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Emerging evidence suggests cellular senescence, as a consequence of excess DNA damage and deficient repair, to be a driver of brain dysfunction following repeated mild traumatic brain injury (rmTBI). This study aimed to further investigate the role of deficient DNA repair, specifically BRCA1-related repair, on DNA damage-induced senescence. BRCA1, a repair protein involved in maintaining genomic integrity with multiple roles in the central nervous system, was previously reported to be significantly downregulated in post-mortem brains with a history of rmTBI. Here we examined the effects of impaired BRCA1-related repair on DNA damage-induced senescence and outcomes 1-week post-rmTBI using mice with a heterozygous knockout for BRCA1 in a sex-segregated manner. Altered BRCA1 repair with rmTBI resulted in altered anxiety-related behaviours in males and females using elevated zero maze and contextual fear conditioning. Evaluating molecular markers associated with DNA damage signalling and senescence-related pathways revealed sex-specific differences attributed to BRCA1, where females exhibited elevated DNA damage, impaired DNA damage signalling, and dampened senescence onset compared to males. Overall, the results from this study highlight sex-specific consequences of aberrant DNA repair on outcomes post-injury, and further support a need to develop sex-specific treatments following rmTBI.
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Introduction

Mild traumatic brain injury (mTBI) is a growing public health issue highly associated with disability and an increased risk for neurodegeneration later in life (Gardner and Yaffe, 2015). Impacting millions of individuals every year, mTBI is accompanied by alterations in wakefulness, mood-related symptoms, and reduced cognitive performance (Dean and Sterr, 2013; Pavlovic et al., 2019), where repeated, compared to single, injury can promote more severe deficits and increased prevalence of cognitive impairment due to cumulative effects (Guskiewicz et al., 2005). Most individuals recover within a few weeks to months, however others may experience persisting post-concussive symptoms long-term (Hiploylee et al., 2017; McInnes et al., 2017). In addition to primary injury, several mechanisms associated with secondary injury, such as oxidative stress and DNA damage, have been established to promote long-term consequences and neurodegeneration (Bramlett and Dietrich, 2015; Schwab et al., 2019; Davis and Vemuganti, 2021). These mechanisms promote the production of both single and double-stranded breaks, increasing the burden of genotoxic stress post-injury. As a response, the DNA damage response (DDR) is activated, recruiting DNA damage sensing and repair proteins to resolve DNA lesions. However, with persistent activation and insufficient repair, excess DNA damage can induce the onset of cellular senescence (Sedelnikova et al., 2004; Jurk et al., 2012), a state of permanent cell-cycle arrest characterized by aberrant structural and functional changes, accompanied by a pro-inflammatory senescence associated secretory phenotype (SASP) that leads to cellular and tissue dysfunction over time (Coppé et al., 2010; Davalos et al., 2010). Accordingly, evidence of cellular senescence and brain dysfunction have been reported in mTBI (Schwab et al., 2019, 2022) and neurodegeneration (Salminen et al., 2011; Baker and Petersen, 2018).

Previously, we demonstrated DNA damage-induced senescence as a pathophysiological mechanism driving brain dysfunction in humans and rodent models post-mTBI (Schwab et al., 2019, 2021), where an upregulation in genes associated with DNA damage and senescence were observed, in addition to a downregulation in DNA repair genes. Among these DNA repair genes, breast cancer type I (BRCA1) was seen to be significantly downregulated in post-mortem brains of professional athletes with a history of repeated mTBI (rmTBI) (Schwab et al., 2019). As a key protein in the DDR, BRCA1 is involved in multiple repair pathways for both single- and double-stranded breaks, including base excision repair (Saha et al., 2010), homologous recombination (Liu and Lu, 2020), and non-homologous end joining (Baldeyron et al., 2002; Jiang et al., 2013). With more specificity towards the central nervous system, BRCA1 also functions in the brain throughout neurodevelopment (Pao et al., 2014) and adulthood, with its dysregulation reported in multiple neurodegenerative diseases (Noristani et al., 2015; Suberbielle et al., 2015; Kurihara et al., 2020). Furthermore, BRCA1 loss has also been implicated in cellular senescence in several tissue types (Tu et al., 2013; Sedic et al., 2015; Scott et al., 2017), however its involvement in brain senescence remains to be investigated.

In relation to mTBI, sex-specific differences in response, recovery and outcomes are well established, where women often report worse outcomes, more severe symptoms and longer recovery times (Bazarian et al., 2010; Gupte et al., 2019). However despite these discrepancies, women are often underrepresented in TBI research (Merritt et al., 2019). Sex differences in the context of cellular senescence (Ng and Hazrati, 2022) and neurodegeneration (Hanamsagar and Bilbo, 2016; Ullah et al., 2019) are also well documented. As a precursor and prominent feature of senescence and neurodegeneration, emerging evidence also highlights sex differences in the DNA damage response (Broestl and Rubin, 2021) and DNA repair capacity with aging (Rall-Scharpf et al., 2021). Whether BRCA1 plays an important role in sex-specific outcomes following rmTBI is currently unknown.

In this study, mice with a heterozygous knockout for BRCA1 in conjunction with a murine model of rmTBI was used to investigate the role of DNA repair deficiency in DNA damage-induced senescence and sex-specific outcomes post-injury. Our results support elevated DNA damage, followed by divergent molecular and behavioural outcomes 1-week post-injury due to BRCA1 heterozygous knockout in a sex-specific manner.



Methods


Animals

Adult (8–10 weeks old) male and female mice (Brca1tm1Cxd/Nci, strain# 01XC4, Frederick National Laboratory NCI Mice Repository) were used in this study, producing both wildtype (WT) and BRCA1 heterozygous knockout (HET) agouti offspring (Shen et al., 1998). Tail clippings were genotyped by Transnetyx Genotyping services. Mice were housed in a 12 h light–dark cycle under standard laboratory conditions, with access to food and water ad libitum. Separate cohorts of mice were used for behavioural testing, tissue analysis, and histology experiments. All experiments were approved by the Centre of Phenogenomics Animal Care Committee.



Repeated mild traumatic brain injury

Mice received mTBI using a closed skull controlled cortical impact injury model. To achieve repeated injury, mice received three consecutive impacts 24 h apart. On day 1 and 3 of surgeries, mice were given sustained release buprenorphine (1.2 mg/kg) as an analgesic. Mice were anesthetized with isoflurane at 4% and maintained under the surgical plane at 2%. Additional subcutaneous injections of 0.75 mL lactated ringers with 5% dextrose, and 0.1 mL bupivacaine (2.5 mg/mL) and xylocaine (1.0 mg/mL) in equal parts were also given. Scalp hair removal was completed, followed by a midline incision to expose the closed skull. Once the skull was levelled, an impact was given using the Leica Impact One Stereotaxic Impactor (Leica Biosystems) with a 5 mm metal tip positioned 2.5 mm right of Bregma (speed: 2 m/s, depth: 1,200 um, dwell time: 200 ms). Sham mice underwent the same procedure but without impact. Following impact, the incision was sutured closed and mice were placed in a recovery cage before being returned to their home cage with food and nesting material. Righting reflex was also recorded, analyzed using a repeated measures two-way ANOVA, and visualized using GraphPad Prism 8.0.1.



