[bookmark: _Hlk151050677][bookmark: _Hlk130215451]The underlying metabolic mechanism of transcranial direct current stimulation:; 	Comment by Editor: I would suggest an alternative title of “Searching for the metabolomic signature underlying transcranial direct current stimulation” or something along those lines for simplicity.
a the search for a metabolomic signature 
A. Abstract  	Comment by Editor: Note that this needs to fit on one page
Transcranial direct current stimulation (tDCS) is a brain stimulation technique that serves as a treatment for neurological and psychiatric conditions. tDCS has many advantages, as it is non-invasive, cheapinexpensive, portable, easy to use, and with associated with minimal adverse effects,  such that it is and much safer than pharmacotherapy. Despite its multiple advantages,However, there are two main barriers to the widespread use of tDCS.  tDCS faces two major problems that limit its use. First, its mechanism of action is not fully clear, rendering the validation of complicating efforts to validate its efficacy as a therapeutic strategy. a challenging task. Second, the tDCS stimulation parameters of tDCS, such asincluding current intensity and the duration of stimulation, are currently determined arbitrarily for all patients, and there is no known method to optimizeestablished approach to optimizing these parameters. However, scarce limited evidence from magnetic resonance spectroscopy studies in of humans show hintssuggests that tDCS induces acute metabolic effects. MoreoverConsistently, preliminary data from our pilotour preliminary studies show that repetitive tDCS in mice induces distinct metabolic changes. However, it is not known the factors that drive these metabolic effects remain unknown. what drives these metabolic effects. In our previous studies, we showed provided evidence that tDCS modifies calcium dynamics. SIt is known that subthreshold changes of in intracellular calcium levels are known to alter the enzymatic and activity of enzymes, and modulate mitochondrial activity. Therefore, we posit hypothesize that tDCS -induces metabolic changes and generates metabolomic signatures that result from the effects of tDCS , generating metabolomic signatures, and that these are due to tDCS’ effects on intracellular calcium levels. We further posit that since expression levels of distinct metabolites are altered, these metabolites can be used as tDCS-related biomarkers for tDCS, which later serving as a tool for the individualized optimization of tDCS conditions. can later serve as a tool for tDCS optimization per each individual. For technical reasons, ex -vivo studies are more accurate and better controlled than with in -vivo studies. Hence, someSome of our proposed of these experiments will thus be performed using entail the direct current stimulation (DCS) with of brain slices and not with in-vivorather than in vivo tDCS.  	Comment by Editor: If this is your core hypothesis, consider unerlining it for emphasis.	Comment by Editor: I’m not sure this needs to be included in your Abstract, particularly given that it is over length.	Comment by Editor: I suggest adding text here along the lines of “  To test our hypotheses, we propose three Specific Aims:” and then providing your aims as a numbered list starting on the following line, using the same Aim titles as those in the main proposal.
Our study has three primary objectives. First, we aim to d
Taken together, the objective of this project is threefold. First, to determine the metabolic alterations changes that DCS induces in brain cellss metabolism. Second, to we aim to establishdetermine whether these DCS-induced metabolic effects are due to calcium dynamics. And thirdLastly, we aim to assess, whether tDCS generates a metabolomic signature that can serve as a biomarker for tDCS. 	Comment by Editor: I advise against using this phrase, as “a biomarker for tDCS” could be interepreted as a a biomarker that indicates tDCS was performed, which is not really what you mean so far as I can tell. Maybe say “ a tDCS-related biomarker” or “a biomarker for the evaluation of tDCS”.
To achieve these goals we will employ For this we will utilize an ex -vivo DCS an and in vivo tDCS protocols in-vivo tDCS protocols in mice that the Israeli lab hashave been developed and shown to yield significant effects in our preliminary studies.  developed for the last few years and showed it produces significant effects. Following DCS and tDCS experiments, the American partner lab will take aAn untargeted metabolomics approach using high -resolution mass spectrometry (LC-MS/MS) to metabolomics approach will then be used to highlight variation ofvariations in metabolite levelss in brain and plasma samples and to identify the metabolic pathways that are activated by weak electrical fields, enabling the identification of those  and which metabolites can that can serve as specific biomarkers. 	Comment by Editor: Your Abstract does not need to specify which labs will do what – there are more effective ways to utilize the limited space (unless highlighting cooperation is very important up front).
The two groups will work on samples prepared at the University of Haifa and coordinate their research with monthly online meetings to share their updates, and the data from both research sites will be discussed and correlated. 	Comment by Editor: This likely does not need to be in your Abstract
The The successful completion of this study significance of this study is that it will provide a comprehensive understanding of the underlying cellular mechanisms of that govern tDCS while revealing , and show that distinct metabolites can be used as tDCS-related biomarkers for tDCS. Since metabolites can be measured in plasma samples from humans using mass spectrometry or directly in the brain using nuclear magnetic resonance spectroscopy, this proof of principle can be later translated to the clinic generating a personalized medicine of neurostimulation. 	Comment by Editor: This should be reduced down to ~1 sentence. I suggest removing the text I have highlighted in yellow, ending the first sentence with. “…biomarkers, providing a foundation for personalized neurostimulatory medicine.”



