
The ARRIVE Essential 10
These items are the basic minimum to include in a manuscript. Without this information, readers and reviewers 
cannot assess the reliability of the findings.

Item Recommendation
Section/line 

number, or reason 
for not reporting

Study design 1 For each experiment, provide brief details of study design including:

a. The groups being compared, including control groups. If no control group has 
been used, the rationale should be stated.

b. The experimental unit (e.g. a single animal, litter, or cage of animals).

Sample size 2 a.	 Specify the exact number of experimental units allocated to each group, and the 
total number in each experiment. Also indicate the total number of animals used.

b. Explain how the sample size was decided. Provide details of any a priori sample 
size calculation, if done.

Inclusion and 
exclusion 
criteria

3 a.	 Describe any criteria used for including and excluding animals (or experimental 
units) during the experiment, and data points during the analysis. Specify if these 
criteria were established a priori. If no criteria were set, state this explicitly.

b. For each experimental group, report any animals, experimental units or data points 
not included in the analysis and explain why. If there were no exclusions, state so.

c.	 For each analysis, report the exact value of n in each experimental group.

Randomisation 4 a.	 State whether randomisation was used to allocate experimental units to control 
and treatment groups. If done, provide the method used to generate the 
randomisation sequence. 

b. Describe the strategy used to minimise potential confounders such as the order 
of treatments and measurements, or animal/cage location. If confounders were 
not controlled, state this explicitly.

Blinding 5 Describe who was aware of the group allocation at the different stages of the 
experiment (during the allocation, the conduct of the experiment, the outcome 
assessment, and the data analysis).

Outcome 
measures

6 a.	 Clearly define all outcome measures assessed (e.g. cell death, molecular markers, 
or behavioural changes). 

b. For hypothesis-testing studies, specify the primary outcome measure, i.e. the 
outcome measure that was used to determine the sample size.

Statistical 
methods

7 a.	 Provide details of the statistical methods used for each analysis, including 
software used.

b. Describe any methods used to assess whether the data met the assumptions of 
the statistical approach, and what was done if the assumptions were not met.

Experimental 
animals

8 a.	 Provide species-appropriate details of the animals used, including species, strain 
and substrain, sex, age or developmental stage, and, if relevant, weight.

b. Provide further relevant information on the provenance of animals, health/immune 
status, genetic modification status, genotype, and any previous procedures.

Experimental 
procedures 

9 For each experimental group, including controls, describe the procedures in enough 
detail to allow others to replicate them, including: 

a. What was done, how it was done and what was used.

b. When and how often.

c.	 Where (including detail of any acclimatisation periods).

d. Why (provide rationale for procedures).

Results 10 For each experiment conducted, including independent replications, report:

a. Summary/descriptive statistics for each experimental group, with a measure of 
variability where applicable (e.g. mean and SD, or median and range).

b. If applicable, the effect size with a confidence interval.
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The Recommended Set
These items complement the Essential 10 and add important context to the study. Reporting the items in both sets 
represents best practice.

Item Recommendation
Section/line 

number, or reason 
for not reporting

Abstract 11 Provide an accurate summary of the research objectives, animal species, strain 
and sex, key methods, principal findings, and study conclusions.

Background 12 a.	 Include sufficient scientific background to understand the rationale and 
context for the study, and explain the experimental approach.

b.	 Explain how the animal species and model used address the scientific 
objectives and, where appropriate, the relevance to human biology.

Objectives 13 Clearly describe the research question, research objectives and, where 
appropriate, specific hypotheses being tested.

Ethical 
statement

14 Provide the name of the ethical review committee or equivalent that has approved 
the use of animals in this study, and any relevant licence or protocol numbers (if 
applicable). If ethical approval was not sought or granted, provide a justification.

Housing and 
husbandry

15 Provide details of housing and husbandry conditions, including any environmental 
enrichment.

Animal care and 
monitoring

16 a.	 Describe any interventions or steps taken in the experimental protocols to 
reduce pain, suffering and distress.

b.	 Report any expected or unexpected adverse events.

c.	 Describe the humane endpoints established for the study, the signs that were 
monitored and the frequency of monitoring. If the study did not have humane 
endpoints, state this.

