of hidden cue phases.

	
	Mean
	Std. Error
	Wald Chi-Square
	Sig.

	[Group=CTL]
	0.642104
	0.02249899
	4.472
	0.034

	[Group=DKO]
	0.74152833
	0.04327969
	0a
	





Figure 18: DKO mouse’s performance in visible and hidden cue session showing path in the outer annulus of the arena, the speed map (cm/s), the dwell time map (secs), the rewarded paths to the goal zone, and the proportion of time in equal sized zones per arena quadrant, with NE quadrant containing the goal zone; This mouse was able to achieve rewards through avoiding the center of the arena and entering the goal zone off of the wall, suggesting anxiety-like behavior.
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