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A. Scientific background:  
Angelman syndrome (AS) is a genetic neurodevelopmental disorder, manifested by severe cognitive and motor impairments 1–5. Its prevalence is estimated as  ~1:15,000 6 2,7. The cause for AS is 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 8–11. Knockout of this gene in mice recapitulates many features of AS (e.g. motor dysfunction, aberrant behavior, absence of speech, and cognitive deficits) making this model an efficient tool for investigating this disease, and for identifying appropriate therapeutic strategies 12–21. Nonetheless, despite multiple investigations, the downstream mechanisms leading to AS development is still unclear. Studies that have investigated the critical period for rescuing AS deficits through conditional Ube3a gene reinstatement concluded that the reinstatement rescues more phenotypes if implemented at an earlier stage, but only reinstatement before the embryonic age of E12.5 induces a complete phenotypical rescue 22–25. Based on the above, we posit that to fully understand the abnormal development of AS, it is crucial to examine the cellular events that take place during the embryonic development of AS, when UBE3A levels are reduced by 50%. Moreover, given that UBE3A affects steroid sex-hormone receptor activity 26–31, and that previous studies by us and others found sex-dependent differences in AS phenotypes 32,33, it is essential to consider sex-dependent differences in AS brain development. 
Mitochondrial dysfunction and oxidative stress in early brain development of AS. We and others showed that UBE3A deficiency induced mitochondrial dysfunction and enhanced oxidative stress in adult AS brain tissue 34–38, and that mitigating excessive mitochondrial ROS using CoQ10 analogs rescued some of the behavioral phenotypes observed in AS 36,37. We further showed that embryonic fibroblasts with complete UBE3A knockout also exhibited mitochondrial dysfunction, enhanced oxidative stress and altered proliferation-apoptosis balance 39,40. In a follow-up study we showed that primary cell cultures of neural precursor cells (NPCs) from embryonic brains of AS model mice exhibited increased mitochondrial membrane potential, elevated mitochondrial ROS levels, and enhanced apoptosis, and reducing the excess ROS levels with antioxidant administration rescued the enhanced apoptosis phenotype of AS NPCs 41. Additional preliminary results using whole-brain tissue at E16.5 indicate increased oxidative stress in embryonic brain tissue of AS mice (Figure 1) and elevated levels of apoptosis (Figure 2). These data align with studies of various models for other neurodevelopmental disorders and autism spectrum disorders (ASD) that correlate with enhanced oxidative stress, proposing the mitigation of oxidative stress as a therapeutic strategy 42–44. And indeed, some studies showed that prenatal treatment with antioxidants alleviated ASD-related behaviors in rodent models 45–49. [image: ]
Figure 1. E16.5 embryonic brains of AS mice exhibit increased expression of Nrf2-regulated genes compared to WT littermates, indicating a defensive cellular response to oxidative stress. The graph shows the relative expression of genes calculated as the ΔΔCt fold change following real-time PCR. The reference gene b-Actin (Actb). Bars represent mean±SEM. N=4 embryos per genotype. *p<0.05, **p<0.01. Nqo1 [NAD(P)H Quinone Oxidoreductase 1], Sod1 (Superoxide Dismutase 1), Sod2 (Superoxide Dismutase 2), Cat (Catalase), Gclc (Glutamate-Cysteine Ligase Catalytic Subunit), Hmox1 (Heme Oxygenase 1). 



[bookmark: _Hlk159238377]Mitigation of oxidative stress can be achieved by various pharmacotherapeutic approaches that employ different mechanisms. The most common pharmacotherapy for mitigating oxidative stress is the use of antioxidants that lead to the scavenging of excessive ROS. However, another option for reducing oxidative stress is using mitochondrial uncouplers, which preempts excessive ROS production from inception 50–53. Moreover, the use of mitochondrial uncoupler in treating AS is particularly supported by our discovery that AS NPCs exhibit enhanced mitochondrial membrane potential 41, which uncouplers are known to reduce 50–53. This may be linked to studies showing that in some cases, ASD was correlated with increased electron transport chain (ETC) complex activity 54. Amongst mitochondrial uncouplers 2,4-dinitrophenol (DNP) was shown as an effective uncoupler with relatively low toxicity at low doses 50–52. Another advantage of DNP is that it induces BDNF expression 55, although this BDNF induction is in a hormetic pattern 56. This is especially beneficial for AS, knowing that BDNF signaling is impaired in AS mice brains and peripheral neurons 57–59. [image: ]
Figure 2. Paraffin-embedded E16.5 embryonic brains of AS mice exhibit more TUNEL-positive (apoptotic) cells compared to WT littermates. TUNEL staining used the In-situ BrdU-Red DNA Fragmentation (TUNEL) Assay Kit. The calculation of %TUNEL-positive cells was in relation to the total number of DAPI-stained nuclei. n=8 images of slices from pre-defined positions of the cerebral cortex. 
N=4 embryos per genotype. ***P < 0.001. 
Arrows point to TUNEL-positive cells.  