B. Description of the research topic
Transcranial direct current stimulation (tDCS) is an evolving non-invasive brain stimulation (NIBS) technique of that involves delivering a weak direct current (DC) to the brain via the scalp 1–4. It is used to treat multiple neurological and psychiatric conditions, such as major depression, stroke, Parkinson’s disease, fibromyalgia, and many others 5–13. The advantages of tDCS include its non-invasive nature, portability, ease of use, low cost, and minimal side effects 14,15. However, despite the growing use of tDCS, studies emphasize the need for further optimization 16–18. One of the most significant barriers to tDCS optimization is that its underlying mechanism of action is not fully clear 17,19–25. Most studies that have investigated the immediate or short-term effects of tDCS have found , and showed that tDCS generates an electrical field that modulates the intrinsic and extrinsic properties of neurons, thus altering excitability, or spike timing 26,27. YetHowever, the molecular events that take place and cause the translation of translate these immediate and short-term effects into long-term ones are unknown. Sparse studies Some research provides hints that tDCS ignite modulates metabolic processes. For example, two studies in an MPTP-induced mouse model that examined anodal tDCS as a treatment for Parkinson’s disease showed that tDCS decreased mitochondrial damage 28, and reduced the levels of oxidative stress levels 29. Additional A separate study of anodal tDCS in humans using 31P magnetic resonance spectroscopy (MRS) demonstrated that a single anodal tDCS led to an initial drop in the phosphocreatinine (Cre/CreP) ratio compared with the sham condition, which and this was followed by a rapid increase in this ratio above the control levels measures of the control condition under the electrode and in the contralateral hemisphere 30. In one report , and uanother study using a similar approach, showed researchers detected complex metabolic effects on adenosine triphosphate (ATP), phosphocreatine (PCr), pH, and inorganic phosphate (Pi) dynamics 31. A study that utilized 18F-fluoro-2-Deoxy-D-glucose positron emission tomography (¹⁸F-FDG PET) suggested that tDCS induces delayed effects on glucose metabolism 32. Other studies with of tDCS also support that the ability of this technique to inducetDCS induces metabolic effects, especially particularly those affecting on energy production pathways, and with one meta-analysis having provided a valuable review of these effortsa nice meta-analysis reviewed these studies 33. Taken together, these data suggest that tDCS affects metabolism, particularly energy production processes and mitochondrial functioningfunction. This, in turn,  is turn can explain how tDCS modifies neural activity, since neuronal excitability and the regulation of firing rates is are also affected by mitochondrial functioning functionality 34–37. NonethelessTo date, however, there have not been any publications thoroughly characterizing the metabolic effects of tDCS., the avenue of thoroughly studying the metabolic effects of tDCS was never followed through. 	Comment by Editor: You’ve already mentioned this – I would delete it from your first sentence	Comment by Editor: Would “A single round of anodal tDCS” be reasonable to say?	Comment by Editor: Phosphocreatine?	Comment by Editor: If this is meant to be the same as above, be sure to use the same acronym
Supporting preliminary results: We We have established in vivo established in-vivo mouse and rat models of tDCS. In In the murine system, the tDCS' mouse model we administered tDCS to wild-type (WT) and Angelman syndrome (AS) model mice that display severe hippocampal deficits. ThusThrough this approach, we found , we showed that anodal tDCS over the dorsal hippocampi rescues the AS-related hippocampal deficits, and while also improvingimproves object location memory also in wildtype WT mice (Figs 1-2). EnsuingIn subsequent pilot studies exploring , we performed pilot studies to explore the tDCS-induced metabolic effects, we  and examined the metabolomic profiles of samples extracted from the region beneath the electrode. Mouse samples were subjected to. The samples of the tDCS' mouse model were processed for and analyzed with 1H-NMR metabolomics analyses (Fig 3), and the samples of the tDCS' rat modelwhile rat samples were analyzed using via liquid chromatography-tandem mass spectrometry (mass-spectrometry LC-MS/MS) (Fig 4). The 1H-NMR analysis analyses of mouse brain tissue collected from under the electrode after repetitive tDCS showed revealed changes in the expression of distinct metabolites and even a shift in the spectrum of taurine (Fig 3), which might indicatemay be indicative of changes in mitochondrial pH 38. The LC-MS/MS of analyses of corresponding rat brain tissue samples revealed rats' brain tissue under the electrode showed significant changes in metabolite profiles s that suggest the potential modulation of mitochondrial activity and energy production pathways (Fig 4). Taken Ttogether, these observations suggest that tDCS induces metabolic changes and probably likely modulates mitochondrial functioningfunctionality.	Comment by Editor: And AS mice?	Comment by Editor: Figure 1 is stretched awkwardly – restore it to its appropriate aspect ratio.	Comment by Editor: You may want to comment on why two differnet approaches were employed[bookmark: _Hlk139448926][image: ]Figure 1: tDCS alleviates spatial navigation memory deficits in AS mice. Morris water maze (MWM) testing revealed that 20 min of 150 A tDCS over the parietal cortex and dorsal hippocampi, ending 5 min before training, alleviated the spatial navigation memory deficits in AS mice. The center of the anodal electrode was –1.5 mm posterior to the bregma, and the return electrode was positioned over the thorax using a Velcro corset. A. Experimental approach. B. Stimulation protocol during the 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, 2-way RM ANOVA for interaction group×time]. E. Time in target quadrant in the probe test [F(3,42) = 9.7, p < 0.0001, 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; two2-way ANOVAs]. G. Histological analysis of brains after the end of experimental period did not reveal any tDCS-induced damage. Data are means ± SEM as error bars. Dots represent individual mice. Numbers of mice: WT sham (11), WT tDCS (11), AS sham (13), AS tDCS (11). **p < 0.01; ****p < 0.0001.
[image: ]
Figure 2: tDCS enhances object location memory in WT and AS mice. tDCS electrode positioning and stimulation parameters was were the same as for MWM testingtests. A. OLM experimental scheme. B. tDCS increaseds test phase exploration index values in WT and AS mice [F(1,14) = 9.1, p < 0.01 for treatment effect in 2-way ANOVA]. No differences were observed between WT and AS. C. Equation for exploration index % formula.  N = 5 mice/group for WT sham and AS sham; N = 4 mice/group for WT tDCS and AS tDCS.   