Behavioural testing

At 1-week post-injury, mice underwent behavioural testing that included the elevated zero maze and contextual fear conditioning. Prior to testing, mice were placed in an anteroom, undisturbed, for 30 min. Mice also underwent a phenotype assessment prior to behavioural tests, measuring weight, length, locomotor activity and reflexes to assess any baseline differences (n = 7–9 per group). Behavioural testing was conducted over three consecutive days, where elevated zero maze took place on the first day, followed by contextual fear conditioning on the second day, and contextual fear testing on the third day. Data collected for these behavioural tests took place over several months and involved analysis of multiple cohorts of mice.

Elevated zero maze (EZM) assessed anxiety-related behaviours. Mice were placed in the arena (diameter: 60 cm, height: 70 cm, arm width: 7 cm, Med Associates Inc.) for a duration of 5 min (300 s), starting in an open arm facing the entrance of a closed arm (n = 10–15 per group). Metrics recorded included distance travelled, mean velocity, and time spent in the open/closed arms using an overhead camera and EthoVision XT software (Noldus Information Technology).

Contextual fear conditioning (CFC) assessed associative learning and memory. Mice were placed in fear conditioning chambers (length: 60 cm, width: 71 cm, height: 32 cm, Med Associates Inc.) for a total duration of 5 min (300 s) (n = 6–10 per group). Foot shocks of 0.75 A as the aversive unconditioned stimulus were administered using A/S Aversive Stimulator boxes (Med Associates Inc.). 70% isopropyl alcohol was used as the olfactory contextual cue. The conditioning protocol consisted of a 120 s baseline, three 2 s shocks with a 58 s interval between each shock, and a 58 s post-shock period. Mice were then returned to the arena 24 h following conditioning for a duration of 5 min (300 s), receiving no shocks. Metrics recorded included average motion index and time spent freezing using the NIR Video Fear Conditioning System (Med Associates Inc.).

Raw data was analyzed with a two-way ANOVA for injury and phenotype, followed by unpaired t-tests for pairwise comparisons. For pairwise comparisons, experimental groups were compared to WT sham, with each rmTBI group compared to its respective sham (i.e., WT rmTBI to WT sham, and HET rmTBI to HET sham) separated by sex. Statistical significance was denoted as p < 0.05. For data that did not follow an approximately normal distribution, a log transformation was performed before statistical analysis so that the requirements for a two-way ANOVA could be met. Results were visualized using GraphPad Prism 8.0.1.



Animal sacrifice

Mice were sacrificed 1-week post-injury for tissue analysis and histology via transcardial perfusion under anesthesia. Ketamine (150 mg/kg; 100 mg/mL) and xylazine (10 mg/kg; 20 mg/mL) diluted in saline was used for anesthetization with an injected volume equating to 0.1 mL/10 g body weight plus 30% (i.e., body weight × 1.3). Mice were perfused with PBS and heparin followed by brain dissection and flash freezing in 2-methyl butane placed in liquid nitrogen for tissue analysis. Mice sacrificed for histology were perfused first with PBS and heparin before a second perfusion with 4% paraformaldehyde, followed by brain dissection and post-fixation in 4% paraformaldehyde. Mice undergoing behavioural testing 1-week post-injury were sacrificed using carbon dioxide on the last day of testing.



Real time PCR (qPCR)

RNA isolation was performed on cortical tissue (n = 3–6 per group) from the right hemisphere (i.e., ipsilateral to impact) using TRIzol reagent (Invitrogen; 1 mL/50 mg tissue) and chloroform (Sigma-Aldrich; 200 uL/1 mL TRIzol). Purity and RNA concentration was measured using the Nanodrop One UV–Vis Spectrophotometer (Thermofisher) prior to reverse transcription of 2.5 ug RNA with SuperScript IV VILO Master Mix (Invitrogen 11,756,050). cDNA was combined with 500 nM forward and reverse primers (Sigma-Aldrich) and SYBR Green Master Mix (Applied Biosystems 4,472,908), and run in triplicates (50 cycles, annealing temperature: 61°C) for qPCR using QuantaStudio 3 instrument (Applied Biosystems). All primer sequences were taken from literature, with one designed using OligoArchitect™ Primer and Probe Design online tool (Sigma-Aldrich). A complete list of target genes and sequences can be found in Supplementary Table S1.

Raw data was analyzed using the 2−ΔΔCt method, averaging cycle values (Ct) and normalizing to GAPDH as the housekeeping gene. ΔΔCt values were calculated relative to an internal sham control for each experimental group. Results from male and female mice were analyzed separately using a two-way ANOVA for injury and genotype, with statistical significance denoted as p < 0.05. Effect size (η2) was calculated and unpaired t-tests were performed subsequently comparing experimental groups to WT sham, and each rmTBI group to its respective sham. Results were represented on a log2 fold change scale and visualized using GraphPad Prism 8.0.1.



Western blots

Protein lysates were prepared with cortical tissue (n = 4–8 per group) from the right hemisphere (i.e., ipsilateral to impact) using phosphate-buffered saline (PBS; 1 mL/50 mg tissue) containing proteinase and phosphatase inhibitor cocktail (1:100, Thermofisher). Protein concentration was determined via Bradford Assay using Bradford reagent (Sigma-Aldrich B6916) and BSA Protein Standard (Bio-Rad 500–0007). 50 ug of protein was loaded per sample on 10% polyacrylamide gels prepared using TGX™ Fast Cast™ Acrylamide kit (Bio-Rad 1,610,173), and run at constant voltage alongside a 75 kDa protein ladder (FroggaBio PM008-0500). Gels were transferred onto nitrocellulose membranes (Bio-Rad 1,620,112) and blocked in 2% bovine serum albumin (BSA) (Sigma Aldrich) in tris-buffered saline with 0.05% tween (TBST) for 2 h at room temperature. Membranes were incubated overnight in primary antibodies prepared in 1% BSA in TBST. Primary antibodies included BRCA1 (1:1000, Santa Cruz SC-135732), γH2AX (Ser139) (1:2,000, Cell Signalling 2,577), pATM (Ser1981) (1:2,000, Millipore MAB3806-C), DNA2 (1:2,000, Thermofisher PA5-68167), p16 (1:2,000, Santa Cruz SC-1661), p21 (1:2,000, BD Pharmingen 556,430), and GAPDH (1:2,000, Cell Signalling 14C10). Membranes were washed three times in PBS with 0.05% tween (PBST) for 5 min, followed by incubation in anti-mouse (1:10,000, Sigma-Aldrich A9044) and anti-rabbit (1:20,000, Sigma-Aldrich A0545) horse radish peroxidase (HRP)-conjugated secondary antibodies prepared in 1% BSA in TBST for 2 h at room temperature. Membranes were washed once for 15 min with PBST, followed by two 15 min washes in PBS. Enhanced chemiluminescence substrate (Bio-Rad 170–5,060) was used for detection, and Odyssey Fc imaging system (LI-COR Biosciences) and Image Studio (LI-COR Biosciences) were used for imaging.