Since we and others showed sex-dependent phenotypes in AS mice 32,33, and because DNP itself differentially affects males and females 60, we will address sex-dependent effects for all aims. 
B. Research aims and expected significance:
The synthesis of the aforementioned studies collectively suggests a central hypothesis: mitochondrial uncoupler administration will normalize the mitochondrial membrane potential and mitigate the enhanced oxidative stress in NPCs of AS mice embryos, reducing their increased apoptosis levels (Figure 3A). We further posit that in vivo treatment with mitochondrial uncoupler during embryonic development will prevent the induction of enduring alterations in neuronal functioning and morphology, and alleviate the behavioral deficits of AS (Figure 3B). 
Hence, the specific aims of this proposal are to: 
1. [bookmark: _Hlk166436762][bookmark: _Hlk165203760]Determine whether DNP reduces the mitochondrial membrane potential and oxidative stress of AS NPCs, and rescues the enhanced apoptosis phenotype. 
2. Determine whether in vivo gestational DNP administration mitigates the enhanced oxidative stress in brain cells of AS embryos and reduces the elevated apoptosis levels. 
3. [bookmark: _Hlk166436797]Determine whether in vivo treatment with mitochondrial uncoupler during embryonic development rescues behavioral deficits in the brains of AS mice in adulthood.
4. [bookmark: _Hlk167038933]Determine whether in vivo treatment with mitochondrial uncoupler during embryonic development rescues the cellular properties of pyramidal cells. 
5. Determine whether in vivo treatment with mitochondrial uncoupler during embryonic development rescues the morphological properties of pyramidal cells. 
[image: ]
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Figure 3. A. Working hypothesis. DNP reduces the proton gradient and prevents the generation of enhanced oxidative stress observed in AS embryonic brain cells to enable normal brain development. 
B. Experimental setup. WT males and UBE3Am+/p- females will be paired to yield WT and AS offspring. Pregnant females will drink water with either 2,4-dinitrophenol (DNP) or vehicle (Veh) to produce four experimental groups of offspring. DNP treatment of AS embryos will mitigate the oxidative stress and their deficits will be alleviated. Sex-dependent differences will be examined. 
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The expected significance of the proposed study is threefold: 1. It will deepen our understanding of the role of mitochondrial dysfunction and oxidative stress in the pathophysiology of AS neurodevelopment. 2. It will determine whether administering mitochondrial uncoupler for mitigating oxidative stress during embryonic AS brain development is beneficial and rescues behavioral, physiological, or cellular structural phenotypes. 3. It will expand our experience and knowledge concerning the administration of mitochondrial uncouplers during pregnancy in general, and enable to optimize this treatment strategy. Oxidative stress in embryonic brain development is considered the cause of multiple neurodevelopmental disorders, and studies in models of neurodevelopmental disorders showed benefits for gestational administration of anti-oxidants that scavenge ROS 45–49. However, uncouplers were never tested. Hence, the knowledge and experience gained in this study will serve us in studying other models for neurodevelopmental disorders, such as maternal immune activation (MIA), in which we observed enhanced oxidative stress in embryonic brain (Figure 4). 
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Figure 4. MIA model using polyinosinic-polycytidylic acid [Poly(I:C)] 20mg/kg at E12.5 indicate enhanced oxidative stress. 
A. increase in the relative expression of Nrf2-regulated genes. 
B. increase in lipid peroxidation as observed by MDA-TBARS assay.  
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C. Experimental design and methodology    
Aim-1: Determine whether DNP reduces the mitochondrial membrane potential and oxidative stress of AS NPCs, and rescues the enhanced apoptosis phenotype. 
[bookmark: _Hlk165209762]Rationale: We and others showed mitochondrial dysfunction and enhanced oxidative stress in AS brain cells 34–38. We also showed that mitochondria of AS embryonic neural precursor cells (NPCs) at E16.5 express enhanced oxidative stress alongside increased mitochondrial membrane potential, and also exhibited elevated levels of apoptosis. Moreover, we showed that antioxidant treatment with GSH-EE that mitigated the oxidative stress rescued the enhanced apoptosis phenotype of AS NPCs, but did not normalize their increased mitochondrial membrane potential 41. Hence, it is probable that an approach that will mitigate oxidative stress while reducing the mitochondrial membrane potential would be an even more suitable therapeutic approach for AS. DNP is a mitochondrial uncoupler that does exactly that. As a protonophore, DNP shuttles protons across the inner mitochondrial membrane, reducing its membrane potential as well as reducing oxidative stress 50. In vitro studies in isolated hepatocytes and cultured HepG2 cells showed that DNP 50M is sufficient to induce uncoupling activity 52,61.  However, in vitro studies using lower doses of DNP (20M) in primary neuronal cultures and cultured cell lines showed that at this low dose, DNP 20M does not have significant uncoupling activity, although it induced significant effects of differentiation and neuritogenesis 62,63. Given these studies, we will start our experiments with DNP 50M. 
	Table-1
	WT
	AS