Moreover, if shown thatThe ability of tDCS affects to alter cellular metabolism raises the question of what processes give rise to these effects. We previously published evidence supporting , there is a question of how these effects are being ignited. We previously showed evidence to support the hypothesis that DCS modulates subthreshold calcium concentrations 39. Modulations Changes in these subthreshold intracellular calcium concentrations are known to modify the activity of mitochondrial enzymes 40. Hence, it is reasonable to posit that tDCS modifies mitochondrial functioning function by altering the intracellular calcium levels. One caveat to any in vivo study of tDCS that culminates in the of an extraction of tissue from in-vivo investigation of tDCS followed by extracting the tissue under the electrode is that it’s this strategy is limited in terms of accuracy with respect tonot highly accurate with regard to the field intensity and the , its localization and the timing of the associated effects, especially particularly the the changes that occur in the immediate- and /short-term ones. HenceThe expansion of , expanding our initial pilot studies and performing their extension intothese studies in a more controlled setting is requiredthus essential. The implementation of a complementary ex vivo approach provides an opportunity to allow for the more accurate determination of the  Adding an ex-vivo approach would enhance the accuracy of determining the metabolic effects of tDCS while providing greater S, as it would enable a better control over the field intensity, its localization, and timing. MoreoverEx vivo approaches also provide the opportunity for the use of , ex-vivo approach would enable to utilize calcium inhibitors in precise concentrations and timings that will enable us to investigate whether calcium mediates the metabolic effects of tDCS.  	Comment by Editor: This is very similar to the rationale section for Aim 1 you provide below. I’m not sure there is reason to keep this text here, at least not in such a long form.[image: ]
Figure 4: LC-MS/MS metabolomics analysis following tDCS reveals differentially expressed metabolites. A. PCA of tDCS and sham- stimulated samples based on normalized metabolite expression values. Orange dots indicate sham samples, blue dots indicate tDCS samples. B. Heat map of differentially expressed metabolites following tDCS (p-value <0.05). Columns represent samples and rows represent metabolites. Yellow indicates expression values larger than the average expression, while blue indicates expression values lower than the average expression. 

[image: ]
Figure 3: 1H- NMR normalized spectra of cortical brain tissue from WT mice subjected to sham or tDCS treatment. Taurine line multiplets centered at 3.4 and 3.25 ppm in sham mice s, shifted to a lower ppm following tDCS, indicating a rise in pH levels in the tissue. Changes in levels of energy-related metabolites (lactate, N-acetylaspartate), creatine, and creatine phosphate) highlight tDCS’ the metabolic effects of tDCS. N = 2 mice/group (sham, tDCS). 

Given the above, Oour working hypothesis is that tDCS alters calcium dynamics, and that this, in turn, modulates cellular metabolism. Moreover, we hypothesize that tDCS generates a metabolomic signature that can be observed in the brain and in the plasma.  
Hence, the objectives of the study areTo test these hypotheses, we propose three Specific Aims:  	Comment by Editor: I often recommend including a short 1-2 sentence paragraph after each Aim mentioning the rationale and the general approach that will be employed.
[bookmark: _Hlk144665604]1. Aim 1: DTo determine the effects of ex vivo DCSdirect current stimulation on the metabolome. with ex-vivo approach. 	Comment by Editor: I think this is a bit more succinct than the original version.
2.Aim 2: ETo determine stablish whether calcium is required for the metabolic effects of DCS. 
3. Aim 3: CTo determine haracterize the in vivo metabolomic signatures in plasma and brain samples following after tDCS. in-vivo. 
Significance of the proposed research 
So far, thTo date, no method has been established for optimizing tDCS protocols ere is no method to optimize tDCS on an individual level. The effects of tDCS’ effects were have been shown to be non-linear with regard respect to its intensity 41–45, in one of our studies we proposed a cellular mechanism for this nonlinearity 46. Moreover, different factors including skull shapes, types of skin skin characteristics, and obesity could can impact the required current intensity and duration. YetHowever, the decisions made regarding these parameters  on the applied parameters are mostly arbitrary at present. The herein proposed study, beyondBeyond merely providing a better understanding of the underlying mechanisms that govern  of tDCS, our proposed study will provide a proof- of- principle that tDCS generates a unique metabolomic signature. This innovative approach will show that distinct metabolites can be used as biomarkers for the effects of tDCS effects, enabling its optimization on an individual basis. In a clinical setting, metabolites can be either measured in the brain using MRS, or in the plasma using either NMR-based metabolomics or mass spectrometry appraoches. ThusOur findings will thus inform personalized medicine-based approaches to the optimization of these , we will be able to generate a personalized medicine approach of optimizing the individual stimulation parameters individually. Later Future studies can then seek to extend this appraoch to other types of neurostimulation beyond tDCS, providing benefits to a wider range of patients.on, further studies can broaden this approach for every type of neurostimulation, not only for tDCS. 

Methodology and research plan 
Aim -1: DTo determine the effects of ex vivo direct current stimulationDCS on the metabolome with ex-vivo approach.  
