[bookmark: _Hlk108007406]Background: Transcranial direct current stimulation (tDCS) is an evolving neurostimulation therapy for multiple neurological and psychiatric indications such as major depression, stroke, Parkinson's disease, and others 1–9. It entails the delivery of a weak direct current (DC) to the brain via the scalp 10–13. tDCS advantages are that it is noninvasive, portable, simple to use, cheap, and with minimal side effects 14,15. However, despite the growing use of tDCS, its overall therapeutic efficacy is not yet clear, and even encouraging studies called for further optimization 16–18. One of the most significant barriers to tDCS optimization is that its underlying mechanisms are not fully clear 17,19–25. The basic dogma for tDCS is that it generates an electrical field that modulates the neuronal intrinsic and extrinsic properties 26. Besides neurons, tDCS has been shown to affect other brain cells, like astrocytes and glial cells27–31. Yet, it is unclear whether the effect of tDCS on non-neuronal cells is a direct consequence of the electrical current or an indirect effect due to the modulation of neuronal properties. Modeling studies and indirect measurements posited that an electrical field, parallel to the dendro-axonic axis, generates incremental membrane polarization, which gradually maximizes at the distal subcellular compartments 26,32–36. Nonetheless, these models predicted that the terminal polarization is too small even under optimal conditions to generate significant physiological effects 34,35. Using an ex-vivo model for tDCS, where direct current stimulation (DCS) was applied to brain slices via submerged wires in the recording bath, we performed direct measurements that confirmed the maximal polarization at the terminal compartments and showed that the resultant polarization is much larger than the one predicted by the models 35. We further showed that the models based on the cable model took into consideration only the passive membrane properties, while modulation of ion channels conductance amplifies the terminal membrane polarization 37,38. These results lay the theoretical ground to explain the non-linearity of tDCS' dose-response as indicated by numerous studies 39–42. Despite this knowledge of the cellular processes that take place in tDCS, the resultant molecular processes that lead to the long-term effects of tDCS are still unclear. 
[bookmark: _Hlk108692811]Angelman syndrome (AS) is a genetic neurodevelopmental disorder manifested by severe cognitive and motor impairments 43–47. Its prevalence is estimated to be between 1:10,000-1:40,000 44,48. Typically, the life expectancy of most AS subjects is normal, although subjects with AS cannot function independently at any stage of their life 49,50. AS is caused by the loss of function of the Ube3a protein in the brain, usually due to the deletion of small portions of the maternal chromosome 15(q11-13) that contains the UBE3A gene 51–54. Knockout of this gene in mice recapitulates many features of AS (e.g., motor dysfunction, aberrant behavior, and cognitive deficits), making this model an efficient tool for investigating the disease 55–58. Using this model, we and others showed that brain regions implicated in AS deficits correlate with aberrant cellular excitability 59–68, and mostly but not always 60, the recovery of the excitability aberrations correlates with the rescue of the behavioral deficits 59,62,64,66. However, the mechanism that is responsible for this phenomenon is unclear. The loss of UBE3A expression in AS occurs in almost all neurons of the central nervous system (REF DINDOT JUSTIN2010xx). However, the effects of UBE3A loss on cellular excitability differ between brain regions (e.g., hippocampus, cortex, and cerebellum). For example, while the cellular excitability of layer-5 pyramidal neurons in the infra-limbic prefrontal cortex of AS mice is enhanced 69,  at the visual cortex, the loss of Ube3a led to an increased pyramidal neuron intrinsic excitability alongside a decrease in the excitatory and inhibitory drive onto layer-2/3 pyramidal neurons 70,61, and we showed that in the dorsal hippocampus there is an increased inhibitory GABAergic tone, which its alleviation restores LTP 71.