	Male groups
	vehicle
	DNP
	vehicle
	DNP

	Female groups
	vehicle
	DNP
	vehicle
	DNP


Experimental design: As we previously described, we will extract and culture E16.5 NPCs from AS and WT littermate embryos and treat them with DNP 50M for 48 hours, in a similar method to what we previously described for incubation with GSH-EE 41. This design will generate 8 groups, 4 groups per sex (Table-1). All methods for aim-1 were described by us in details 41. 
Generation of NPCs: In brief, we will pair a heterozygous female mouse with paternally derived Ube3a deletion (Ube3ap−/m+) and a wild-type (WT) (Ube3ap+/m+) male, both on a C57BL/6 background, to generate WT (Ube3ap+/m+) and AS (Ube3ap+/m−) littermates. On gestational day E16.5, we will extract the brains of the AS and WT littermates’ embryos and dissociate them into a single-cell suspension using Neural Tissue Dissociation Kit (Miltenyi Biotec #130-093-231), collect cells with centrifugation (300×g, 5 min) and re-suspend in a complete embryonic NeuroCult™ proliferation medium (STEMCELL #05702) with added EGF (10 µg/ml; STEMCELL #78006.1). Cells will be plated in flasks coated with poly-D-lysine and laminin. For DNP treatment NPCs will be incubated for 48 hours with DNP 50M. When necessary (for FACS measurements), cells will be detached, dissociated and collected with ACCUTASE kit (STEMCELL #07922). Sex of NPCs will be determined by PCR for two Y-chromosome-linked genes (KDm5D and DDX3Y), as we previously described 39. 
Aim 1.1: DNP effects on mitochondrial membrane potential (ΔΨm) of NPCs. 
[bookmark: _Hlk165553818]Following incubation of NPCs with DNP 50M for 48 hours, NPCs will be dissociated, washed with 0.2% BSA, collected by centrifugation, and then triple-stained by incubation for 20min at 37°C with tetramethylrhodamine ethyl ester (TMRE) 142.8 nM (to measure mitochondrial membrane potential), calcein violet-AM 0.9M (to asses cell viability), and Mitochondrial Tracker Green 75.3 nM (to label and assess relative mitochondrial mass), then washed with 5% fetal calf serum and resuspended in Opti-Klear™ Live Cell Imaging Buffer. Fluorescence labeling will be immediately measured by fluorescent antibody cell sorter (FACS) and analyzed with FlowJO software. The fluorescence intensity of TMRE will be calculated from live (calcein-positive) cells, relative to the mitochondrial mass indicator. Apart from measuring mean intensities, we will also assess relative cell population expression of high ΔΨm (TMREhigh/MitoTracker greenhigh) and low ΔΨm (TMRElow/MitoTracker greenhigh). 
Aim 1.2:  DNP effects on mitochondrial oxidative stress of NPCs. 
Similarly to aim-1.1, following incubation of NPCs with DNP 50M for 48 hours, dissociated NPCs will be triple-stained with MitoSOXTM red 3M, calcein violet-AM 0.9M, and Mitochondrial Tracker Green 75.3 nM. Using FACS followed by analysis with FlowJO software, mROS levels will be assessed by measuring the red fluorescence of MiroSOX from live (calcein+) NPCs, relative to the mitochondrial mass (MitoTracker), as we previously described 41. 
We are aware that the use of TMRE and MitoSOX in themselves affects the measured mitochondrial properties, however, in our previous study we have calibrated the lowest concentrations to minimize the effects while enabling reliable readings, and all measurements are always relative to those in the control groups.  
Aim 1.3:  DNP effects on apoptosis levels of NPCs. 
In brief, apoptosis in NPCs will be measured in two methods: TUNEL assay and Annexin-V/Propidium Iodide (PI) assay. Similar to aims 1.1 and 1.2, following incubation of NPCs with DNP 50M for 48 hours, NPCs will be dissociated and collected. For TUNEL assay, we will use TUNEL assay kit- BrdU-Red (abcam ab66110). Detached and collected NPCs will be fixed with ice-cold 4% paraformaldehyde (PFA) for 15 min on ice, followed by washing in ice-cold PBS. Next, NPCs will be incubated in 70% ethanol at -20°C overnight and the next day, NPCs will be incubated in DNA labeling solution for 60 min at 37°C, followed by sequential 30 min incubations of BrdU antibody solution and 7-AAD at room temperature (RT). Before each incubation, NPCs will be washed according to the kit manufacturer’s protocol. The ratio of TUNEL-positive cells will be assessed by FACS and analyzed with FlowJO software. For Annexin-V/PI assay, we will utilize MEBCYTO Apoptosis Kit (MBL #4700). NPCs will be detached and collected with ACCUTASE, and washed once with PBS. Following NPCs will be centrifuged and NPCs pellet will be resuspended with binding buffer and incubated with Annexin-V and PI antibodies according to the kit’s protocol. Next, NPCs will be measured with FACS for fluorescence of Annexin-V/PI labeled NPCs, to discriminate between viable cells (Annexin-V-/PI-), early apoptotic cells (Annexin-V+/PI-), and late apoptotic cells (Annexin-V+/PI+). The ratio of each population will be analyzed using FlowJO software.  
As aforementioned, we described all of these methods in detail in a previous publication 41. 
Pitfalls and alternative approach: We are experienced and proficient in the aforementioned methods, which we previously published 41. However, in addition, we can also directly stain cultured NPCs, and perform fluorescent measurements using fluorescent microscopy in our institutional bioimaging facility. As we previously described, we can seed 1x104 per well of NPCs in poly-D-lysine (PDL) and laminin-coated 96-well plates and culture in a complete embryonic NeuroCult™ proliferation medium for 48 h at 37°C with 5% CO2 41. This can be performed, with and without DNP 50M in the medium. Mitochondrial membrane potential, oxidative stress, apoptosis rate, and many other parameters can be performed in our Incucyte SX5 live-cell imaging system (Sartorius) with the appropriate commercial kits. It is also possible that the required DNP concentration will need to be adjusted for various reasons. We can also examine the effect of other anti-oxidant compounds if needed. As aforementioned, we have experience with anti-oxidant treatment of NPCs cultures with GSH-EE, and these results were already published by us 41.   