Rationale: As aforementionednoted above, NMR studies and also our preliminary in vivo findings revealed significant changes in metabolite levels, supporting the ability of tDCS to induce  in-vivo studies showed significant changes in metabolites, supporting the concept of tDCS-induced metabolic effects. HoweverHowever, in vivo studies of tDCS are still limited in two main respects. First, the accuracy of the applied field intensity is limited, as , in-vivo study of tDCS is limited in two aspects: 1. the accuracy of the applied field intensity. Iit is practically impossible to calibrate the actual field intensity flowing through the extracted tissue “beneath the electrode” for each animal. Secondly, 2. tThe timing of tDCS effects, especially particularly short-lived effectsin the short range, is not very accurate. The It is impossible to capture the immediate effects of stimulation on immediate freezing of the metabolic state of the brain tissue, as is impossible, due  to the tissue extraction procedure that takes time. These Ex vivo approaches are ideally suited to addressing these two limitations are well accommodated using ex-vivo approach, although ex-vivo has its ownthey entail their own limitations, such as the stress effects of associated with the slicing procedure 47–50. Nonetheless, most of these studies also have shown that a showed that long incubation (>5 hours answers) “cools down” most of these metabolic changes, though not going back to although they do not fully revert to baseline 47–50. Moreover, theThe use of control slices that will be put in similar conditions without DCSthe administration of DCS would be a proper controlwill allow us to control for these effects.   	Comment by Editor: The rationale section should end by emphasizing the key unknowns and then stating your goal for the Aim, not highlighting caveats to the approach you are about to use. This should be moved elsewhere or removed.
[bookmark: _Hlk145349415]Experimental design: Procedure of samples generation Sample preparation will be performed in the lab in (Haifa (, Israel). : Two consecutive coronal brain slices will be produced from 2- to 3- month-s old C57Bl/6 mice as we have previously describedlike we previously described in multiple studies 39,46,51,52, and these slices will be incubated for 5 h in two chambers. put for 5 hours incubation in two chambers simultaneously. Since the orientation of the neuronal axo-dendritic axis to the electrical field direction is of the utmost importance 27,39,51, the coronal slices will be oriented in the chambers so that the lateral sides of the cortices will be parallel to the wires of the DCS apparatus. The rest of the slice will be removed, leavingto leave only the lateral cortices in which the pyramidal cells are oriented such that that their axo-dendritic axis is parallel to the field orientation (Fig. 5). This way, while one side undergoes  will receive an anodal DCS, the contralateral side will receive aundergo cathodal DCS (Fig. 5). Simultaneously, the control slice will be put in a similar chamber and in a similar orientation, but no current will be administered via the DCS apparatus. Slices will be incubated in the chambers for 5 hours h prior to stimulation. Following 5 hours incubation, after which DCS (field intensity 5V/m for 20 minutesmin) will be administered like we previously published many timesas in our prior studies 39,46,51,52. For control slices, , DCS will not be applied, but slices will be incubated in a similar chamber with in a similar orientation for a similar incubation the same duration period (5 hoursh) and harvested. Following DCS, slices will be harvested at 4 time points from the end of DCS (in minutes): 0, 5, 10, and 30 minutes. Slices (anodal and cathodal separately) will be picked collected, quickly rinsed up for a quick rinse (seconds) in ice ice-cold saline, slightly dried by touching the tip of a slice with a Kimwipe tip, inserted to into vials, snap-f frozen in liquid nitrogen, and transferred stored at -80°C.for storage in -80Cº. If necessary, samples of the same stimulation type (anodal/cathodal) and time-point will be pooled for to achieve higher sample mass. 	Comment by Editor: Is this different than thr 5 h incubation you already mentioned in this paragraph?Figure 5: Illustration of the ex -vivo experiment. Ex -vivo DCS will inflict apply anodal stimulation on to one cortex and a cathodal stimulation on to the opposite one.  
[image: ]

Later on, all vials All sample vials will be shipped to Georgetown University for further processing, and metabolomics analyses that will include the quantitation of ~1200 lipids and ~600 polarized metabolites spanning major endogenous metabolic pathways. This will be followed by bioinformatics analyseis of the resultant LC/MS-MS data. Transfer of samples will be performed on dry ice using a special FedEx delivery of serviceFedEx on dry ice. 
[bookmark: _Hlk151053430]Metabolomics procedures Procedure of metabolomics (Georgetown University, USA): Samples Sample vials in vials will be received on dry ice at at the Georgetown University on dry ice. There, brain tissue will be weighed, and 30 L of chilled solvent containing consisting of 35% water, 25% methanol, and 40% isopropanol with internal standards (debrisoquine and 4-nitrobenzoic acid) will be added for every 1 mg of brain tissue (keeping maintaining a ratio of 30 L/mg). Samples will be homogenized on ice and chilled acetonitrile in equal volume to that of the solvent will be added. Next, the samples will be vortexed and incubated at −20 °C for 30 min. FinallyThen, the samples will be centrifuged at 17,968 × g for 15 min at 4 °C. The supernatant of each sample will be transferred to MS vials for data acquisition. The sample queue will be randomized to avoid bias. Data aAcquisition will be performed according to a workflow illustrated in Figure  6 53, using UPLC-TOFMS (Xevo G3 QTOF) and Xevo-TQ-A LC-MS/MS system (Waters Corp. USA). Following metabolite/lipid extraction, a 100 L aliquot of the supernatant will be deposited in an autosampler vial and 5 L used for separation on a 50 x 2.1 mm Acquity 1.7 m C18 column using an Acquity UPLC system. The eluent will be introduced by electrospray into the mass spectrometer operating in positive or negative ionization mode. The capillary and sampling cone voltages will be set to 3000 and 55 voltsV, respectively. Source and desolvation temperatures will be set to 120°C and 350°C, respectively, and the cone and desolvation gas flows set to 50.0 and 650.0 L·hr-1, respectively. In order to maintain mass accuracy, sulfadimethoxine (311.0814 [M+H]) at a concentration of 500 pg·ml-1 in 50% acetonitrile is used as a lockmass and injected at a rate of 0.06 ml/min.·min-1.  