Interpretation/
scientific 
implications

17 a.	 Interpret the results, taking into account the study objectives and hypotheses, 
current theory and other relevant studies in the literature.

b.	 Comment on the study limitations including potential sources of bias, 
limitations of the animal model, and imprecision associated with the results.

Generalisability/
translation

18 Comment on whether, and how, the findings of this study are likely to generalise 
to other species or experimental conditions, including any relevance to human 
biology (where appropriate).

Protocol 
registration

19 Provide a statement indicating whether a protocol (including the research 
question, key design features, and analysis plan) was prepared before the study, 
and if and where this protocol was registered.

Data access 20 Provide a statement describing if and where study data are available.

Declaration of 
interests

21 a.	 Declare any potential conflicts of interest, including financial and non-financial. 
If none exist, this should be stated.

b.	 List all funding sources (including grant identifier) and the role of the funder(s) 
in the design, analysis and reporting of the study.
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	Study design - 1a: A total of 192 male C57BL/6J mice were randomly assigned to experimental groups. 
	Study design - 1b: The study consisted of three experimental phases. In Phase 1, mice were divided into four groups (CON, TBI, CON+HD-tDCS, TBI+HD-tDCS; n=12 per group), with 6 mice per group tested at day 13 and the remaining 6 at day 20 post‑modeling. In Phase 2, five groups were used (CON, TBI, TBI+5d, TBI+10d, TBI+15d). In Phase 3, four groups were used (CON, TBI, TBI+10d, TBI+15d; n=12 per group). The animal was treated as the experimental unit. Group allocation was blinded to the experimenters performing behavioral and histological quantifications. Detailed group assignments are provided in the Supplementary Materials. 
	Sample size - 2a: A total of 192 male C57BL/6J mice were included in the study. The experimental design comprised three phases:  

Phase 1 (behavioral and histological assessment of HD-tDCS effects): mice were divided into four groups (CON, TBI, CON+HD-tDCS, TBI+HD-tDCS; n = 12 per group), with 6 mice per group tested at day 13 and the remaining 6 at day 20 post-modeling.

Phase 2 (optimization of stimulation duration): five groups were used (CON, TBI, TBI+5d, TBI+10d, TBI+15d). The total number per group ranged from 12 to 24 as detailed in the Supplementary Materials, and each endpoint (behavior, histology) assessed 6 mice per condition.

Phase 3 (molecular mechanisms): four groups were used (CON, TBI, TBI+10d, TBI+15d; n = 12 per group), with 6 mice per group allocated to Western blot and the other 6 to Golgi staining.

For all comparisons, different mice were used at each time point (no repeated measurements on the same animal). Full group assignments, including exact numbers per experimental condition and per assay, are provided in the Supplementary Materials.
	Sample size - 2b: Sample size was calculated using G*Power 3.1 software based on pole test latency reported in previous studies (effect size f=0.8, α=0.05, β=0.2, n=6 per group). 
	Inclusion and exclusion criteria - 3a: All mice that underwent modeling were assessed using the modified neurological severity score (mNSS), and only animals scoring within the mild injury range (1–6 points) were included in the subsequent experiments.
	Inclusion and exclusion criteria - 3b: No animals, experimental units, or data points were excluded from the analysis. All mice that underwent modeling met the predefined inclusion criterion of scoring within the mild injury range (1–6 points) on the modified neurological severity score (mNSS). Therefore, no animals were excluded based on the mNSS assessment, and no additional exclusion criteria were applied.
	Inclusion and exclusion criteria - 3c: Behavioral tests: n = 6 per group per time point.  



Western blot analysis: n = 6 per group.



Golgi staining and Sholl analysis: n = 6 per group (with 5 neurons randomly selected and averaged per animal).  



Immunofluorescence (c‑Fos): n = 6 per group.