[bookmark: _Hlk108702050]tDCS can be delivered as an anodal or as a cathodal stimulation. Simply put, anodal stimulation excites neuronal activity, while cathodal stimulation inhibits neuronal activity. For this reason, we hypothesized that applying anodal tDCS stimulation over the dorsal hippocampus of AS mice might correct the aberrant cellular excitability, leading to normalizing AS hippocampal-dependent deficits. In an initial set of experiments that were designed to examine this hypothesis. Electrodes were surgically fixed over the skull above the dorsal hippocampi, and mice were treated with sham or tDCS before each training session (Fig 1A,B). Based on those experiments, we concluded that tDCS treatment rescued spatial memory deficits of AS mice (Fig 1C-E). However, the treatment did not affect motor functioning (Fig 1F), which is reasonable because this electrode position is unsuitable for motor effects. Furthermore, a small pilot study showed that tDCS enhanced object location memory (OLM) for the displaced object in both WT and AS mice littermates (Fig 2). All of the above indicated that tDCS has the potential to evolve into a novel, noninvasive, therapeutic approach for Angelman syndrome patients. However, before this therapeutic approach can be applied, we must understand how dose the tDCS stimuli affect the cellular mechanism in targeted parts of the brain, evaluate the effect of stimuli on overall behavior, and determine the impact of the treatment on the short and prolonged effects on the neuronal metabolism, cellular homeostasis, and excitability and determine the duration of the treatment effect.
The excitability of neurons is defined as the ability to generate a significant, rapid change of membrane voltage in response to a stimulus. Homeostatic regulation of neuronal excitability provides stability to the neural network, which is essential for maintaining normal brain functions. Any dysregulation in the homeostatic regulation of neuronal excitability could lead to neuropsychiatric disorders, such as epilepsy, depression, autism, and schizophrenia. Previous studies performed by others72 and us73,74, showed that alteration in the expression level of UBE3A leads to mitochondrial abnormalities that can affect various glucose metabolic pathways, cellular homeostasis, calcium homeostasis, apoptosis, and accumulation of ROS. Furthermore, It has been previously shown that AS adult mice models, which display endophenotypes consistent with the human disorder, exhibit mitochondrial dysfunction and altered mitochondrial morphology in the hippocampus 75 76. Neurons consume ~15% of the body's resting energy to sustain action potential, neurotransmitter release, cytoskeletal dynamics, and gene expression. Despite the significant energy demands, neurons do not store energy but rather instantly and locally synthesize it in the form of ATP. Therefore, it is not surprising that metabolic insults, including acute ischemia, mitochondrial poisons, hypoglycemia, or even minor neuronal energy homeostasis disruptions, cause a rapid decline in nervous system function. 
tDCS is a safe method for modulating neuronal excitability77. Interestingly, data which was generated in our lab show that direct current stimulation modulates neuronal excitability on the single-cell level as well as the circuit level and, at the same time, has the potential to alter the metabolic state of neurons and modify the expression of various metabolites which serve as signaling molecules and neurotransmitters78–80. These attributes of tDCS might serve as a therapeutic strategy for treating neurodevelopmental disorders, similar to AS. And indeed, as we previously showed (Fig 1), tDCS treatment was able to rescue some of the behavioral aberrations associated with AS. 
Anodal tDCS treatment has been shown to increase neuronal excitability8182, and some of its excitability alterations are long-lasting. Despite multiple studies, the mechanisms, especially the long-lasting effects, are still obscure. We hypothesize that tDCS, like other types of neurostimulation, alters the metabolic state of the neurons and thus modulates neuronal excitability via modulation of the neuronal metabolic pathways and cellular homeostasis. Support for this hypothesis can be found in an experiment in which we treated WT rats with anodal tDCS for five consecutive days and analyzed the adenosine level in the rat cortex and hippocampus. We found that upon tDCS stimulation, adenosine level was up-regulated in the hippocampus, which was targeted by the tDCS stimuli, and the prefrontal cortex (Fig. 3). Adenosine serves as a neurotransmitter and neuromodulator in the central nervous system, its plays a role in modulating neuronal plasticity, astrocytic activity, learning and memory, motor function, feeding, control of sleep and aging. Adenosine is also an essential component of energy production that can be produced during the catabolism of adenosine triphosphate (ATP)83. 