For MS scanning, data are will be acquired in centroid mode from 50 to 850 m/z and for MS/MS, collision energy is will be ramped from 5 to 35 voltsV. We will also assess the lipid profiles by extracting lipids using the modified Folch method 54, and acquiring the mass spectrometry data in the low and elevated collision energy (MSe) modes in a single injection using UPLC-QToF (Xevo G2 QToF). These chromatographic conditions and the MS parameters are have been optimized in the laboratory. The lipid species will be identified by spectral matching based using the SIMLIPID lipid identification software, SIMLIPID. Other metabolites will be unambiguously identified by comparing the MS/MS fragmentation pattern and retention time to appropriate standards. 	Comment by Editor: Figure 6 is too stretched and the resolution is too low – it can be made much smaller to save space in the text.	Comment by Amrita K Cheema: Not sure if we need this level of details – we can cite previous publications from my group	Comment by Editor: As the other comment suggests, this is too much detail – unless something here is very novel, just cite a relevant publication.[image: ]
Figure 6. Overview of UPLC-TOF MS data processing

Bioinformatics analysesis of LC-MS/MS data: The raw UPLC-QTOF data will be converted into Network Common Data Form (NetCDF) format using the MassLynx software. We will use the XCMS package for data preprocessing and perform ion annotation using the R CAMERA -package CAMERA to group together ions that likely originate from the same compound 55. Following data pre-processing and ion annotation, we will use in-house MATLAB and R scripts developed in-house MATLAB and R scripts for difference detection and to select the most relevant ions. Differences in small molecule levels between groups will be assessed using independent samples or Wilcoxon-Mann-Whitney U tests. We will adjust for multiple comparisons using the Benjamini and Hochberge false discovery approach.  by Benjamini and Hochberg. We will fit analysis of covariance models to investigate group differences in small molecules. Due Owing to the many metabolites being analyzed, we will employto multiplicity of the metabolites, we will again invoke the FDR approach to adjust for multiple testing. Further analyses will involve unsupervised methods such as principal components analysis (PCA) or or a supervised orthogonal projection to latent structures- – discriminate analysis (OPLS-DA) that will be used if PCA alone is not sufficient to achieve a clear separation of among the various groups 56. Putative identifications for the selected ions will be obtained by through an accurate mass-based search using out toolthe MetaboSearch that tool, which searches against four databases: the Metlin, Human Metabolome DatabBase (HMDB), Madison Metabolomics Consortium Database (MMCD), and LIPID MAPS databases 57–61. The m/z values of the annotated isotopes/adducts/neutral-loss fragments peaks will be converted to the corresponding neutral mono-isotopic masses before searching them against these databases. Ingenuity Pathway Analysis and MetaboAnalyst will be utilized to investigate the biological significance of the putative identification and to identify pathways that may be enriched with these metabolites. 
Multiple reaction monitoring (MRM) for will be employed for the targeted quantitation of candidate markers. The levels of small molecule metabolites will be quantitated via a UPLC-MRM approach,, which allows will allow us to monitor a specific parent and a daughter ion (transitions). The samples will be processed as above and injected inton to a BEH C18 1.7 um column with the on Acquity UPLC system online with a triple quadrupole mass spectrometer (Xevo TQ-A). For each metabolite, an MRM method will be developed by tuning for ionization polarity, optimal declustering potential (DP), product ions, ion spray voltage, and collision energy using MRM quantitation wizard (Mass Lynx). The data will be collected for standard metabolites (diluted to different concentrations) and for the tissue samples. All samples will contain internal standards. Extracted mass chromatogram peak areas for each transition will be integrated for quantitation using the TargetLynx software. The relative and absolute amounts of metabolites will be extrapolated from standard curves constructed using normalized intensity ratios. We will use stable isotope dilution/ MRM – multiple reaction monitoring -– mass spectrometry (SID/MRM-MS) , to achieve maximum transmission and sensitivity for the selected transitions selected and avoidwhile avoiding interference from complex backgrounds 62. At least two transitions will be monitored for each metabolite. We will define the lower limits of quantitation and detection (LOQ and LOD) by generating calibration curves using standard metabolites spiked in a matrix for evaluation. The data will be processed using TargetLynx and statistically analyzed for accurate quantitation. 	Comment by Editor: Was this meant to begin as a new underlined subsection?
Statistical analysis: Global LC-MS/MS-based metabolic profiling with LC–MS provides will provide information to identify biomarkers showing that are differentially abundant betweendifferential abundance in the study groups. Power Power calculations for analyzing these metabolic profiles need to control for the false discovery rate associated with multiple testing. calculation with these profiles needs to control the false discovery rate with multiple tests. With the current setting, we have over 92% power to detect differentiated metabolites with a 0.8 effect size and over 97% power to detect differentiated metabolites with a 0.9 effect size, at an overall significance level of 5%. To analyze the these data, we will first apply the median absolute deviation (MAD) and quantile normalization with R and the Bbioconductor software. Distance Distance-weighted discrimination (DWD) will be used to remove the systematic biases that are present in the dataset. Then, we will select metabolites based on both fold change and statistical tests with the R limma pPackage in R. Selected metabolites will be clustered into subsets using K-means and hierarchical clustering methods. The connections between the metabolites in each cluster will be established through the use of the mMetabolomics module of in the Ingenuity Pathways Analysis software. . Finally, we will apply the Lp (adaptive Lasso)- penalized logistic regression or global AUC summary (GAUCS) maximization approaches to select around approximately 10 metabolites with the largest greatest predictiveprediction power. The performance of the these multiple markers will be evaluated using 10-fold cross-validation to calculate area -under -the -curve (AUC) from values for receiver operating characteristics (ROC) curves.	Comment by Amrita K Cheema: This would be better checked by a statistician based on your preliminary data.