Aim-2: Determine whether in vivo gestational DNP administration mitigates the enhanced oxidative stress in brain cells of AS embryos and reduces the elevated apoptosis levels.
Rationale: For in vivo use, DNP was shown as a potent and amongst the least toxic uncouplers 52. DNP is not teratogenic in rats even at high doses 64, and was shown to be relatively safe and nontoxic in rats or in mice at a dose of ≤10mg/kg 50,56,64–69. Moreover, DNP was shown to effectively impact the brain at doses of 1 and 5 mg/kg, 50,56,70–72, and lower oxidative stress in the brain even at very low levels 56,72. Another important aspect is that DNP effectively impacts the brain when administered in drinking water even at low doses (1mg/L) 56,72–74. Average mouse C57Bl/6 drinks ~3-6ml/day 25-30g mouse 72,75,76. Various publications claimed that the clinical dose for humans, 1.2–4.3 mg/kg/day, scales to ~15–54 mg/kg/day in mice  65,73. Previous studies estimated that 1mg/L drinking water for adult mice is equal to ~100 μg/kg/day 56,65,72,77 and that 800mg/L for adult C57Bl/6J mice is equal to ~89mg/kg/day in mice 65,73. Differences between labs concerning daily consumption were due to different amounts of water drank by the mice. DNP can be delivered also via oral gavage 52,64,68,78, or via intraperitoneal injections 56,70. Hence, we aim to determine whether DNP administration in drinking water mitigates the oxidative stress in the brains of AS embryos. The study that utilized the high doses of DNP administration in drinking water (0-2000mg/L) found that 800mg/L did not reduce the amount of drinking or eating but slightly reduced weight, while 400mg/L did not affect the amount of drinking and eating, and did not affect weight 72. These results will also be investigated and sex-dependent differences will also be addressed. Overall, we will have 4 experimental groups per sex, as depicted in Table-1. 
Preliminary results of whole embryonic brain tissue at E16.5 showed evidence for increased oxidative stress and enhanced apoptosis levels (Figures 1-2). 
Experimental design: Healthy heterozygous Ube3A females, i.e. females that accepted their deletion from their male parent (Ube3Am+/p-) on a C57Bl/6J background will be paired with a same background wild-type (WT) male. Such pairing is expected to yield offspring that 50% of them are WT (Ube3Am+/p+)  and 50% are AS (Ube3Am-/p+). We will examine the female every morning for a vaginal plug to determine the date of gestation. Once a vaginal plug is observed, males will be separated, and females will water and food ad libitum. Drinking water will contain either DNP (400mg/L) or vehicle. At E16.5, embryonic brains will be extracted on ice and either immediately evaluated or snap-frozen in liquid nitrogen to be collected and stored at -80°C until further processing, according to the protocol specified by the kit manufacturers. Oxidative stress levels and apoptosis levels will be evaluated using several methods. On brain tissue extraction, the embryonic tail will be cut and processed for genotyping (WT or AS) and sex determination by PCR for KDm5D and DDX3Y, as we previously described 39.  
[bookmark: _Hlk167651196]Aim 2.1:  DNP effects on mitochondrial oxidative stress in embryonic brain tissue. 
To assess oxidative stress in brain embryonic tissue of WT and AS embryos treated with DNP or vehicle, we will utilize several methods.  
Western Blot Analysis: To assess the expression levels of different oxidative stress markers proteins. Total protein will be extracted from the different samples and subjected to standard western blot analysis using Anti-Keap1 antibody (Abcam, # ab227828), Anti-Nrf2 antibody (R&D Systems, #AF3925), Superoxide Dismutase 1 (SOD1) (Abcam, #ab51254), Catalase (Abcam, ab209211) and Anti-4 Hydroxynonenal (4-HNE) antibody (Abcam, #ab46545 or #ab48506) to stain protein adducts of 4-HNE. Protein readings using chemiluminescence will be normalized to Ponceau S staining and chemiluminescence of house-keeping proteins on the same blot (if in a different molecular weight) such as Anti-beta Actin antibody (Abcam, #ab6276), and Anti-beta Tubulin antibody (Abcam, #ab6046). 
Real-time PCR: RNA isolation from the frozen samples will be conducted using the RNA Mini Kit (Qiagen, #74534), followed by cDNA synthesis using ReadyScript® cDNA Synthesis Mix (Merck, #RDRT-500RXN). Real-time PCR with SYBR Green will be performed using KiCqStart® SYBR® Green qPCR ReadyMix™ (Merck, #KCQS01-1250RXN) and pre-designed KiCqStart SYBR® Green primers (Merck, #KSPQ12012) for oxidative stress-related target genes, including Superoxide Dismutase 1 (SOD1), Superoxide Dismutase 2 (SOD2), Catalase (CAT), Glutathione Peroxidase (GPx), heme oxygenase-1 (Hmox-1), Glutamate-cysteine ligase catalytic subunit (Gclc), Catalase (Cat), NAD(P)H: quinone oxidoreductase 1 (Nqo1) and Glutathione S-transferase (GST). The relative expression of genes will be calculated as the ΔΔCt fold change, and the reference gene used will be b-Actin (Actb) (Figures 1 and 4).    
Lipid Peroxidation Assessment: The extent of lipid peroxidation will be quantified by measuring the levels of malondialdehyde (MDA) using the Lipid Peroxidation (MDA) Assay Kit (Colorimetric/Fluorometric) (Abcam, #ab118970) and 8-isoprostane using the 8-isoprostane ELISA Kit (Abcam, #ab175819). 
Quantification of total reactive oxygen species (ROS) and reactive nitrogen species (RNS): the total free radical presence in all the different samples will be assessed by utilizing the DCF ROS/RNS Assay Kit (Abcam, #ab238535). Generally, the brain samples will be immediately sonicated on ice, centrifuged at 10,000 g for 5 min, stored at -80ºC, and processed according to the manufacturer's instructions. 

Aim 2.2:  DNP effects on apoptosis levels in embryonic brain tissue. 
To assess apoptosis levels in brain embryonic tissue of WT and AS embryos treated with DNP or vehicle, we will utilize two methods.  
Apoptosis Assessment (FACS): The apoptotic capacity of harvested brains will be examined using Annexin-V/PI.  Immediately after the extraction of the embryonic brain at E16.5, we will process the tissue into a single-cell suspension, as we previously described 41. Annexin-V/PI analysis will be conducted by staining 0.5x10^6 cells with Fluorescein Isothiocyanate (FITC)-conjugated annexin-V/PI, utilizing the MEBCYTO Apoptosis Kit (MBL #4700, Nagoya, Japan). The analysis will be performed via FACS following the manufacturer's guidelines. Evaluating apoptosis by FACS reading of Annexin-V/PI is similar in principle to the method described in aim 1.3 for NPCs, and like we previously described 41. 
Apoptosis Assessment (TUNEL Assay): Brain tissues harvested at E16.5 will be immediately fixed using 4% paraformaldehyde. Following fixation, the tissue will be dehydrated and embedded in paraffin. According to the manufacturer's guidelines, the paraffin embedding section will be processed and analyzed using the TUNEL Assay Kit—BrdU-Red (Abcam #ab66110). This method was used in Figure-2 showing enhanced apoptosis in E16.5 embryonic brains of AS. 
Caspase Activity Measurement: Brain tissues collected at embryonic day 16.5 (E16.5) will undergo assessment for Caspase 3/7 and Caspase 8 activities using the Caspase-Glo® 3/7 and Caspase-Glo® 8 Assay kits (Promega, Catalog # G8091 and # G8200, Madison, WI, USA). 