It has been previously shown that anodal tDCS in the MPTP-induced PD mouse model decreases mitochondrial damage84 and reduces the oxidative stress level85. This finding is particularly interesting since we previously found elevated Reactive oxygen species (ROS) levels in the hippocampus of adult AS mice86. Moreover, Rae et al. reported that anodal tDCS treatment in human subjects exhibited an increased demand for adenosine triphosphate (ATP) and an increased pH, which affected creatine kinase steady-state equilibrium created by hydrolysis of PCr due to demand for ATP 87. All of the above indicate that tDCS can affect the mitochondria and the capability of the mitochondria to produce cellular energy through the electron transport chain, affecting the overall mitochondrial dynamics. Additionally, tDCS has the potential to induce other metabolic effects that are not directly related to the mitochondria,  such as changes in levels of neurotransmitter-related metabolites. Taken together, we posit that the loss of Ube3a in AS  alters the neuronal metabolism and that tDCS has the potential to modulate their aberrant metabolism that will rescue their neuronal excitability, culminating in rescuing the cognitive and behavioral deficits. 
[bookmark: _Hlk108951294][bookmark: _Hlk108950804]Angelman syndrome shares the same pathophysiological mechanisms as various autistic disorders like Rett Syndrome, Pitt-Hopkins, and other86. Furthermore, some of the cellular properties associated with AS (like elevated levels of ROS and mitochondrial abortions) are also known to play a significant role in the pathophysiological of other neurodegeneration diseases like Alzheimer's. Therefore, unveiling the effect tDCS treatment has on the cellular homeostasis of the central nervous system will benefit Angelman syndrome patients and potentially evolve to brode rang treatment for multiple types of neurodegeneration and neurodevelopmental diseases.
Hypothesis or Objective: Angelman syndrome is a genetic condition that affects the nervous system and causes severe learning and behavioral disabilities. AS has also been associated with aberrant cellular metabolism, calcium metabolism, and mitochondrial abnormalities. Our preliminary studies concluded that tDCS could improve the learning capabilities of AS mice and even WT mice (Fig 2 and 3). However, while tDCS appears to have an overall beneficiary effect on learning capabilities, the cellular mechanism governed by tDCS and the duration of the tDCS effect are still unknown. For this reason, the objective of this proposal is three-fold: A. to delineate the effect of tDCS on different brain regions in AS mics and study the behavioral outcome of those treatments. B. to study the metabolic effect tDCS has on the treated areas. C. to determine the effective treatment duration on both the behavioral and metabolism of the treated areas 
Specific Aims:
1. To delineate the effects of tDCS on behavioral phenotypes of wild-type and Angelman syndrome model mice.
2. To examine the metabolic effects of tDCS on wild-type and Angelman syndrome model mice.
3. To correlate the metabolic effects of tDCS with its effects on intrinsic and extrinsic excitability.
The expected significance of the proposed study is fourfold: 1) a better understanding of the cellular mechanisms underlying tDCS will enable an efficient treatment regimen, thus optimizing its use for any application; 2) Understanding tDCS-mediated cellular mechanisms will facilitate the use of pharmacological agents that augment tDCS efficiency; 3) Due to critical developmental time-points, genetic manipulations rescue only some of AS deficits. Although tDCS will not cure AS patients, any functional improvement will significantly enhance their independence and quality of life; 4) The test case of AS will support further studies for other neurodevelopmental disorders. Therefore, strategies that directly modify cellular functioning, brain region connectivity, or excitability, such as tDCS, may offer a more practical approach to treating AS and healthy individuals seeking to improve their learning capabilities. 

 




Preliminary results :
Figure 1: tDCS alleviates the spatial navigation memory deficits in AS mice.