Peak intensity of imaged bands were quantified in ImageJ and values were normalized to GAPDH (i.e., housekeeping gene). Normalized values were analyzed separately for males and female mice in R/R Studio using a two-way ANOVA, after confirming the requirements were met, to identify main effects of injury, genotype, and any interactions. Effect size was also calculated. Pairwise comparisons were subsequently performed via unpaired t-tests, comparing all experimental groups to WT sham, and each rmTBI group to its own respective sham. Statistical significance was determined as p < 0.05, and results were visualized using GraphPad Prism 8.0.1.



Histology

Perfused and post-fixed brains in 4% paraformaldehyde were processed and embedded in formalin fixed paraffin blocks, with the right hemisphere (i.e., ipsilateral to impact) being used for staining. Blocks were cut along the sagittal plane at 5 um and sections were mounted onto slides.

Immunofluorescence was performed by the Pathology Research Program Laboratory associated with the University Health Network. Antigen retrieval was performed with low temperature citrate buffer (pH 6.0), and stained for BRCA1 (1:50, Abcam ab191042) followed by Alexa Fluor™ 555 secondary antibody for fluorescence (Invitrogen A21429). Representative images were taken at 40x magnification. For quantification, images were taken at 20x magnification on a confocal microscope and quantified in QuPath using positive cell detection to identify BRCA1-positive cells in the nuclear and cytoplasmic compartments. Positive cell detection was achieved using set intensity thresholds for DAPI fluorescence, followed by intensity threshold-based detection of nuclear and cytoplasmic BRCA1 fluorescence within detected cells. Five cortical images were taken from the same sagittal section, spanning the entire cortex (i.e., anterior to posterior), and averaged per sample (n = 3 per group). Results were analyzed using a two-way ANOVA to identify main effects of injury, cellular compartment, or interactions between these factors on the proportion of BRCA1-positive cells; effect size was also calculated. Pairwise comparisons were performed using unpaired t-tests between groups and visualized using GraphPad Prism 8.0.1. Statistical significance was determined as p < 0.05.

Immunohistochemistry. Slides were stained with hematoxylin and γH2AX (1:1,000, Abcam ab81299), followed by an anti-rabbit IMPRESS Reagent Kit Peroxidase (Vector Laboratories MP-7401) secondary antibody (n = 1). Images were scanned and viewed with QuPath.



Dot blot

Nuclear fractionation and purification of genomic DNA via phenol chloroform extraction was performed on cortical tissue (n = 3 per group) from the right hemisphere (i.e., ipsilateral to impact). Double-stranded DNA (dsDNA) concentration was measured using the NanoDrop One UV–Vis Spectrophotometer (Thermofisher) followed by dilution in elution buffer to produce the following concentrations: 100 ng, 50 ng, 25 ng, 12.5 ng, and 6.25 ng. Samples were pipetted onto nitrocellulose membranes (Bio-Rad 1,620,112) and dried for 1 h. Membranes were blocked in 2% BSA in TBST for 2 h at room temperature. Membranes were incubated overnight in the following primary antibodies prepared in 1% BSA in TBST: anti-dsDNA for detection of DNA (1:20,000, Abcam ab27156), anti-S9.6 for detection of R-Loops (1:5,000, Sigma MABE1095), and anti-DNA/RNA oxidative damage for detection of 8-hydroxy-2′-deoxyguanosine, 8-hydroxyguanine, and 8-hydroxyguanosine (1:4,000, Abcam ab62623). Membranes were washed 3 times for 5 min in PBST, followed by a 2 h incubation at room temperature in HRP conjugated anti-mouse (1:10,000, Sigma-Aldrich A9044) secondary antibody prepared in 1% BSA in TBST. Membranes were washed for 15 min in PBST, followed by two washes for 15 min in PBS. Enhanced chemiluminescence substrate (Bio-Rad 170–5,060) was used for imaging on the Odyssey Fc imaging system (LI-COR Biosciences) with Image Studio (LI-COR Biosciences).

Intensity of dot blots were measured and quantified using ImageJ. Raw values were normalized to dsDNA for each sample. Normalized values were analyzed using a two-way ANOVA in R/RStudio to assess the effects of injury, genotype, or an interaction between injury and genotype in males and females separately; effect size was also calculated. Subsequent unpaired t-tests were performed for pairwise comparisons with statistical significance determined as p < 0.05. Results were visualized using GraphPad Prism 8.0.1.




Results


BRCA1 expression and subcellular localization in WT compared to HET mice 1-week following rmTBI

In previous research, BRCA1 was shown to be significantly downregulated in human brains with a history of repeated mTBI (Schwab et al., 2019), leading to deficient DNA repair and the onset of cellular senescence. In several neurodegenerative diseases, including Alzheimer’s disease and other tauopathies (Suberbielle et al., 2015; Kurihara et al., 2020), BRCA1 dysregulation and mislocalization have also been reported. As a primarily nuclear protein with crucial roles in maintaining genomic integrity, alterations in BRCA1 expression and localization may contribute to brain dysfunction. To validate this in mice, gene and protein expression of total BRCA1 was measured using qPCR and Western blot, respectively. 1-week following rmTBI, total BRCA1 expression in both WT males and females were not significantly changed and remained similar to WT sham counterparts (Figures 1A,B). When assessing BRCA1 localization using immunofluorescence to detect nuclear and cytoplasmic BRCA1-positive cells, a two way-ANOVA to evaluate effects of injury and subcellular compartment revealed no significant effects of either factor in males or females. However, with a pairwise comparison, males but not females with rmTBI exhibited a significant increase in cytoplasmic BRCA1-positive cells (p = 0.032, unpaired t-test), that was specific to WT mice, while maintaining similar levels of nuclear BRCA1-positive cells (Figures 1C,D). This suggests that translocation of BRCA1 post-injury in WT mice may impact BRCA1’s function in the DDR, and further impact outcomes following rmTBI.
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FIGURE 1
 BRCA1 expression and subcellular localization in WT compared to HET mice 1-week following rmTBI. (A) Expression of total BRCA1 mRNA was measured using qPCR in WT mice and represented as mean log2 fold change ± SEM (n = 6 per group). Results were analyzed using unpaired t-tests (*). (B) BRCA1 protein expression was measured in WT and HET mice using Western blot (right) followed by quantification of band peak intensity (left), and is represented as mean relative expression ± SEM (n = 8 per group). Results were analyzed using two-way ANOVA to assess main effect of injury (#), genotype (@), or interaction (%). (C,D) Immunofluorescence was performed in males (C, left) and females (C, right) to assess BRCA1 localization in the nucleus and cytoplasm of WT and HET mice, followed by quantification (D) of BRCA1-positive cells in each compartment (mean BRCA1-positive cells ± SEM) (n = 3 per group). Representative images of the cortex, anterior to the hippocampus, are shown at 40x magnification and scale bars indicate 12.0 um. Results were analyzed using two-way ANOVA to assess effects of injury, compartment (&), or interaction on BRCA1 expression, followed by unpaired t-tests for pairwise comparisons (*). (E) Gene expression of wildtype exon 11 was measured using qPCR with a primer spanning exon 11 (n = 5 per group), proximal to the cassette insertion site in the mutant allele. Expression represented as mean log2 fold change ± SEM. Results were analyzed using unpaired t-tests. Statistical significance was determined as p < 0.05. Significance levels: p > 0.05 (ns), p < 0.05 (*, #, @, &, %), p < 0.01 (**, ##, @@, &&, %%), p < 0.001 (***, ###, @@@, &&&, %%%).