Aim 2-2:  To determine Establish whether calcium is required for the metabolic effects of DCS. 
Rationale: By In Aim 1, performing aim-1, we will determine the optimal time point for slice harvesting. Our previous electrophysiological studies  39, showed that DCS alters the spontaneous vesicle release frequency 39, which is known to be controlled by subthreshold intracellular calcium levels in the presynaptic region. We also showed found that inhibiting P/Q- and N-type calcium channels occludes disrupts DCS-induced modulation of spontaneous presynaptic vesicle release, which supportst the assumption that these DCS modifies subthreshold intracellular calcium levels. It was shown that alterationsChanges in intracellular calcium concentrations alter the activity of enzymes responsible foinvolved inr multiple metabolic pathways, including energy production pathways (REFs). Also, it is known that Aalterations of in these intracellular calcium levels are are also known to be buffered by the mitochondria (REFs), leading to a change in the mitochondrial calcium levels at the mitochondria. This, in turn, is turn alters the activity of multiple mitochondrial enzymes including those involved in e activity of the respiratory chain complex. Our preliminary data from in -vivo studies, support this hypothesismodel. HenceTo expand on these findings, in this Aim , we want plan to examine whether inhibition of calcium channels will inhibit the DCS-induced metabolic alterations. 
Experimental design: 
After delineating determining the optimal analysis time point following stimulation at which , when metabolomic changes are  is most pronounced (aim-Aim 1), we will perform another set of experiments, similar using the same general approach as that employed in Aim 1. However, for this Aim, to the experiment in aim-1, with one change. This time all slices will be treated with subjected to DCS, but while one pair of DCS-treated slices will be in a bath of aCSF alone (serving as a control), the other pair of DCS-treated slices will be in a bath of aCSF containing -agatoxin (400 nM) and -conotoxin (500 nM) (P/Q-type and N-type calcium channels inhibitors, respectively). Like in aimAim 1, -1, slices will be harvested at the most significant time point determined, quickly rinsed in ice-cold saline, slightly dried by touching the tip of a slice with a Kimwipe tip, inserted to into a vial, snap- frozen, a on liquid nitrogen and stored in -80°Cº. It is possible that cathodal stimulation will require different time points than anodal stimulation, and that it will not be possible to harvest both samples at the same time. For As a control, we will also take collect slices with no that were not subjected to DCS application, with and without the presence of inhibitors. It is possible that calcium channels inhibitors induce metabolic changes by themselves. Sample preparation for metabolomics and their analyses will be followed conducted via the same approach as by the same workup as described in Aaim -1. 	Comment by Editor: Artificial cerebrospinal fluid?	Comment by Editor: Link this directly to the previous sentence?

Aim -3: Characterize in vivo metabolomic signatures in plasma and brain samples after tDCSTo determine the metabolomic signature in plasma and brain samples following tDCS in-vivo.  	Comment by Editor: The other Aims have a Rationale section – I suggest something similar here.
Experimental design: We will implant a custom-made transcranial cylindrical-shaped tube filled with electroconductive gel over the skull above the parietal association cortex (center of tube 2 mm to the right side of the midline, and 2 mm posterior to bregma). We will use C57BL/6 mice at the age of ~12 weeks that are bred in-house and kept atmaintained under a 12-hour light-dark cycle with ad libitum water and food ad libitum. Mice will be anesthetized with isoflurane using a Somnosuite apparatus (Kent Sscientific). The mouse scalp will be cut to reveal the skull, the skullwhich will be cleaned, and the electrode will be adhered affixed to the skull from its outer surface of the skull using a Metabond adhesive cement (Parkell), leaving a clean skull tissue at the base of the electroconductive gel- filled electrode (Fig. 3). Following surgery, mice will be treated with antibiotics and analgesics for 3 days and let allowed to rest for an additional 2-3 days. After a 5-6 days postoperative recovery period, we will treat awake mice with anodal tDCS, cathodal tDCS, or sham. The sham procedure will include only 30 seconds of ramp stimulation for to generate an generating the itchy sensation. The tDCS stimulation parameters will be consist of an intensity of 200 μA (current density: ~16 μA/mm2) for 30 min. These stimulation parameters are well tolerated by mice, and in our hands, we showed have found that these parametersthey induce long-term cognitive effects (Fig. 3B-E), without inducing cellular damage (Fig. 3G). 
At three time points (10 min, 30 min, and 1 hourh) following the stimulation (or sham treatment), we will quickly extract mice brains when frozen. Bbrains will be extracted by swift decapitation and dipping the entire head in liquid nitrogen, to avoid prevent further metabolic changes. Once frozen, we will dissect the frozen cortical brain tissue underneath the stimulating electrode (on dry ice) and put transfer it into a  1.5 mLl vial for storage ain t -80°˚C before shipping on dry ice. In parallel, we will collect the blood from the decapitated mouse mice into in hemo-tube vials on ice and shortly briefly centrifuge them at 4°ºC, after which plasma will be collected,  and plasma will be withdrawn, aliquoted, snap- frozen in liquid nitrogen, and stored at -80°˚C until shipping on dry ice. We If necessary, we will adjust the selected analytical time points based on the ex vivo results from prior aims. will consider changing the timepoints, based on ex-vivo results.  	Comment by Editor: 	Comment by Editor: Is this something you have experience with? I would worry that it may be difficult to extract precise areas of brain tissue after snap freezing, so if you have done this you may want to emphasize that
For the global metabolite profiling of the samples, analysis analyses will be conducted on mice brain tissue and mice plasma. Samples will be sent on dry ice via FedEx to Georgetown University, and metabolomics analyses will be performed as aforementioned. 