Histological analysis (H&E and Nissl): n = 6 per group per time point.
	Randomisation - 4a: Yes, randomisation was used. Mice were randomly assigned to experimental groups using a computer-generated random sequence.
	Randomisation - 4b: To minimise potential confounders, all behavioral tests were conducted at the same time of day (during the light phase) to minimise circadian variations. Experimenters performing behavioral assessments and histological quantifications were blinded to group allocation. 
	Blinding - 5: All behavioral tests and histological quantifications were performed by experimenters who were blinded to the group allocation. The group codes were broken only after the completion of all statistical analyses. Group allocation was blinded to the experimenters performing behavioral and histological quantifications.  
	Outcome measures - 6a: The primary outcome measures were: (1) proportion of time spent in the novel arm in the Y-maze test, and (2) recognition index in the novel object recognition test. Secondary outcome measures included: Western blot analysis of synaptic proteins (PSD95, SYN, NMDAR, GluA1) and BDNF/TrkB/CREB pathway components; dendritic spine density and Sholl analysis via Golgi staining; c‑Fos immunofluorescence intensity; and histopathological assessment via H&E and Nissl staining.
	Outcome measures - 6b: The sample size calculation was based on pole test latency reported in previous studies.
	Statistical methods - 7a:  All data were analyzed using GraphPad Prism 10.0 software. Normality was assessed using the Shapiro-Wilk test, and homogeneity of variances was examined using Levene's test. For data meeting both assumptions (normal distribution and equal variances), one‑way analysis of variance (ANOVA) was performed followed by Tukey's post hoc test for multiple comparisons. When normality or homogeneity of variances was violated, the Kruskal‑Wallis test with Dunn's post hoc correction was used. For two‑group comparisons, independent‑samples t‑test (parametric) or Mann‑Whitney U test (non‑parametric) was applied as appropriate. All tests were two‑tailed, and a significance level of p < 0.05 was considered statistically significant. Data are presented as mean ± SEM. For Sholl analysis, dendritic intersection counts were first averaged across all sampled neurons within each animal, and the resulting animal‑level means were used for group comparisons.
	Statistical methods - 7b: Normality and homogeneity of variances were assessed using the Shapiro‑Wilk test and Levene's test, respectively, prior to statistical analysis.  
	Experimental animals - 8a: Six‑week‑old male C57BL/6J mice weighing approximately 20–25 g were used in this study.
	Experimental animals - 8b: Animals were obtained from the Laboratory Animal Center of Jinling Clinical Medical College, Nanjing University of Chinese Medicine (Nanjing, Jiangsu, China). All mice were specific pathogen‑free, and no previous procedures were performed prior to the start of the study. No genetic modifications were used.
	Experimental procedures - 9a: mTBI induction: Mild closed‑head injury was induced using the weight‑drop method. Mice were anaesthetised with 1.25% tribromoethanol (catalog No. M2920, Nanjing Aibei Biotechnology Co., Ltd., Nanjing, Jiangsu, China) and secured in a stereotaxic apparatus (Jiangsu Sai'angsi Biotechnology Co., Ltd., Nanjing, Jiangsu, China). A 40 g weight was released from a height of 25 cm onto the scalp over the right parietal cortex. Sham mice underwent the same anaesthesia and stereotaxic placement without weight drop.  



HD‑tDCS: A custom HD‑tDCS device (Borui Kang Technology Co., Ltd, Beijing, China) was used with Ag/AgCl ring electrodes (radius 0.5 mm). The anode was placed over the right parietal cortex (AP −2.18 mm, ML +1.25 mm from bregma) and the cathode on the chest. Current was ramped up from 0 to 0.5 mA over 30 seconds, maintained at 0.5 mA for 20 minutes, and ramped down over the final 30 seconds. Sham stimulation consisted of current ramped up to 0.5 mA and immediately down to 0 within 1 minute, without sustained current delivery. Impedance was maintained below 5 kΩ.  



Behavioural tests: Y‑maze novel arm test and novel object recognition test were performed. For the Y‑maze, each trial lasted 5 minutes with a 1‑hour interval between learning and exploration phases. For the NOR test, each trial lasted 10 minutes with a 1‑hour interval. The ANY‑maze video tracking system (version 7.0, Stoelting Co., Wood Dale, IL, USA) was used to record and analyse behaviour.  