To investigate the effects of reduced BRCA1-related repair, we evaluated DNA damage-induced senescence and outcomes following rmTBI in a mouse model with a heterozygous knockout for BRCA1, referred to as HET in future experiments. This heterozygous knockout for BRCA1 is achieved by insertion of a neocassette, disrupting intron 10 and exon 11 in the gene sequence to produce a null allele (Shen et al., 1998). Intact exon 11 is important to BRCA1’s function as it contains the nuclear localization signal needed for BRCA1 to operate as a nuclear DNA repair protein. Indeed, loss of exon 11 in BRCA1 results in impaired DDR (Huber et al., 2001; Wang et al., 2010). Validating this model using qPCR to measure wildtype exon 11 revealed a significant downregulation in wildtype exon 11 in males heterozygous for BRCA1 compared to WT mice (Figure 1E, p = 0.006, unpaired t-test), with a downregulation seen in females as well, although not significant (Figure 1E). To evaluate changes in BRCA1 expression in HET mice, BRCA1 protein levels were then measured in HET mice with and without rmTBI to compare how expression may differ to WT mice following rmTBI. When comparing BRCA1 protein levels between WT and HET mice, no significant effect of injury was detected using a two-way ANOVA. However, a significant effect of genotype (p = 0.014, η2 = 0.20, two-way ANOVA) was observed in males but not females, with HET shams expressing significantly higher levels of BRCA1 compared to WT sham counterparts (Figure 1B, p = 0.031, unpaired t-test). In contrast, BRCA1 levels in females were comparable between WT and HET mice (Figure 1B), suggesting that HET mice may exhibit some level of compensation for BRCA1. Further analysis of BRCA1 localization exhibited no overlying differences in nuclear or cytoplasmic BRCA1 expression due to injury or genotype in both males and females (Figures 1C,D). These results support that although HET mice overall exhibit reduced expression of wildtype exon 11, HET mice may exhibit compensation for BRCA1 expression to different degrees in males and females without additional mislocalization in this transgenic model. Next, we investigated both behavioural and molecular outcomes following rmTBI in WT and HET mice.



Loss of righting reflex in WT and HET mice with rmTBI compared to sham

Righting reflex is often used as an indicator of injury, where a mild injury is attributed to a loss in righting reflex under 15 min (DeWitt et al., 2013). Thus, righting reflex was recorded and analyzed using a repeated measures two-way ANOVA following rmTBI and sham procedures in WT and HET mice (Figure 2). A significant effect of injury (p < 0.001, η2 = 0.37, repeated measures two-way ANOVA) was found, supporting a loss in righting reflex due to rmTBI. WT mice with rmTBI spent significantly more time to right following the second and third impact, while HET mice with rmTBI spent significantly more time to right following all impacts compared to their respective sham counterparts; p-values can be found in Table 1.
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FIGURE 2
 Loss of righting reflex in WT and HET mice with rmTBI compared to sham. Righting reflex was measured for each mouse following sham or rmTBI procedure and is represented as mean righting reflex ± SEM (n = 14 per group). Statistical significance was determined as p < 0.05 using a repeated measures two-way ANOVA to assess main effects of injury (#), genotype (@), or interaction (%), with unpaired t-test used for pairwise comparisons to WT shams (*). Significance levels: p < 0.05 (#, @, %, *), p < 0.01 (##, @@, %%, **), p < 0.001 (###, @@@, %%%, ***).




TABLE 1 p-values associated with the loss of righting reflex due to rmTBI 1-week following injury.
[image: Table1]



Decreased anxiety-related behaviours in males and heightened fear response in females with BRCA1 heterozygosity 1-week post-injury

1-week following rmTBI, mice underwent behavioural testing, including elevated zero maze (EZM) and contextual fear conditioning (CFC) to assess anxiety related behaviours and associative learning and memory, respectively (Figure 3A). Prior to behavioural testing, mice also underwent a phenotype assessment (i.e., SHIRPA), displaying similar physical appearance, reflexes, and mobility between WT and HET mice (Supplementary Figure S1).

[image: Figure 3]

FIGURE 3
 Decreased anxiety-related behaviours in males and heightened fear response in females with BRCA1 heterozygosity 1-week post-injury. (A) Schematic for behavioural paradigm used in this study 1-week post-rmTBI. (B) Distance travelled (mean ± SEM) and (C) time spent in open arms (mean ± SEM) was measured during elevated zero maze for males and females to examine exploratory behaviour and anxiety-related behaviour, respectively (n = 10–15 per group). (D) Time spent freezing (mean ± SEM) was measured during contextual fear conditioning to assess associative learning and memory (n = 6–10 per group). Statistical significance was determined as p < 0.05 using a two-way ANOVA to assess effects of injury (#), genotype (@), or interaction (%). Unpaired t-tests were performed for pairwise comparisons (*). Significance values: p > 0.05 (ns) p < 0.05 (#, @, %, *), p < 0.01 (##, @@, %%, **), p < 0.001 (###, @@@, %%%, ***).


Exploratory and anxiety-related behaviours were assessed using EZM (Tucker and McCabe, 2017) by measuring the total distance travelled and cumulative time spent in the open arms, respectively. A two-way ANOVA to evaluate effects of injury and genotype revealed no differences in the total distance travelled across all WT and HET groups (Figure 3B), suggesting comparable locomotor and exploratory activity among all groups. As for time spent in the open arms, a significant effect of injury was found (p = 0.011, η2 = 0.12, two-way ANOVA) in males but not females. In WT mice, males with rmTBI spent more time in the open arms compared to sham counterparts (Figure 3C, left). This effect was enhanced in HET males, where time spent in the open arms was significantly increased with rmTBI compared to shams (p = 0.015, unpaired t-test) (Figure 3C, left), suggesting decreased inhibition and anxiety-related behaviour following injury that is emphasized with BRCA1 heterozygous knockout. As for females, no significant effect of injury or genotype was found. A comparable amount of time was spent in the open arms for both WT and HET females with rmTBI compared to sham counterparts (Figure 3C, right), indicating no changes in anxiety-related behaviour measured by EZM.