Possible pitfalls and alternatives: The correlation between the administered dose to the pregnant dam and the corresponding effects of DNP on embryonic brain development was never established. DNP was shown to entail hormetic effects, meaning a higher dose might induce smaller effects. Hence, it is possible that the proposed amount of DNP in the drinking water (400mg/L), which is estimated to be ~40mg/kg/day to the pregnant dam, will be too high and have no effects on the embryonic brains. Moreover, studies have shown that also lower doses of DNP are effective 50,56,70–72, but none of the studies examined the dose of DNP during gestation and its effects on embryos. Hence, we will also examine the effects of lower concentrations of DNP. 


[bookmark: _Hlk167651164]Aim-3: Determine whether in vivo treatment with mitochondrial uncoupler during embryonic development rescues behavioral deficits in the brains of AS mice in adulthood.
Rationale: Many research teams, as well as ours, have demonstrated that AS mice exhibit multiple behavioral deficits 12,15,32,79,80. Apart from various behavioral deficits in AS mice 32, we have also shown that AS male mice exhibit elevated levels of aggression 79. As aforementioned, only very early reinstatement of Ube3a, before E12.5 was able to rescue all AS phenotypes, and especially core autistic/emotional-related phenotypes such as marble burying and forced swim tests, were not rescued when reinstatement was performed in later ages 22–25. Interestingly, oxidative stress was found in multiple neurogenetic syndromes81–87, and in autism spectrum disorders (ASD) 44,88–90, and studies suggested the use of antioxidants in the treatment of autism 42,43. And indeed, studies in models of neurodevelopmental disorders (NDD), such as maternal exposure to valproic acid (VPA) or maternal immune activation (MIA) model, showed not only that  NDD entail enhanced oxidative stress during embryonic brain development, but that mitigating that enhanced oxidative stress alleviated the NDD-related deficits 45–49,91–94. These results align with our studies, where we showed evidence for enhanced oxidative stress during the embryonic brain development of AS mice. We demonstrated that embryonic NPCs of AS mice exhibit enhanced oxidative stress, and mitigating the oxidative stress rescued their enhanced apoptosis down to normal WT levels 41, and as aforementioned, we have also shown evidence for increased oxidative stress and enhanced levels of apoptosis in embryonic brain tissue of AS mice (Figures 1-2). Furthermore, we and others showed that antioxidant treatment in adult AS mice rescued a few of the AS behavioral deficits 36,37. Taken together, DNP administration is expected to decrease the elevated mitochondrial membrane potential in AS, reduce the enhanced oxidative stress by preventing ROS production, and induce BDNF expression and signaling 50,56,59,78. Hence, we posit that the administration of DNP to a pregnant dam as an anti-oxidant during embryonic development is expected to alleviate brain maldevelopment in AS mice embryos and ameliorate their behavioral deficits later in life.    
Experimental design:
We will breed AS mice and WT littermates in the same breeding scheme used in aim-2. From the day of inception, pregnant dams that carry the AS and WT littermates will be treated with DNP dissolved in the drinking water using the optimal dose as derived from aim-2. This experimental paradigm will generate 4 groups (WT-vehicle, WT-DNP, AS-vehicle, and AS-DNP) as depicted in Table-1, per each sex. Considering males and females we will have 8 experimental groups like in aim-2. However, here (aim-3) we will continue the pregnancy and breed the offspring into young adulthood. DNP will be provided via drinking water during the entire pregnancy and the pre-weaning lactating period until pups are 3 weeks old, although we do not know whether and how much of the DNP is delivered via the milk. Once a week we will track the weight of the pregnant dams all along the pregnancy and lactation period until the offspring are weaned. 
[bookmark: _Hlk146789961]Offspring will be weaned and genotyped at the age of 3 weeks, and raised on a regular diet until the age of 10 weeks, and then a battery of behavioral profiling will be performed. The weight of the offspring will be tracked once a week until the end of the behavioral profiling (~3 months). The behavioral profiling will include, motor and core autistic-like phenotypes using open field arena, rotarod, elevated plus maze, marble burying, forced swim test, three chambers social interaction test, aggression (in males), novel object recognition, Morris water maze, nesting behavior, and amphetamine-induced hyperlocomotion test, as we and others previously described 32,48,49,79. The behavior will be tracked and analyzed as we previously described, using Noldus EthoVision XT 12 software or ANY-maze 7.34 software 32,37,79,95. Scoring will be performed by students who are blind to the group assignment of the offspring (WT±DNP or AS±DNP), and we will consider sex in our analyses. Once behavioral scoring is completed, each mouse will be assigned to its group and statistical analyses will be performed. 
Possible pitfalls and alternatives: The dosage will be decided considering the results in aim-2. Nonetheless, it is possible that gestational DNP administration will induce adverse effects or no effects on the behavior of offspring. In this case, we will try adjusting the dosages accordingly. Based on the literature, DNP has hormetic effects 50,56, and it is plausible that even much lower doses will induce significant beneficial changes 50,56,70–72, but the effects of developing embryos was never studied. In addition, it is possible that DNP at any dose will not induce the beneficial expected effect. In this case, we will try treating with another type of mitochondrial uncoupler or another type of antioxidant that was shown to be effective in preventing some of the behavioral deficits in offspring of maternal immune activation model like NAC or resveratrol 48,49,91–94, or antioxidants that we and others have shown to be effective in alleviating behavioral deficits of the adult AS mouse 36,37, or to try other uncoupling agents available.  