Histology and immunofluorescence: Brain tissue was fixed in 4% paraformaldehyde (Servicebio, G1101, Wuhan, Hubei, China) and sectioned at 3 μm. H&E staining (Servicebio, G1076), Nissl staining (Servicebio, G1032), and c‑Fos immunofluorescence (Servicebio, HA722666) were performed according to standard protocols.



Western blot: Total protein was extracted using RIPA buffer, separated by SDS‑PAGE, and transferred to PVDF membranes (Servicebio, G6015‑0.45). Membranes were blocked with 5% skim milk (Servicebio, GC310001‑500g) and incubated with primary antibodies (Table 1) followed by HRP‑conjugated secondary antibodies (Servicebio, GB23301). Bands were detected using enhanced chemiluminescence and analysed with ImageJ software (version 1.53, National Institutes of Health, Bethesda, MD, USA).  



Golgi staining: Golgi staining was performed using a commercial kit following the manufacturer's protocol. Dendritic morphology and spine density were analysed using Neurolucida software (version 11.03, MBF Bioscience, Williston, VT, USA).  



Bioinformatics: Public scRNA‑seq dataset GSE180862 was analysed using Seurat (version 4.3.0, Satija Lab at NYGC, New York, NY, USA) and Harmony (version 2.0, Ilya Korsunsky et al., https://github.com/immunogenomics/harmony) in R programming environment (version 4.3.1, R Foundation for Statistical Computing, Vienna, Austria).



Molecular dynamics simulation: Simulations were performed using GROMACS (version 2023.3, GROMACS development team, Royal Institute of Technology and Uppsala University, Sweden) and PyMOL (version 2.5.0, Schrödinger, Inc., New York, NY, USA).  
	Experimental procedures - 9b: mTBI was induced once daily for three consecutive days.  



HD-tDCS was administered daily for 20 minutes per session, with total stimulation durations of 5, 10, or 15 days (starting at 7 days post-mTBI). Sham groups underwent the same handling and anaesthesia without sustained stimulation.



Behavioural tests (Y-maze and NOR) were performed at days 13 and 20 post-mTBI (Phase 1), and at day 27 post-mTBI (Phase 2) for the different stimulation duration groups.  



Tissue collection for histology, Western blot, and Golgi staining was performed at the corresponding time points according to the experimental timeline (Figure 1B, Figure 3A).



All mice (including control groups) were anaesthetised daily for the same duration (20 min) across the 15-day stimulation period to control for anaesthesia exposure.  
	Experimental procedures - 9c: Mice were housed under controlled temperature conditions with a 12‑hour light/12‑hour dark cycle and had free access to food and water. Anaesthesia with 1.25% tribromoethanol was used for all surgical and stimulation procedures. The general health and well‑being of the animals were monitored daily by measuring body weight throughout the experimental period. No adverse events were observed.
	Experimental procedures - 9d: The weight-drop mTBI model was chosen because it closely mimics human closed-head injury and is widely used in TBI research.  



The three‑day repeated injury protocol was selected to model repetitive mild TBI, which is clinically relevant and results in cumulative cognitive deficits.



HD‑tDCS was delivered at 0.5 mA for 20 minutes based on previous rodent studies demonstrating efficacy and safety at these parameters.



The three stimulation protocols (5, 10, and 15 days) were compared to identify the optimal intervention duration for cognitive recovery.  



The Y-maze and NOR tests were selected to assess spatial working memory and recognition memory, respectively, as these are well-validated behavioural paradigms in rodent TBI research.  



The 1-hour interval between learning and testing phases in both behavioural tests was chosen based on established protocols to assess short-term memory.



All control groups (anaesthesia and sham stimulation) were included to distinguish the specific effects of HD-tDCS from those of anaesthesia or handling.  