Associative learning and memory were assessed using CFC (Maren et al., 2013) by measuring the amount of time spent freezing as an indicator of a learned fear response 24 h following fear conditioning in the same context. Using a two-way ANOVA to assess the effects of injury and genotype on time freezing, no significant main effects were found. At 1-week post-injury, WT males with rmTBI spent comparable time freezing to sham counterparts, with a similar effect observed for HET males with rmTBI (Figure 3D, left), exhibiting intact associative learning and memory. In contrast, WT females with rmTBI showed a significant increase in time spent freezing (p = 0.039, unpaired t-test) compared to sham counterparts (Figure 3D, right). Moreover, HET sham (p = 0.023, unpaired t-test) and rmTBI (p = 0.012, unpaired t-test) females spent significantly more time freezing compared to WT shams (Figure 3D, right), indicating an enhanced fear response in injured and HET females that was not seen in males.



Elevated DNA damage in females and sex differences in DDR signalling due to BRCA1 heterozygosity 1-week post-rmTBI

With evident DNA damage present following injury (Schwab et al., 2019; Davis and Vemuganti, 2021), changes in DNA damage and DDR signalling as a result of deficient DNA repair were investigated. γH2AX foci, a prominent marker of double-stranded breaks (DSBs) (Mah et al., 2010; Rahmanian et al., 2021), was evaluated using immunohistochemistry following rmTBI in WT and HET mice. In males, minimal changes were observed in γH2AX foci with rmTBI in both WT and HET mice (Figure 4A). However in females, an increase in γH2AX foci were seen in WT rmTBI mice compared to shams that was further increased in HET females with rmTBI (Figure 4B). Additional sources of DNA damage that BRCA1 is involved in repairing, including RNA/DNA oxidative lesions (Le Page et al., 2000) and R-loops (Hatchi et al., 2015) were also detected using dot blot in both males and females. In males, a two-way ANOVA revealed no significant effects of injury, genotype or interaction on levels of R-loops and oxidative lesions (Figures 4C,E), with similar expression observed between experimental groups. However in females, although no significant effects were seen in the expression of R-loops, a significant interaction between injury and genotype was identified for oxidative lesions (p = 0.032, η2 = 0.13, two-way ANOVA) (Figures 4D,E). Oxidative lesions were seen to decrease in WT females with rmTBI, but increase in HET females with rmTBI compared to respective sham counterparts, however no significant pairwise comparisons were found. These results suggest that although levels of DNA damage may not exhibit notable changes in WT male or female mice, BRCA1 heterozygosity may promote elevated DNA damage in the form of DSBs and oxidative lesions in females but not males with rmTBI.
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FIGURE 4
 Elevated DNA damage in females due to BRCA1 heterozygosity 1-week post-rmTBI. DNA damage was assessed using immunohistochemistry (A,B) and dot blot (C,E). Staining for γH2AX foci (brown) and hematoxylin (blue) were performed in males (A) and females (B) for all experimental groups (n = 1 per group) to assess double-stranded breaks. Representative images were taken from the cortex, anterior to the hippocampus. Scale bars represent 50 um. Dot blot was performed for R-loops and oxidative lesions at multiple dilutions (100 to 6.25 ng) relative to dsDNA to measure additional sources of DNA damage in males (C,E) and females (D,E) for all experimental groups (n = 3 per group). Statistical significance was determined as p < 0.05 using a two-way ANOVA to assess effects of injury (#), genotype (@), or interaction (%). Significance levels: p > 0.05 (ns), p < 0.05 (#, @, %), p < 0.01 (##, @@, %%), p < 0.001 (###, @@@, %%%).


Expression of several targets involved in the DDR were measured using qPCR and Western blot, and analyzed using a two-way ANOVA to assess significant effects of injury and/or genotype separately in males and females 1-week post-injury (Figure 5).
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FIGURE 5
 Sex differences in DDR signalling due to BRCA1 heterozygosity 1-week post-rmTBI. Activation of the DDR was assessed using qPCR (n = 6 per group) and Western blots (n = 5–8 per group) in males (A,B) and females (C,D) 1-week post-injury. H2AX, p53, EXO1 and RAD51 mRNA expression were measured with qPCR and represented as log2 fold change (mean ± SEM) (A,C). Protein expression of yH2AX, pATM, and DNA2 were measured using Western blot (B,D; left), followed by quantification of peak band intensity and represented as relative expression (mean ± SEM) (B,D; right). Statistical significance was determined as p < 0.05 using two-way ANOVA to assess main effect of injury (#), genotype (@), or interaction (%), with unpaired t-test used for pairwise comparisons to WT shams (*). Significance levels: p > 0.05 (ns), p < 0.05 (#, @, %, *), p < 0.01 (##, @@, %%, **), p < 0.001 (###, @@@, %%%, ***).


In males, a significant effect of injury (p = 0.043, η2 = 0.19, two-way ANOVA) and genotype (p = 0.016, η2 = 0.26, two-way ANOVA) on p53 (Lakin and Jackson, 1999) gene expression was observed, with WT rmTBI (p = 0.069, unpaired t-test) and HET shams (p = 0.065, unpaired t-test) showing an increase in expression, and HET rmTBI males showing a significant increase in p53 expression (p < 0.001, unpaired t-test) compared to WT sham counterparts (Figure 5A). Although no significant changes were seen for H2AX, EXO1 (Bolderson et al., 2010) (p = 0.017, η2 = 0,25, two-way ANOVA) and RAD51 (Bonilla et al., 2020) (p = 0.005, η2 = 0.33, two-way ANOVA) gene expression were significantly affected by genotype (Figure 5A), where HET males display greater expression compared to WT males. Specifically, HET males with rmTBI had significantly greater expression of EXO1 (p = 0.047, unpaired t-test) and RAD51 (p = 0.012, unpaired t-test) compared to WT shams (Figure 5A), suggesting an upregulation in DNA repair genes not seen in WT males with rmTBI. Protein expression of γH2AX and additional DNA damage sensing and repair proteins pATM (Maréchal and Zou, 2013) and DNA2 (Pawłowska et al., 2017), respectively, were not significantly affected by injury or genotype (Figure 5B). However, γH2AX and DNA2 expression were seen to increase following rmTBI in both WT and HET mice, while pATM expression was increased in all experimental groups compared to WT shams, although these results were not significant (Figure 5B).