Data collection and analyses - scientific quality: 
The assignment and the execution of the sham and tDCS treatments will be performed by one student, while MS analyses will be performed by other students blinded to the treatment protocol of each mouse. Revealing of the treatmentTreatment assignments  will be only be revealed after data of for each mouse was has been analyzed. Data will be collected based on good scientific practice and analyzed with open-access software where available. To make our metabolic studies accessible to the research community, we will deposit our metabolomics data (reference spectra and experimental data) to in online repositories, such as Metabolomics Wworkbench.  

Data exchange: Data and analyses will be presented and discussed in regular meetings with involving both labs. the two labs involved. The PIs will travel to present their data in at each of the other's Institutes. In addition, the two labs will exchange students and host them for a couple few of months (travels with travel and accommodations being funded by the grant). Student exchange will increase diversity, skills, and opinions in these labs, a and improve the working environment. At the same time, These students will also engage in cultural enrichment, students will be culturally enriched, making them ambassadors of goodwill and bringing the two countries closer.  the two countries. Finally, since technological greenhouses for developing patents and commercializing scientific breakthroughs are present in both institutes, this study can provide novel therapeutic targets and innovative therapeutic strategies that biotech and pharmaceutical companies could may be able to pursue, strengthening commercial links between the two countries.    	Comment by Editor: Perhaps say “and the strenght of the collaboration”	Comment by Editor: This might be a bit overstating it.	Comment by Editor: I’m not familiar with this term, be sure it is accurate. Do you mean incubators?	Comment by Editor: Again, maybe narrow the scope (between institutions, perhaps)

Risk analysis Potential pitfalls and alternative pathsapproaches	Comment by Editor: It may be worth suggesting some more possible concrete issues that may arise if possible.
The proposed in vivo and ex vivo techniques of the in-vivo and ex-vivo experiments by that will be performed by the Kaphzan lab (Israel) and the subsequent MS analyses by that will be performed by the Cheema lab (US) are well established in both labs, and both labs are highly experienced in these methods. Hence, we do not expect to have any technical issues with these methods. Moreover, we have already showed demonstrated that our ex -vivo DCS and in -vivo tDCS induce strategies induce significant electrophysiological and behavioral effects, respectively. NonethelessThe largest potential technical issue is that the timing of sample harvesting may influence the observed metabolic effects. As such, we have selected several analytical time points, but we will change to , the main issue that can be of significance for metabolic effects is the timing of the samples harvesting. That is why we decided on several timepoints, but we will change to additional time ppoints if necessary. 	Comment by Editor: This sounds redundant.	Comment by Editor: But how will yo determine what is necessary? The failure to detect certain changes?

Available US and Israeli resources
University of Haifa 
Personnel: The Kaphzan's lab has graduate students and a lab manager. The students and the PI are highly skilled in electrophysiology and live two-photon imaging. The PhD students, to for whom support is requested, will be fully dedicated to this project, under the supervision of Prof. Kaphzan. The students will perform the electrophysiological experiments and the required surgeries and tissue extraction for metabolomic analyses. The students will be assisted by the skilled personnel of the SPF animal facility. 
SPF transgenic animal facility: We have an SPF transgenic mice mouse facility. The This facility is under veterinary supervision and includes technical staff. Animals are kept maintained in under a 12 h  hours light/ dark cycle. Food and water are available ad -libitum. The animal facility are is fully equipped with surgery equipment (FST), stereotactic frames (Stoelting), a stereozoom microscope (Olympus), and anesthesia equipment including a novel low-flow anesthesia delivery system (Kent Scientific SomnoSuite), which is regularly used in the lab. The facility is run by technicians that who are trained, experienced, and highly skilled in aiding students and monitoring mice after surgeries. 
Electrophysiology: My lab will include five electrophysiological rigs, including: three whole whole-cell rigs with fluorescent imaging apparatus for whole whole-cell recording and live imaging. The microscopes are all Olympus BX51-WI instruments , with DIC and also fluorescence/two-photon imaging systems. The DCS is administered by using a Cygnus SIU-91A stimulus isolation unit of Cygnus SIU-91A controlled by a Digidata 1440 digitizer from Molecular Dedevices run by with the pclamp-10 software. The recording amplifier is a Multiclamp 700B by device from Mmolecular Ddevices. 	Comment by Editor: Rather than the first person, I would name the lab (by PI’s surname)	Comment by Editor: Will meaning they are not currently available?
The lab space and facility: The lab is ~120 m2 with all the required equipment for surgeries rodent surgery, solution preparation, miliQ water, centrifuges, freezers, refrigerators, balances, and other necessary items.in rodents, preparations of solutions, miliQ waters, centrifuges, stirrers, freezers and refrigerators, balances, etc. The lab also has a room for rodents behavioral testing  with automatic video tracking systems, and as well as a cell culture facility containing the requisite its own facility for cell cultures, biological hood, incubators, etc. and related equipment. 
Slices production: Slices are produced by cutting with a Campden vibratome 7000smz-2 that has a Zero Z technology to minimize Z-axis deflection.  
Sample handling: The lab has free access to liquid nitrogen containers, and -80°C freezers for storing tissue samples until shipment.  
Bioinformatics analyses: Prof. Kaphzan is the director of the Tauber Bioinformatics Research Center (TBRC), which holds employs a staff of mathematicians, programmers, bioinformaticians, a hive of servers, software (some of it is a TBRC propriety), and all that is requested required for various sophisticated bioinformatics analyses.  	Comment by Editor: I’m not sure what this means – do you mean it is proprietary software?