Molecular dynamics simulation was included as an exploratory computational approach to complement the experimental findings.  
	Results - 10a: All data are presented as mean ± standard error of the mean (SEM), with n = 6 animals per group for all behavioral, histological, and molecular analyses, as described in the Methods section and figure legends. Normality was assessed using the Shapiro‑Wilk test, and homogeneity of variances was examined using Levene's test. For data meeting both assumptions, one‑way ANOVA with Tukey's post hoc test was used; when assumptions were violated, the Kruskal‑Wallis test with Dunn's post hoc correction was used. Detailed summary statistics for each experimental group, including means and SEMs, are presented in the Results section (Figures 2–6) and accompanying figure legends. 
	Results - 10b: Effect sizes with confidence intervals are not reported in the current manuscript; statistical significance is presented using p‑values from ANOVA with Tukey's post hoc test or Kruskal‑Wallis with Dunn's post hoc correction, as appropriate.  
	Abstract - 11: The Abstract contains: research objectives (identify optimal HD-tDCS intervention cycle for improving cognition after mTBI and elucidate synaptic mechanisms), animal details (male C57BL/6J mice), key methods (mTBI model, HD-tDCS, behavioral tests, Western blot, immunofluorescence, Golgi staining, bioinformatics, molecular dynamics simulation), principal findings (HD-tDCS improved cognitive performance in a duration-dependent manner; associated with upregulation of BDNF/TrkB/CREB pathway components, synaptic proteins, and dendritic spine density), and conclusions (HD-tDCS enhances cognitive recovery via synaptic plasticity-related changes).
	Background - 12a: The Introduction provides comprehensive background on TBI pathology, BDNF/TrkB/CREB signaling, synaptic plasticity, and the rationale for using HD-tDCS as a non‑invasive neuromodulation approach.
	Background - 12b: The C57BL/6J mouse model was chosen as it is a well-established model for studying TBI and cognitive function, with high genetic homogeneity and extensive literature support for behavioral and molecular analyses following mTBI.
	Objectives - 13: This study aimed to (1) identify the optimal HD-tDCS intervention cycle for improving cognition after mild TBI in mice, and (2) elucidate the underlying synaptic mechanisms by which HD-tDCS influences neural synapses following mild TBI. The study hypothesized that repeated HD-tDCS would enhance cognitive recovery through upregulation of the BDNF/TrkB/CREB pathway and associated synaptic proteins. 
	Ethical statement - 14: All experiments were approved by the Animal Ethics, Use, and Care Committee of Jinling Clinical Medical College, Nanjing University of Chinese Medicine(DZYJSKTW20251215001).All experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and reported in accordance with the ARRIVE guidelines 2.0.  
	Housing and husbandry - 15: Mice were housed under controlled temperature conditions (22±2°C) with a 12-hour light/12-hour dark cycle and had free access to food and water. Environmental enrichment (nesting material) was provided in each cage.
	Animal care and monitoring - 16a: Anaesthesia with 1.25% tribromoethanol was used for all surgical and stimulation procedures to reduce pain and distress. Daily body weight monitoring was performed throughout the study.
	Animal care and monitoring - 16b: No adverse events were observed during the study.
	Animal care and monitoring - 16c: Humane endpoints were not pre-established as the procedures were minimally invasive; however, animals were monitored daily for signs of distress, weight loss, or abnormal behavior, and none were observed.
	Interpretation scientific implicationsm - 17a: Our results demonstrate that HD-tDCS is associated with cognitive improvement in mTBI mice, correlating with upregulation of BDNF/TrkB/CREB pathway components and enhanced synaptic protein expression and dendritic spine density, suggesting a potential role for synaptic plasticity in the observed cognitive benefits.
	Interpretation scientific implications - 17b: Limitations include: evaluation only in a mild TBI model; correlational rather than causal evidence for pathway involvement; histological analysis focused primarily on the hippocampus; and use of a thoracic reference electrode that may introduce current shunting.
	Generalisability/translation - 18: Our findings provide experimental and mechanistic support for the application of HD‑tDCS in addressing cognitive impairment following TBI, offering a theoretical foundation for future clinical translational research. The study also highlights the importance of optimizing stimulation duration, which may inform future human studies. 
	Protocol registration - 19: No protocol was pre-registered for this study. 
	Data access - 20: The datasets used and analyzed during the current study are available from the corresponding author upon reasonable request.
	Declaration of interests - 21a: The authors declare that they have no competing interests.
	Declaration of interests - 21b: All funding sources are acknowledged in the manuscript; funders had no role in study design, data collection, analysis, interpretation, or manuscript preparation.