In females, p53 gene expression was also significantly affected by injury (p < 0.001, η2 = 0.43, two-way ANOVA) and genotype (p = 0.006, η2 = 0.32, two-way ANOVA), with a significant interaction between injury and genotype observed as well (p < 0.001, η2 = 0.55, two-way ANOVA) (Figure 5C). Significant upregulation of p53 was seen in WT rmTBI (p > 0.001, unpaired t-test), HET sham (p < 0.001, unpaired t-test), and HET rmTBI (p < 0.001, unpaired t-test) mice compared to WT sham counterparts (Figure 5C). In contrast to males, gene expression of H2AX, EXO1 and RAD51 were comparable across experimental groups, exhibiting no significant effect of injury or genotype (Figure 5C). However, at the protein level, a significant effect of genotype (p = 0.043, η2 = 0.16, two-way ANOVA) was observed for γH2AX expression, with increased γH2AX expression in HET sham and HET rmTBI mice compared to WT shams, further supporting elevated DNA damage burden in BRCA1 heterozygous knockout mice. No significant effect of injury or genotype was seen for pATM and DNA2 expression (Figure 6D).
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FIGURE 6
 Robust senescence in males and diminished senescence response in females due to BRCA1 heterozygosity 1-week post-rmTBI. Activation of senescence-associated pathways and SASP-related factors were assessed for males and females 1-week post-injury. Gene expression was measured using qPCR (n = 3–6 per group) for males (A) and females (C), represented as a log2 fold change (mean ± SEM). Protein expression of p21 and p16 were also validated using Western blots (n = 5–8 per group) in males (B, top) and females (D, top), with quantification of peak intensity bands represented as relative expression (mean ± SEM) for males (B, bottom) and females (D, bottom). Statistical significance was determined as p < 0.05 using a two-way ANOVA to assess main effects of injury (#), genotype (@), or interaction (%), followed by unpaired t-tests for pairwise comparisons between experimental groups to WT shams (*).: Significance levels: p > 0.05 (ns), p < 0.05 (#, @, %, *), p < 0.01 (##, @@, %%, **), p < 0.001 (###, @@@, %%%, ***).


Overall, these results suggest initial activation of the DDR in both WT males and females, with upregulation of p53 expression, and markers of DNA damage and repair following injury. HET mice also exhibited initial DDR signalling following rmTBI, with HET female mice displaying elevated DNA damage burden compared to WT sham mice.



Robust senescence in males and diminished senescence response in females due to BRCA1 heterozygosity 1-week post-rmTBI

Previously reported in the literature, cellular senescence can be induced by genotoxic stress (d’Adda di Fagagna, 2008; Schwab et al., 2019, 2021). Once established, senescence is often accompanied by a senescence-associated secretory phenotype (SASP), involving the increased production and secretion of a myriad of pro-inflammatory factors (Salminen et al., 2011; Cheng et al., 2017). Thus, to evaluate the onset of cellular senescence, markers involved in senescence induction, maintenance, and SASP were evaluated in this study using qPCR and Western blot.

Male mice exhibited a trending effect of injury on p21 (p = 0.074, two-way ANOVA), a cell cycle regulator associated in senescence induction (Stein et al., 1999; He and Sharpless, 2017), p16 (p = 0.088, two-way ANOVA), involved in senescence maintenance (Stein et al., 1999; He and Sharpless, 2017), and NFκB (p = 0.052, two-way ANOVA), involved in senescence-associated processes and activated by DNA damage (Salminen et al., 2012; Tilstra et al., 2012), although these results were not significant (Figure 6A). However, p21 and p16 were significantly increased in HET rmTBI mice compared to HET sham counterparts, while NFκB was significantly upregulated in HET mice with rmTBI compared to WT shams (p-values can be found in Table 2). At the protein level, p16 expression was significantly affected by genotype but not injury (p = 0.040, η2 = 0.15, two-way ANOVA), and was significantly decreased (p = 0.040, unpaired t-test) in HET shams compared to WT sham counterparts (Figure 6B). As for targets associated with the SASP, gene expression of several targets were significantly impacted by injury and genotype. Using a two-way ANOVA, a significant effect of injury was found for IL1α (p < 0.001, η2 = 0.49), IL1β (p = 0.002, η2 = 0.38), TNFα (p = 0.018, η2 = 0.52), and CXCL10 (p < 0.001, η2 = 0.77), whereas genotype had a significant effect on IL1α (p = 0.019, η2 = 0.25) and TFGβ1 expression (p = 0.035, η2 = 0.20) (Figure 6A). In support of this, WT mice showed a significant upregulation in IL1α and TNFα expression post-rmTBI compared to WT shams, whereas HET mice showed significant upregulation of IL1α, IL1β, TGFβ1, and TNFα post-rmTBI compared to WT and HET sham counterparts (Figure 6A, p-values can be found in Table 2). These results indicate activation of senescence-associated pathways in WT mice following rmTBI that may be exacerbated with BRCA1 heterozygous knockout with a more severe SASP expression.



TABLE 2 p-values associated with changes in expression of senescence- and SASP-related genes 1-week post-rmTBI in WT and HET male mice.
[image: Table2]

In contrast, females did not display a significant effect of injury or genotype on p21, p16, or NFkB gene expression (Figure 6C). However, a significant effect of genotype on p21 protein expression (p = 0.031, η2 = 0.25, two-way ANOVA) was observed, with a significant effect of interaction between injury and genotype (p = 0.025, η2 = 0.26, two-way ANOVA) as well (Figure 6D). Protein expression of p21 was significantly upregulated in HET shams compared to WT shams (p = 0.007, unpaired t-test), and significantly downregulated in HET rmTBI mice (p = 0.016, unpaired t-test) compared to HET sham counterparts, suggesting differential activation of senescence-associated pathways in WT and HET females with rmTBI. With regards to SASP-related factors, a two-way ANOVA revealed only a significant effect of injury in females for IL1α (p = 0.017, η2 = 0.25), IL1β (p = 0.011, η2 = 0.28), TFGβ1 (p = 0.025, η2 = 0.23), TNFα (p = 0.015, η2 = 0.54), and CXCL10 (p < 0.001, η2 = 0.80) (Figure 6C). Accordingly, IL1α, IL1β, TGFβ1, and CXCL10 were significantly upregulated in WT rmTBI mice, and CXCL10 and TNFα were significantly upregulated in HET rmTBI mice compared to WT shams (Figure 6C, p-values can be found in Table 3).



TABLE 3 p-values associated with changes in expression of senescence- and SASP-related genes 1-week post-rmTBI in WT and HET female mice.
[image: Table3]

Together these results suggest that although WT mice exhibit activation of senescence-associated pathways with rmTBI, HET mice display opposing phenotypes between males and females with rmTBI, revealing potential sex-specific differences associated with BRCA1 heterozygous knockout. More specifically, despite an elevated DNA damage burden previously observed in HET females, senescence-associated pathways are promoted in males but not females with BRCA1 heterozygosity.




Discussion

The objective of this study was to evaluate the consequences of DNA repair deficiency on DNA damage-induced senescence and behavioural outcomes following rmTBI. Here we used a controlled cortical impact model of rmTBI in mice with a heterozygous knockout for BRCA1 to investigate the effects of impaired BRCA1-related repair on outcomes 1-week following injury. Given the evident sex-specific differences in outcomes and recovery associated with mTBI in humans (Bazarian et al., 2010; Villapol et al., 2017; Gupte et al., 2019), sex differences were also addressed in this study by including sex-balanced experimental groups.