Aim-4: Determine whether in vivo treatment with mitochondrial uncoupler during embryonic development rescues the cellular properties of pyramidal cells.
Rationale: Using AS model mice, we and others showed that brain regions implicated in AS deficits correlate with aberrant intrinsic and extrinsic excitability 96–105, and although not always 97, the recovery of the excitability aberrations correlates with the rescue of some of the behavioral deficits 96,99,101,103. Modulation of mitochondrial functioning can modify neural excitability 106–108. Moreover, mitochondrial functioning and its related signaling are key players in the homeostatic regulation of average firing rates set points of neurons 109. Hence, an early intervention that regulates mitochondrial functioning and oxidative stress may affect the development of neurons and induce long-lasting effects on extrinsic and intrinsic excitability. Furthermore, it is critical to understand these aspects of neuronal excitability in a developmental perspective over time, beginning from early phases when mature neurons have just been formed (at the age of 2 weeks) and up to adulthood (at the age of 3 months). Our preliminary findings show that hippocampal CA1 pyramidal cells at the age of P14 already exhibit altered intrinsic properties (Figure 5). However, some of the aberrant intrinsic properties we reported in adult AS mice (action potential amplitude and its rate of rise) were shown only later in adulthood, which coincides with the delayed change in the expression of the axon initial segment-related proteins 102,103. The general question, of whether early modulation of mitochondrial functioning alters neuronal excitability along development is interesting in itself (even for WT alone), beyond its significance for AS. [image: ]
Figure 5. Intrinsic properties of CA1 pyramidal neurons in AS and WT littermates at P14 indicate increased excitability. Recorded in current-clamp with K-gluconate-based internal solution at 23°C. WT N=7 mice, 22 cells; AS N=8 mice, 25 cells. AP=action potential. * denotes p<0.05 in student’s t-test.  

Experimental design:
We will utilize the same breeding scheme and DNP/vehicle treatment detailed for aim-3, to generate 4 adult mice experimental groups (WT-vehicle, WT-DNP, AS-vehicle, and AS-DNP) per each sex (Table-1). At the age of 10-11 weeks, mice will be sacrificed to achieve the following sub-aims. 
Aim 4.1:  Determine DNP treatment effects on the intrinsic properties of pyramidal neurons at the hippocampal CA1 and the prelimbic region of the prefrontal cortex.  
[bookmark: _Hlk167978470]Mice from the aforementioned experimental groups (Table-1) at the age of 10-11 weeks will be sacrificed with immediate cervical dislocation followed by an immediate extraction of the brain under a sucrose-based ice-cold cutting solution. Following the harvesting of the brain we will produce 250m coronal slices that will be moved for incubation in carboxygenated artificial cerebrospinal fluid (aCSF) at 35˚C for 45 minutes followed by further incubation in room temperature (RT) until the transfer to the recording chamber. We will produce slices that contain the prelimbic prefrontal cortex (PFC) and slices that will contain the dorsal hippocampus (in different slices). Slices will be put in the recording chamber for at least half an hour of acclimation before recordings. Whole-cell patch recordings of pyramidal neurons from prelimbic PFC and hippocampal CA1 will be performed at 35°C with a flow (~3ml/min) of carboxygenated aCSF. Using various recording protocols of current-clamp mode we will measure the passive and active intrinsic properties, in two conditions, without any baseline current injection (I0) and with a holding current to set the resting membrane potential at -65mV. The internal solution will be potassium-gluconate-based. Passive and active properties will include also resting membrane potential, time constant, input resistance, and active membrane properties such as threshold potential, action potential (AP) amplitude, AP mid-width, maximal AP rate of rise, rheobase, medium and slow afterhyperpolarization (mAHP and sAHP), FI-curve and additional parameters. As aforementioned, all of these experiments were previously described in detail by us 110–119.      
Aim 4.2:  Determine DNP treatment effects on the synaptic properties of incoming inputs to the pyramidal neurons at the hippocampal CA1 and the prelimbic region of the prefrontal cortex.  
Similar to aim 4.1, we will produce slices for whole-cell patch clamp recordings from all experimental groups (Table-1). For evaluating the spontaneous network activity and the synaptic properties of inputs to pyramidal neurons from prelimbic PFC and hippocampal CA1 we will perform voltage-clamp recordings of spontaneous events using four experimental setups: 1. cesium-methanesulfonate (CsMeS) based internal solution clamped on -70 mV with aCSF containing bicuculline 50μM to record spontaneous excitatory postsynaptic currents (sEPSCs). 2. cesium-chloride (CsCl) based internal solution clamped on -70 mV with aCSF containing DNQX 20μM + APV 50μM for recording spontaneous inhibitory postsynaptic currents (sIPSCs). 3. to measure sEPSCs and sIPSCs from the same neurons, we will utilize internal solution containing CsMeS 135mM and CsCl 6mM and an external solution of aCSF with no inhibitors in the bath, and voltage-clamp the neurons at the reversal potential of GABAA (~-70 mV) for recording sEPSCs followed by voltage clamp at the reversal potential of glutamate receptors (~0 mV) for recording sIPSCs. 4. To measure evoked excitatory and inhibitory potentials we will use a similar approach like in the 3rd setup, but evoke external synaptic stimulation using a thin bipolar stimulating electrode positioned over the incoming axons. For hippocampal CA1 the stimulating electrode will be positioned on the Schaffer collaterals, and for layer-5 pyramidal neurons, the bipolar electrode will be placed in the adjacent layer 2-3. For evaluating the isolated synaptic properties, we will record miniature excitatory postsynaptic currents (mEPSCs) and miniature inhibitory postsynaptic currents (mIPSCs) similar to the way we record sEPSCs and sIPSCs, only with the addition of tetrodotoxin 1M to the aCSF composition. As aforementioned, all of these experiments were previously described in detail by us 110–112,114,117–121.  
Aim 4.3: Determine DNP treatment effects on the synaptic plasticity of the hippocampal CA1 in AS mice. 
Impaired hippocampal synaptic plasticity, such as the one observed by long-term plasticity (LTP) deficits was shown by us and others 12,14,37,95,101. We further showed that antioxidant administration to adult AS mice rescued their LTP deficits 37. Hence, it is imperative to investigate whether antioxidant therapy with DNP during early development would rescue the LTP deficits in AS mice. For that, we will examine in hippocampal slices whether prenatal treatment with DNP rescues the LTP deficit of AS mice, as we previously described 95,122. In brief, we will produce 300 m thick hippocampal brain slices. Slices will be placed for acclimation in the recording chamber for at least 2 hours before the start of stimulation and recording. Stimuli will be delivered via a bipolar stimulating electrode placed on the Schaffer collaterals proximal to the CA3, and a recording aCSF-filled glass electrode (3-5MΩ) will be placed in the stratum radiatum region of the CA1 at a distance of ~500m from the stimulation electrode to obtain a stable and clear field excitatory postsynaptic potential (fEPSP) signal with minimal spatial bias. Stimulus will be delivered using LSIU-01 (Cygnus Technology) stimulus isolator and recorded signals will be amplified using EXT-02B amplifier (NPI Electronic) and digitized by a Digidata 1440 apparatus (Molecular Devices) using pCLAMP 10 software (Molecular Devices). At first, we will test the input-output relation between stimulus intensity and utilize the stimulus intensity that produces ~40% maximal synaptic response, as measured by the initial fEPSP slope. Paired pulse facilitation (PPF) will be measured before tetanic stimulation and at the end of the experiment. Stable baseline (0.05 Hz) will be measured for at least 30 minutes, followed by two trains of 100Hz for 1second each, with an inter-train interval of 20 seconds, and followed by measuring the post-tetanic potentiation for 90 minutes, finalized with PPF recording. Analyses will be performed using clampfit 10. As aforementioned, we are experienced in our lab with this technique 95,122.   