[image: ]Fig 1. MWM study shows that 20 min of tDCS over the parietal cortex and dorsal hippocampus, ending 5min before training, alleviates the spatial navigation memory deficits in AS mice. The center of anodal electrode was -1.5mm posterior to bregma, and the return electrode was over the thorax using a Velcro corset. A. experimental procedure layout. B. stimulation protocol during MWM training period. C. representative heat-maps of mice in the probe test. D. latency to reach the platform [F(15,210)=2.6, p<0.01 in RM-2way-ANOVA for interaction group*time]. E. time in target quadrant in the probe test [F(3,42)=9.7, p<0.0001 in ANOVA for target quadrant]. F. swim speed is affected by genotype but not by tDCS [F(1,42)=8.9, p<0.01 and F(1,42)=0.06, p=0.82 for genotype and treatment, respectively; in 2way-ANOVA]. G. histological analysis of brains after the end of experimetns did not show any tDCS-induced damage at the end of the experimental protocol. Data presented as means ± SEM as error bars. Dots represent individual mice. Mice Numbers: WT sham (11), WT tDCS (11), AS sham (13), AS tDCS (11). **p<0.01;  ****p<0.0001.



[image: ]Figure 2: tDCS enhance object location memory in WT and AS mice.  Fig 2. A pilot study shows that tDCS enhances object location memory in both WT and AS mice.  
tDCS electrode position same as for MWM. 
Stimulation parameters 150A for 20 min. A. OLM experimental scheme. B. tDCS increases test phase exploration index in WT and AS mice 
[F(1,14)=9.1, p<0.01 for treatment effect in 2 way-ANOVA]. No differences are found between WT and AS.  
C. Equation for calculating exploration index %. 
N=5 mice for WT sham and AS sham each group. 
N=4 mice for WT tDCS and AS tDCS each group.  
 
 



Figure 3:
[image: ]Fig 3. tDCS elvates the adenosine level in WT rats  following tDCS treatment in the cortex and hippocampus of rats. Adenosine levels in the cortex and hippocampus after tDCS treatment in rats. Adenosine were measured by LS/MS in the rat cortex and hippocampus after 5 days of consecutive tDCS stimulation (intensity set at 150 μA for 20 min).  Data are mean ± SEM from three different samples. * p < 0.05 is significantly n=3.




Figure 4:
Fig 4. 1H NMR metabolisim of 
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[image: ]Figure 5:Fig 5. Medium afterhyperpolarizing potential (mAHP) is normalized in AS mice following tDCS treatment. mAHP in CA1 Pyramidal neurons with 5 consecutive days of either sham treatment  or tDCS stimulation (150 μA for 20 min). The mAHP was measured using prolonged (3s), high-amplitude (3 nA) somatic current injections to initiate time-locked AP trains of 50 Hz frequency and duration (10–50 Hz, 1 or 3 s) in pyramidal cells. mAHP was measured from the equipotential point of resting potential to the anti-peak of the same spike. Data is presented as mean ± SEM. ** p < 0.01 is significantly. WT Sham: N=2, n= 10; WT tDCS: N=2, n= 9; AS Sham: N= 2, n= 10; WT tDCS: N=2, n= 11.




Research Strategy: (Partnering PI Option: Describe how the research project is supported and strengthened by the proposed synergistic collaboration. If the project is multi-organizational, describe plans for communication between investigators at each  organization)
Graphical representation of the experimental design :
[image: ]

Aim-1 To delineate the effects of tDCS on behavioral phenotypes of wild-type and Angelman syndrome model mice: 
Rationale: Many AS deficits correlate with aberrant excitability in corresponding brain regions, including the cerebellum, cortex, and hippocampus 59–67. Despite one study 60, we and others showed a correlation between the recovery of the excitability and rescue of AS behavioral deficits 59,62,64,66. One of these robust deficits is the spatial memory impairment in AS mice, demonstrated in the Morris water maze (MWM) 57,66,88–90. MWM is a task dependent on the dorsal hippocampus 91–95 and the parietal cortex 96–99. Using a tDCS device we designed for mice (Fig 1a), we demonstrated that applying tDCS above these regions successfully rescues the AS mice deficit in MWM (Fig 1).