In this study, we showed a significant increase in cytoplasmic BRCA1-positive cells with rmTBI specifically in WT males. Although BRCA1 has functions in the cytoplasm, including maintaining centrosome function in dividing cells and regulating apoptotic signalling (Deng and Brodie, 2000; Fabbro et al., 2004; Jiang et al., 2011), its dysregulation in various neurodegenerative diseases (Noristani et al., 2015; Suberbielle et al., 2015; Kurihara et al., 2020) where BRCA1 is translocated to the cytoplasm suggests that excessive mislocalization of BRCA1 may contribute to brain dysfunction. Despite the potential dysregulation of BRCA1 observed in males with rmTBI, the proportion of nuclear BRCA1-positive cells remained unchanged with rmTBI in both males and females. Autoregulation of BRCA1 has been reported in cells, where BRCA1-deficient cells have been shown to increase BRCA1 transcription in the presence of genotoxic stress (De Siervi et al., 2010). Due to increased genomic instability and genotoxic stress following injury, a similar autoregulatory mechanism may explain the maintenance of BRCA1 expression in the nucleus.

Interestingly, HET mice did not exhibit a downregulation in BRCA1 expression or subcellular mislocalization. Instead, BRCA1 protein levels were comparable to that of WT in females, while HET males expressed significantly more BRCA1 compared to WT counterparts, further supporting the possibility of a compensatory mechanism. However, despite similar levels of BRCA1 seen in HET compared to WT mice, HET mice with rmTBI exhibited different outcomes from WT mice in a sex-specific manner. This suggests that although BRCA1 levels and localization in the brain appear sufficient in HET mice, there may be altered function, other affected pathways, or regulatory mechanisms due to the heterozygous knockout promoting differential outcomes post-injury in males and females. For instance, different brain cell types may exhibit differential BRCA1 regulation. Indeed, in response to DSBs induced by stabilized G-quadraplex DNA structures, a downregulation of BRCA1 was shown in neurons, but not microglia or astrocytes (Tabor et al., 2021). In this study, measuring BRCA1 levels was done in a heterogeneous population of brain cell types, suggesting that cell-specific regulation of BRCA1 may also occur post-injury that could not be discerned in this study.

Common symptoms experienced by individuals following rmTBI include alterations in anxiety and depression-like symptoms, as well as reduced cognitive function (Dean and Sterr, 2013; Wickwire et al., 2018). Accordingly, we assessed these changes in this study using EZM and CFC. At 1-week post-rmTBI, behavioural changes were found in BRCA1 heterozygous knockout animals, with distinct behavioural changes observed in males versus females. HET males with rmTBI exhibited intact associative learning and memory with CFC, but displayed increased risk-taking in the EZM. In contrast, HET females with rmTBI exhibited minimal changes to risk-taking behaviour measured by EZM, but displayed an enhanced fear response with CFC. Although alterations to cognition were not observed at 1-week post-injury in males or females, it could be speculated that both exhibited changes in anxiety-related behaviour. For instance, CFC is commonly used in studies focused on post-traumatic stress disorder (Bienvenu et al., 2021), where a heightened fear response may act as an alternative indicator of increased stress and anxiety. This may suggest that changes in anxiety occur in both sexes but are captured differently based on sex. In support of this, a recent study investigating the effects of deficient DNA repair on multi-symptomatic disorders found that mice with a conditional knockout for XRCC1 (i.e., a BER protein) displayed increased anxiety in males using the light–dark box test, while increased fear learning was observed in females using fear conditioning (Mueller et al., 2022). Thus, altered DNA repair, elicited here by a BRCA1 heterozygous knockout, may work in a similar manner to differentially alter anxiety-related behaviours in both males and females with rmTBI.

In addition to identifying sex differences in behavioural outcomes, an important aim for this study was to evaluate the consequences of aberrant DNA repair in DNA damage-induced senescence, and associated sex-specific outcomes, as a driver of brain dysfunction. In line with previous studies (Schwab et al., 2021), both male and female WT mice showed activation of the DDR and senescence-associated pathways, with upregulation of p53, DNA repair proteins, and multiple SASP-related factors. With addition of the BRCA1 heterozygous knockout, molecular changes were seen even without injury, and divergent molecular phenotypes were identified following rmTBI. Significant upregulation of p21, p16, and NFkB gene expression were seen in HET males with rmTBI compared to sham counterparts with a significant effect of both injury and genotype on various SASP-related factors. In contrast, females exhibited a significant interaction between injury and genotype on p21 expression, where p21 was significantly decreased following rmTBI in HET mice, and only a significant effect of injury was found for SASP-related factors. Therefore, these results support a less additive effect of injury and genotype in females compared to males in the activation of senescence-associated pathways. These results suggest that while males exhibited a robust DDR and senescence response following rmTBI, females exhibited a diminished response despite an elevated DNA damage burden. Moreover, expression of DNA repair proteins also displayed opposing trends based on sex, where EXO1, RAD51 and DNA2—proteins that interact with BRCA1 in DNA repair—were upregulated in HET males, with minimal changes seen in HET females with rmTBI. This novel finding further reinforces sex differences in the DDR, and provides evidence that these differences may be BRCA1-dependent. Sufficient BRCA1 compensation and increased DNA repair may reinforce proper signalling of the DDR and downstream senescence-associated pathways in HET males post-rmTBI, whereas lack thereof in HET females may result in impaired DDR signalling, leading to a dampened senescence response with greater DNA damage.

Looking at DNA repair more broadly, disparities between sexes have been identified for both single and double-stranded DNA repair pathways. For instance, DNA repair capacity of DSBs measured as the frequency of HR, NHEJ, and microhomology-mediated end joining (MMEJ), was shown to decline with age in women compared to men (Rall-Scharpf et al., 2021). In addition to changes in DNA repair function, shifts in repair pathways can also occur if a preferred pathway is unavailable. Indeed, when HR proteins, such as BRCA1, were depleted in human cells, MMEJ was upregulated, promoting more error-prone repair, genotoxic stress, and chromosomal rearrangements (Ahrabi et al., 2016). Whether male and female mice with rmTBI in this study underwent shifts in DNA repair capacity as a result of BRCA1 heterozygosity was not explored in this study and would require further investigation.

Due to sex differences in DDR signalling in BRCA1 HET mice, males and females exhibited contrasting activation of downstream senescence pathways. While HET males with rmTBI exhibited upregulation in senescence-associated markers and various SASP-related factors, HET females with rmTBI exhibited a downregulation in senescence-associated markers with moderate upregulation of SASP-related factors. With more specificity towards BRCA1’s role in senescence, BRCA1 has been reported to both promote and prevent senescence. BRCA1 deficiency has been associated with p16 induction, thereby promoting premature senescence (Scott et al., 2017), but has also been associated with reduced p21 expression to promote proliferation (Somasundaram et al., 1997; Zeng et al., 2020). Thus, the role of BRCA1 in senescence may be context-dependent, and activate alternative pathways between males and females, where BRCA1 heterozygous knockout leads to a more senescent phenotype in males and a more proliferative phenotype in females, although further studies are needed for validation.