Aim-5: Determine whether in vivo treatment with mitochondrial uncoupler during embryonic development rescues the cytomorphological properties of pyramidal cells. 
Rationale: We and others showed that pyramidal neurons in adult AS mice exhibit distinct cellular morphological changes, such as reduced spine density 123,124 and elongated axon initial segment (AIS) in hippocampal CA1 pyramidal cells and medial nucleus of the trapezoid body (MNTB) neurons that correlate with pyramidal neurons' altered intrinsic and synaptic physiological properties 102,103,105,125. These changes might relate to enhanced oxidative stress, as previous studies showed that oxidative stress is associated with reduced spine density and immature spine morphology 126–130, and also with disruption of the axon initial segment (AIS) 131.    
The first study that reported a decreased spine density in AS mice cerebellum, hippocampal CA1 and cortical neurons (layers 3-5), also observed a decrease in spine length in the hippocampus 123. Since then, despite few conflicting results (mainly in cultures), most studies replicated the decreased spine density in AS mice, and three studies that further investigated spine morphology showed that AS dendritic spines are less mature 124. 
Our preliminary results replicate these findings and show decreased spine density in hippocampal CA1 pyramidal cells of AS mice even at the age of P14 (Figure 6), as well as in adult AS mice (Figure 7). Further morphological classification of the hippocampal CA1 dendritic spines in adult AS mice also shows a reduction in mature (mushroom-shaped) spines and an increase in immature (filopodia-shaped) spines (Figure 7).  Concerning the AIS, as we previously showed, the AIS in hippocampal CA1 pyramidal cells of adult AS mice is elongated coinciding with enhanced expression of AIS-related proteins NaV1.6 and ankyrin-G 102,103,125. Unlike the decrease in dendritic spine density, we did not observe changes in AIS-related proteins at the age of P14 102, which correlates with the absence of increased AP amplitude and rate of rise (Figure 5), which were observed only later in adult mice. Hence, AIS morphology will be examined only at the age of P70. [image: ]
Figure 7. Dendritic spine density in secondary apical dendrites of CA1 pyramidal cells at 10 weeks old mice from AS and WT littermates. Bar graph shows mean±SEM. Microscopy images are morphological reconstructions from Golgi staining. Spine analysis was performed with IMARIS filament tracer module. WT and AS: mice n=3 segments n=16 per genotype. *p<0.05 **p<0.01 in student’s t-test. 
    
[image: ]
Figure 6. Dendritic spines density in secondary apical dendrites of CA1 pyramidal cells at P14 from AS and WT littermates. Bar graph shows mean±SEM. Microscopy images are morphological reconstructions from Golgi staining. WT and AS: mice n=3 segments n=6 per genotype. *p<0.05 in student’s t-test. 