Furthermore, 20 min of tDCS just prior to habituation to an arena with two objects enhanced the hippocampal-dependent 100 novel object location memory (OLM) in both WT and AS mice (Fig 2). Therefore, we posit that modifying the excitability of distinct brain regions in AS mice, using tDCS, will alleviate cognitive/behavioral deficits. In this aim, we will apply tDCS over relevant brain regions of WT and AS littermates and test performance in corresponding behavioral tasks. We expect that tDCS over distinct brain regions will modify regional brain activity and surpass developmental deficits, thus rescuing some AS deficits. We will also examine the long-lasting effect of tDCS treatment on AS behavioral characteristics by repeating the behavioral paradigms exams at a few points post the tDCS treatment.
[bookmark: _Hlk110409034]Aim-1 experimental design: We will surgically implant a custom-made hollow dome-shaped tDCS electrode (base internal diameter = 4mm), filled with a sterile conductive gel contacted with a protruding copper wire (Fig 1a). Mice will be anesthetized with isoflurane using a Somnosuite apparatus (Kent scientific). The mouse scalp is cut to reveal the skull, and the electrode is tightly attached using a Metabond adhesive cement (Parkell). The scalp skin is sutured above the baseplate of the electrode, and mice will receive postoperative antibiotics and analgesics for the following 3 days. The electrode will be positioned over the relevant brain structures (Specific Methods). Mice will recover after the surgery for 5-6 days. After that, we will treat the mice with anodal/cathodal tDCS or sham for five consecutive days, before each training session. In tests that do not include training and are performed once (forced swim test 101, marble burying 102), we will stimulate for 5 consecutive days before the test. Stimulation intensity will be 150 μA (current density of 11.93μA/mm2). The mice tolerate these stimulation parameters without any observed pain or stress and without inducing any cellular damage to the brain tissue underneath the electrodes, as observed in histological preparations (Fig. 1G). 
[bookmark: _Hlk109209369]Behavioral paradigms: Marble burying, forced swim test, and the motor tasks of rotarod and beam crossing will be used to assess tDCS effects, as we and others previously described 58,89. The neuronal circuitry of marble burying is not fully elucidated, but the dorsal hippocampus is likely to be involved 102–104. The neural region related to the forced swim test is the medial prefrontal cortex (PFC) 105–111. The neural region responsible for motor deficits are to some extent the motor cortex 112,113 and even the medial PFC 114, and not necessarily the cerebellum 115. All of these regions were shown to have altered excitability in AS mice 59,60,64–66,90,116. IL-PFC was shown to entail enhanced excitability in AS 59,60, therefore cathodal stimulation will also be examined. The behavioral paradigms, forced swim test, marble burying, rotarod and beam crossing, were previously described in details by us and others 58,89,90,117,118. We will examine males and females, and compare between the sexes. The tracking of behavior is executed by the automatic tracking system EthoVision XT 12 software (Noldus). 

Aim-2 To examine the metabolic effects of tDCS on wild-type and Angelman syndrome model mice.