Georgetown University 
Laboratory: The laboratory and office of Dr. Cheema are located in the New Research Building (NRB) at Georgetown University. NRB houses the core facilities that includeincluding those for Tissue Culture, Genomic and Epigenomics, Flow Cytometry, and Microscopy and Imaging. Dr. Amrita Cheema’s laboratory consists of modern laboratory space (~about 750 sSq ft) adjacent to cold, warm, and dark rooms. The PI's laboratory is equipped with miliQ waters systems, western and immunoblot stations, microfuges, cold box (4°0C), low-speed refrigerated benchtop centrifuges, -–20°0C and -–80°0C freezers, water baths, shaking water baths, a sonicator, an EV-enrichment apparatus, nanodrop spectrophotometer, speed vacuum systems, Nitrogen evaporator, lyophilizer, cell counter, tissue homogenizer, shaking incubator, fume hood, tissue culture hood, several tissue culture incubators, inverted and stereo Olympus microscopes, Mettler top pan balance, analytical balance, electroporator, several PCR-cyclers, gel electrophoresis systems (e.g., minisub, sequencing, horizontal, 2D-gel), and power supplies.	Comment by Editor: Are all of these needed for this study? An EV erichment device, for example?
Data Science and Precision Medicine: Dr. Amrita Cheema has a full access to the Innovation Center for Biomedical Informatics as an academic hub for innovative research, which can handle complex data sets and drives precision medicine research at Georgetown University.  	Comment by Editor: This section feels a bit like generic copy from the center’s website – is this requested in the main body of the grant? If not, I would trim it to more specifically emphasize that it is equipped to perform the experiments needed for this study.


Mass Spectrometry and Analytical Pharmacology (MSAP) Shared Resource: The facility is directed by Dr. Amrita Cheema. The mission of the Mass Spectrometry and Analytical Pharmacology (MSAP)MSAP Shared Resource is to accelerate discovery by providing services for mass spectrometry-based metabolomic and proteomic analysis, imaging mass spectrometry, imaging mass cytometry, and platforms for pharmacokinetics/pharmacodynamics (PK/PD) analysis to the NCI-designated Georgetown Lombardi Comprehensive Cancer Center (LCCC)/John Theurer Cancer Center (JTCC) Research Consortium.  We provide comprehensive mass spectrometry and analytical pharmacology capabilities through core facilities at both our Washington, DC, and Nutley, NJ campuses.  Technical services and training through the MSAP include assistance in experimental design and data analysis.
Biostatistics & Bioinformatics Shared Resource (BBSR): Dr. Amrita Cheema has full access to the BBSR, the goal of which  that its goal is to provide basic, translational, clinical, and population science investigators at the Lombardi Comprehensive Cancer Center (LCCC) with access to high high-quality statistical science and informatics. BBSR functions include: study design; statistical analysis and reporting of research studies including clinical trials, studies with high dimensional “omics” and imaging data including pathway analysis; review and monitoring of clinical protocols through membership on the Protocol Review and Monitoring System and Data and Safety Monitoring Committees; and provision of biostatistics and informatics training and expertise in the collection, integration, management, and application of  biomedical  data.  In addition, the BBSR provides LCCC investigators with advanced statistical and bioinformatics methods and expertise developed independently by BBSR faculty. The BBSR has excellent computing resources, informatics systems, and informatics and statistical software necessary for efficient and effective support of LCCC research. The BBSR has collaborated with members in all research programs and with multiple shared resources including the Genomics & Epigenomics and the Proteomics & Metabolomics Shared Resources. BBSR supports the development of the information architecture for connecting data and metadata from clinical, biospecimen, and research systems to enable all forms of cancer research. 	Comment by Editor: Same comment as the above section.	Comment by Editor: This is not relevant to the present study?
Expected outcomes	Comment by Editor: Does the grant specify placing this after the statements regarding the personnel/equipment? If not, I think it would be more effective before that section.	Comment by Editor: I suggest restructuring this section to start by describing concrete expected sceintific outcomes before more building ot the more abstract long-term outcomes like personalized medicine that you expect to stem from this study.
The expected outcomes  of this study is are two-fold. One At the basic science level expect to generate novel insights that will provideis a pure scientific knowledge aspect of providing us with a comprehensive understanding of the effects of weak electrical fields on the brain. At the translational level, these findings have the potential to improve the treatment options available for , and the second is a translational aspect of improving and developing better treatment for people with neurological and psychiatric disorders and while providing an avenue to more personalized neurostimulation-based medicine for neurostimulation. In depth A detailed understanding of the underlying mechanisms of tDCS will provide yield the knowledge to augment neurostimulation with proper pharmacotherapy. Currently, we have no means to optimizeof optimizing tDCS protocols on an individual level, and with all patients are receiving the same protocol of ttDCS intensity and duration when undergoing treatment.. However, by showing a proof of principleconclusively demonstrating that tDCS generates a metabolomic signature, it our results will advancewill push forward the study of personalized medicine for tDCS and in particular and for neurostimulation in general. Metabolites can be measured either in blood with via mass spectrometry, or directly in the brain vusing ia NMR, and thus have the potential to serve as biomarkers when monitoring the nuclear magnetic resonance, and therefore could be utilized as biomarkers for the beneficial effects of neurostimulation. For example, the intensity and duration that are relevant for tDCS, determining the optimal frequency of tACS, which today is set quite arbitrarily, could can be optimized on an individual level.be optimized per each person. Taken together, this study has the potential to revolutionize the field of neurostimulation.   	Comment by Editor: This is a bit repetitive – this has already been noted in this section.	Comment by Editor: I would not recommend an example as your second to last sentence. Instead, build to the conclusions about personalized medicine here. This example also feels repetitive and can be removed entirely.	Comment by Editor: IS this a typo?
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Fig-10 Overview of UPLC-TOF MS data processing