Aim 5.1:  Determine DNP treatment effects on the spine density and morphology of pyramidal neurons at the hippocampal CA1 and the prelimbic region of the prefrontal cortex at P14 and P70 AS mice. 
For determining spine density and morphological classification in hippocampal CA1 and prelimbic PFC of AS mice following prenatal DNP treatment, mice from the four experimental groups per each sex will be sacrificed at the age of P14 and ~P70. Brains will be extracted and Golgi stained using the "FD RAPID" kit (FD Neurotechnology, Inc., USA). In brief, brains will be immersed in a mix of solutions A and B, kept in the dark for two weeks, then transferred into solution C for 72 hours, followed by slicing into 150 µm coronal slices using an SMZ7000 vibratome (Campden Instruments, UK). We will focus on coronal slices that contain the dorsal hippocampal CA1 and prelimbic PFC regions, but other brain regions might also be investigated. After slicing, the slices will be dried and undergo a staining procedure using a mix of solutions D and E and double-distilled water. The sections will be hydrated in three sequential ethanol dilutions (50%, 75%, and 95%), 4 minutes each, and then put in absolute ethanol four times, 4 minutes each. Afterward, the slices will be cleared using xylene, mounted on slides, and sealed with coverslips for z-stack imaging with brightfield microscopy using 100X (NA=1.40) oil immersion objective. We will utilize IMARIS 10.1.1 (Oxford Instruments) with the module ‘filament tracer’ for automated analyses of spine density and morphological classification of spines on secondary dendrites from the apical dendrites of hippocampal CA1 and prelimbic PFC pyramidal neurons, as we previously performed (Figures 7). The analysis will be performed by a ‘blind’ experimenter who will not be aware of the experimental group assignment of the slices. Statistical analyses will be performed after receiving the results from the ‘blind’ experimenter per each slice and assigning the results to the correct experimental group. We are well acquainted with these staining and imaging procedures and the requested analyses. [image: ]
Figure 8. Images of dendritic spines from distal secondary apical dendrites of hippocampal CA1 neurons from infant (P14) and adult (P70) WT and AS model mice. Images are a collapsed 3D reconstruction of alexa-594 fluorescence with two-photon microscope.  

Alternatively, as we previously did, we will fill the recorded cells from aims 4.1 ad 4.2 with fluorescent dye (Alexa-488 or Alexa-594) 95,113 and image them using two-photon microscopy like we and others previously described 95,132.  For dendritic spine imaging, we will acquire high-resolution stacks (x=0.13 µm, y=0.13 µm, z=0.2 µm per voxel) of the dendritic segments throughout the entire cell (Figure 8). Automated analysis of spines will be performed using IMARIS 10.1.1 (Oxford Instruments) with filament tracer module. 
Aim 5.2:  Determine DNP treatment effects on the axon initial segment (AIS) length of hippocampal CA1 pyramidal neurons in P70 AS mice. 
For determining AIS length in hippocampal CA1 of AS mice following prenatal DNP treatment, mice from the four experimental groups per each sex (Table-1) at the age of ~P70 will be sacrificed. As we previously described 125, mice will be deeply anesthetized using ketamine xylazine and perfused with ice-cold pre-fixative (12-15 mL normal saline), followed by ice-cold fixative [10-12 mL 1% PFA and 1% sucrose in 0.1 M phosphate buffer (PB)] for light fixation to enable the immunostaining of the AIS. Following perfusion, brains will be extracted and stored in a similar fixative for 2-3 hours at 4°C and then immersed in 30% sucrose in 0.1M PB until brains sink. Brains will be sliced in -20°C using cryostat in 30m coronal sections to include the dorsal hippocampal CA1 region in a relatively laminar structural pattern of the hippocampus.  Slices will be transferred to 0.01 M PBS and washed three times in 0.01M PBS, and then blocked in for 2 hours in room temperature (RT) with 5% normal goat serum and 0.3% Triton X-100 in 0.01 M PBS (0.3% TPBSgs). Next, slices will be washed (3x10min) in 0.01M PBS and incubated overnight at 4°C 1:300 mouse anti-ankyrin-G (ank-G) primary antibody (clone N106/36, NeuroMab, Davis, CA) diluted in 0.1% TPBSgs. Next, slices will be washed again (3x10min) in 0.01M PBS and incubated in 1:1000 goat anti-mouse Alexa Fluor® 488 secondary antibody (ab150113, Abcam, Cambridge, UK) diluted in 0.1% TPBSgs for 2 hours at RT. Following, slices will be finally washed (3x10min) in 0.01M PBS, mounted on slides, airdried, covered with anti-fading agent (FluoroshieldTM with DAPI, Sigma Aldrich, St. Louis, MO), and sealed with coverslips for imaging. Z-stack imaging will be performed with a confocal microscope using a 60X (1.40 NA) oil objective with laser excitation at 406.8 nm for DAPI and 492.4 nm for the Alexa-488. Z-stacks will be imaged with an optical thickness of 0.05m in the z-axis to obtain z-stacks containing 150–200 images per ROI. The settings of laser intensity, pinhole, and exposure time will be kept identical for all experimental groups. Analysis of AIS length will be performed by a ‘blind’ experimenter in our institutional imaging facility using IMARIS 10.1.1 using filament tracer module. Statistical analyses will be performed after receiving the results from the ‘blind’ experimenter per each slice and assigning the results to the correct experimental group. My lab is experienced with AIS staining, imaging, and analyses 125.     

Available resources 
Animals and SPF transgenic animal facility: WT and AS model mice are bred in our animal facility, under constant veterinary supervision. Animals are kept in 12 hours light-dark cycle. Food and water are available ad-libitum. Veterinary technicians are highly experienced in taking care of the mice and performing stereotactic surgeries, and all are supervised by our chief veterinarian Dr. Barak Carmi. 
Animal behavior: Our lab is fully equipped for all of the abovementioned behavioral experiments, where we have two dedicated behavioral rooms with EthoVision XT 12.0 (Noldus) and with ANY-maze 7.43 (Stoelting) video tracking systems.  
Electrophysiology: Our lab has 3 complete whole-cell rigs all with IR-DIC and epifluorescence for whole-cell electrophysiology, and additional two rigs for ex-vivo extracellular field recordings with two channels in each rig, enabling to record from two slices in parallel per each rig. 
Two-photon imaging: Our lab has two 2-photon microscopes, Olympus FV1200MPE and Sutter DF-scope. 
[bookmark: _GoBack]Confocal imaging: Our interdepartmental facility has one confocal microscope Nikon Eclipse   
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