[bookmark: _Hlk109210853]Rationale: In the early 1950th, it was demonstrated that the application of electric currents to brain cortical tissue could affect brain metabolism119. A later study from 2013 demonstrated that tDCS is associated with an induced metabolic workload, with induction in ATP synthesis and an increase in brain pH120 . Recent studies showed that when tDCS was applied to the MPTP-induced neurotoxic mouse model, it suppressed excessive mitophagy and balanced mitochondrial dynamics121. Mitochondria are cell organelles that play a vital role in maintaining cellular homeostasis. They are involved in numerous functions and signaling pathways such as energy metabolism, calcium homeostasis, apoptosis, etc. Mitochondria are not static but dynamic organelles involved in adaptation to changes in the metabolic environment of cells. Altered mitochondrial function and oxidative stress are well-described pathophysiological mechanisms in neurodegenerative and autistic disorders, including Angelman syndrome122. Previous studies performed by others72 and us73,74, showed that alteration in the expression level of UBE3A leads to mitochondrial abnormalities that can affect various glucose metabolic pathways and cellular homeostasis. Brain bioenergetics are known to be sensitive to brain workload and are known to be altered in some psychiatric disorders. In this aim, we wish to determine whether brain bioenergetics and metabolism changed during tDCS treatment, delineate these changes, and determine the duration of those effects. For this aim, we will utilize high-throughput NMR  metabolomics to assess the effect of the tDCS on brain metabolism. 1H NMR will be used to detect alterations in metabolites and their linkage to metabolic processes83. For example, N-acetylaspartate (NAA) has been used as a neuronal biomarker to reflect neuronal function and density [11] and it is implicated in many metabolic processes, such as myelination and oxidative metabolism. 13C NMR technique is an approach for detecting metabolic kinetics. This approach can measure the composition of metabolites, detect changes in the metabolic rate of energy sources and reflect the dynamics of neurotransmitter transmission [8]. For this reason this metabolomic aproch will allow us to study the dynamics of molecular metabolisms, which may play a crucial role in brain function and are afeted be the tDCS tratmnent. 
Aim-2 experimental design:  WT and AS mice, which were surgically implanted with the tDCS electrode (as described in aim 1), will be treated with anodal tDCS or sham for either one or five consecutive days. Upon completion of the behavioral test, different brain regions will be harvested and subjected to 1H or 13C NMR metabolomics.
Short-term effect of the tDCS on the brain metabolic flux: The short-term effect of the tDCS on glucose, glucose-derived metabolites (like lactate and pyruvate), and different mitochondrial metabolite levels will be measured using glucose labeled with carbon-13 NMR pre/post tDCS in the cerebral cortex, hippocampus, and other brain regions. The WT and AS mice will be injected with D-Glucose-13C6 via the tail vein 20 minutes before the tDCS stimulation flowing 20 minutes of anodal tDCS stimulation with the intensity of 150 μA. Upon completion of the stimulation, different brain regions will be harvested immediately after the application of the tDCS to the mice. The hippocampus, cerebral cortex, and xxx will be processed for 13C NMR metabolism as described by Guo et al. 123.
Long-term effect of the tDCS on the brain metabolic homeostasis: tDCS treatment affects the brain bioenergetics and metabolism at different time points after tDCS treatment. The effects of tDCS on brain energy levels will be evaluated by measuring metabolites like Phosphocreatinine, adenosinetriphosphates, adenosinediphosphates, and inorganic phosphate levels in different brain regions. We will also evaluate the long-term effect on neurotransmitters like GABA. and Glu, as well as other metabolites such as N-acetylaspartate (NAA)123, which can be used as a neuronal biomarker that reflects neuronal function and is implicated in many metabolic processes, such as oxidative metabolism124. Similarly, metabolites variations related to energy metabolisms, like lactate, creatine, acetone, 3-hydroxybutyrate, and nicotinamide-adenine dinucleotide (NAD)125, will also be studied. To this end, WT and AS mice will be treated with anodal tDCS or sham for five consecutive days. Upon completion of the behavioral test, different brain regions will be harvested at different time points as described in aim 1 and subjected to 1H NMR metabolomics as previously described by Hongyu et al. 125 and  Zheng et al. 123.  


[bookmark: _GoBack]AIM-3 To correlate the metabolic effects of tDCS with its effects on intrinsic and extrinsic excitability.
Rationale: As aforementioned, many of the AS deficits correlate with aberrant excitability in corresponding brain regions, including the cerebellum, cortex, and hippocampus 59–67, and despite a single study 60, manipulations that rescued AS behavioral deficits correlated to the recovery of the excitability 59,62,64,66. Therefore, we posit that the alleviation of cognitive/behavioral deficits would correlate to long-lasting excitability modifications in the relevant distinct brain regions in AS mice, following tDCS. Delineation of these long-lasting excitability changes alongside the detailed information regarding the metabolic changes that are ignited by tDCS will shed light on the processes by which acute tDCS effects are being translated into long-term beneficial cellular changes. This knowledge has the potential to enable the optimization of tDCS as a therapeutic tool and suggest augmentation strategies, such as pharmacological interventions alongside the tDCS treatment.  
Aim-3 experimental design: After administering the abovementioned tDCS protocol for behavioral testing in WT and AS mice, brains will be extracted at the end of the experiments. Half of the brain (one hemisphere) will be taken for metabolic examination, and the other half of the brain will be taken for the production of viable brain slices for electrophysiological recordings. In addition, we will also produce brain slices from brains that went through different stages of tDCS protocol. We will extract brains an hour after a single session and an hour after the last stimulation of 5 daily consecutive stimulation sessions. We will perform recordings of intrinsic properties as well as inhibitory and excitatory extrinsic activity, by recording spontaneous excitatory postsynaptic currents (sEPSCs) and inhibitory postsynaptic currents (sIPSCs). These recordings are regularly performed in the lab and have been described by us multiple times 90 126,127.        

Statistical Plan 
In general, we will examine eight groups, two genotypes (WT and AS) of which each group will receive either sham or tDCS treatment, and all of the studied mice will be divided into two sexes, males and females. This will result in overall 8 groups [2 genotypes (WT and AS) x 2 treatment types (sham and tDCS) x 2 sexes (males and females)]. 
Given normal distribution is anticipated (will be examined), comparisons of results will be performed using 2way-ANOVA between each genotype and treatment within the same sex. Similarly, comparisons of the treatment versus sham will be performed between the sexes within the same genotype. If sex-dependent differences will not be observed, males and females will be pooled. Multiple comparisons will be corrected by using Bonferroni post hoc correction method. Time lapse studies, as in the C13-labeled glucose we will use 2way-repeated measures ANOVA. 
With regard to sample size according to power analysis. Given that we will perform each study separately for each sex, we will have a total of 4 groups. Considering a reasonable a reasonable effect size of 0.4, an  of 0.05 and a  of 0.8, and given a 2x2 design which yields a numerator df of 1, the total sample size is 52, meaning 13 mice per group, per each sex, per each type of experiment. These values are true for the behavioral, the metabolic and the electrophysiological studies. In the electrophysiological studies we can push two timepoints, because we can record multiple cells from each mouse. Since we will perform the study on both males and females, we will need per each experiment a total of 104 mice. Taking into consideration that each electrode implantation has a risk of falling off or postoperative complications of approximately 20%, we will take 128 mice per each experiment, 64 males and 64 females; in each sex 32 WT and 32 AS. Given that we will perform 3 major experiments (for each aim) we will require 384 mice half males, half females. In addition, there will be the short experiments for C13-labeled glucose, which will require another batch of 128 mice. Altogether 512 mice, for the 3 years period. 
 Specific Methods 
Mice: Mice are bred, as we previously described 35,89,90,128. For behavioral experiments (aim-1), WT and AS littermates will be used. Furthermore, experiments will include males and females, and tDCS will be examined for sex-dependent differences. 
Data analysis and statistics:  For all experimental methods (behavior, electrophysiology and imaging), students who are blind to the experimental conditions, will do the raw data analysis and the statistical analysis. 
In-vivo animal behavior tDCS studies: In-vivo tDCS application is detailed in the experimental design sections. For dorsal hippocampus/parietal cortex, the center of electrode is -1.5mm posterior to bregma and the return electrode over the thorax. For medial-PFC, the center of electrode will be +1.7mm anterior to bregma and the return electrode over the two sides of the neck. These electrode positions will direct the dispersion of the electrical field also via the medial-PFC. The IL-PFC was suggested to correspond to the human Brodmann area 25 129. tDCS contraption is printed using a 3D-printer. Behavioral methods are displayed in brief in the experimental design section, and were previously described by us in details 64,66,89,90,117.   
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