Overall, although these findings are limited in their translatability, the emphasis on sex-specific outcomes and potential treatments is evident. Concluding that different molecular outcomes are present between males and females with altered BRCA1-related repair suggests that treatment methods in males may not have the same efficacy in females. For instance, the use of senolytics to remove senescent cells has shown success in males with adverse effects in females. Following treatment of a senolytic cocktail in C57BL/6 mice, male mice showed reduced SASP and improved cognitive performance using Morris water maze, while female mice showed exacerbated SASP and reduced cognitive performance using novel object recognition task (Fang et al., 2022). Similar outcomes were also recently reported in C57BL/6 mice with rmTBI, where a reduction in senescence-related markers and improved spatial learning and memory were seen in treated males, but not females (Schwab et al., 2022). Therefore, alternative therapeutic strategies should be explored for treating females versus males. Potential therapeutic avenues focused on boosting DNA repair capacity for instance may be more beneficial for females. Indeed, treatments directed at upregulating DNA repair capacity have been reported in the literature, where cells treated with small non-coding RNAs that help facilitate the DDR were more resilient to genotoxic insults from ionizing radiation compared to vehicle-treated cells (Gioia et al., 2019). Low-dose radiation (LDR) is another method that has been shown to promote DNA repair, reduce DNA damage, and attenuate oxidative stress (Xu et al., 2022). In the context of injury, LDR treatment prior to doxorubicin-induced brain injury in BALB/C mice was shown to combat oxidative damage and downregulate expression of proapoptotic proteins (Gao et al., 2022). Cumulatively these studies not only emphasize the importance of sufficient DNA repair to mitigate consequences of stress and insults, but also the need to explore alternative therapeutic avenues to effectively treat symptoms following rmTBI in a sex-specific manner.



Conclusion

As mTBI remains a growing public health issue, research into underlying mechanisms driving sequelae associated with injury is imperative to the development of effective treatment strategies. With emerging evidence supporting elevated DNA damage with insufficient DNA repair in the context of TBI, this study evaluated the effects of aberrant BRCA1-related repair on DNA damage-induced senescence and outcomes following rmTBI in mice with a heterozygous knockout for BRCA1. While WT mice with rmTBI exhibited minimal changes in behaviour, mislocalization of BRCA1, and activation of the DDR and senescence-associated pathways, HET mice with rmTBI exhibited changes in anxiety-related behaviours and distinct molecular phenotypes between males and females. More specifically, HET rmTBI males displayed a robust senescence response whereas HET rmTBI females displayed impaired DDR signalling followed by a diminished senescence response, suggesting sex differences in the DDR that may be BRCA1-dependent. Therefore, this study not only highlights the importance of proper DNA repair following rmTBI, but also the need to develop therapeutic strategies in a sex-specific manner.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The animal study was reviewed and approved by the Centre of Phenogenomics Animal Care Committee.



Author contributions

EL: animal experiments, collection of data, data analysis including statistical tests, manuscript writing; DT: collection of dot blot data and qPCR data, manuscript input; NS: collection of dot blot data, manuscript input; LNH: study design, funding acquisition, manuscript input, supervision. All authors contributed to the article and approved the submitted version.



Funding

This research was funded by the Canadian Institutes of Health Research (CIHR); Grant# 6210100803.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2023.1225226/full#supplementary-material



Abbreviations

BRCA1, breast cancer type I; CFC, contextual fear conditioning; DDR, DNA damage response; DSB, double-stranded break; dsDNA, double-stranded DNA; EZM, elevated zero maze; HET, heterozygous knockout for BRCA1; HR, homologous recombination; LDR, low-dose radiation; MMEJ, microhomology-mediated end joining; mTBI, mild traumatic brain injury; NHEJ, non-homologous end joining; rmTBI, repeated mild traumatic brain injury; SASP, senescence-associated secretory phenotype; WT, wildtype.


References

 Ahrabi, S., Sarkar, S., Pfister, S. X., Pirovano, G., Higgins, G. S., Porter, A. C. G., et al. (2016). A role for human homologous recombination factors in suppressing microhomology-mediated end joining. Nucleic Acids Res. 44, 5743–5757. doi: 10.1093/nar/gkw326 

 Baker, D. J., and Petersen, R. C. (2018). Cellular senescence in brain aging and neurodegenerative diseases: evidence and perspectives. J. Clin. Investig. 128, 1208–1216. doi: 10.1172/JCI95145 

 Baldeyron, C., Jacquemin, E., Smith, J., Jacquemont, C., de Oliveira, I., Gad, S., et al. (2002). A single mutated BRCA1 allele leads to impaired fidelity of double strand break end-joining. Oncogene 21, 1401–1410. doi: 10.1038/sj.onc.1205200 

 Bazarian, J. J., Blyth, B., Mookerjee, S., He, H., and McDermott, M. P. (2010). Sex differences in outcome after mild traumatic brain injury. J. Neurotrauma 27, 527–539. doi: 10.1089/neu.2009.1068 

 Bienvenu, T. C. M., Dejean, C., Jercog, D., Aouizerate, B., Lemoine, M., and Herry, C. (2021). The advent of fear conditioning as an animal model of post-traumatic stress disorder: learning from the past to shape the future of PTSD research. Neuron 109, 2380–2397. doi: 10.1016/j.neuron.2021.05.017 

 Bolderson, E., Tomimatsu, N., Richard, D. J., Boucher, D., Kumar, R., Pandita, T. K., et al. (2010). Phosphorylation of Exo1 modulates homologous recombination repair of DNA double-strand breaks. Nucleic Acids Res. 38, 1821–1831. doi: 10.1093/nar/gkp1164 

 Bonilla, B., Hengel, S. R., Grundy, M. K. K., and Bernstein, K. A. (2020). RAD51 gene family structure and function. Annu. Rev. Genet. 54, 25–46. doi: 10.1146/annurev-genet-021920-092410 

 Bramlett, H. M., and Dietrich, W. D. (2015). Long-term consequences of traumatic brain injury: current status of potential mechanisms of injury and neurological outcomes. J. Neurotrauma 32, 1834–1848. doi: 10.1089/neu.2014.3352 

 Broestl, L., and Rubin, J. B. (2021). Sexual differentiation specifies cellular responses to DNA damage. Endocrinology 162, 1–7. doi: 10.1210/endocr/bqab192


 Cheng, Z., Zheng, Y. Z., Li, Y. Q., and Wong, C. S. (2017). Cellular senescence in mouse hippocampus after irradiation and the role of p53 and p21. J. Neuropathol. Exp. Neurol. 76, 260–269. doi: 10.1093/jnen/nlx006


 Coppé, J.-P., Desprez, P. Y., Krtolica, A., and Campisi, J. (2010). The senescence-associated secretory phenotype: the dark side of tumor suppression. Annu. Rev. Pathol. 5, 99–118. doi: 10.1146/annurev-pathol-121808-102144 

 d’Adda di Fagagna, F. (2008). Living on a break: cellular senescence as a DNA-damage response. Nat. Rev. Cancer 8, 512–522. doi: 10.1038/nrc2440


 Davalos, A. R., Coppe, J. P., Campisi, J., and Desprez, P. Y. (2010). Senescent cells as a source of inflammatory factors for tumor progression. Cancer Metastasis Rev. 29, 273–283. doi: 10.1007/s10555-010-9220-9 

 Davis, C. K., and Vemuganti, R. (2021). DNA damage and repair following traumatic brain injury. Neurobiol. Dis. 147:105143. doi: 10.1016/j.nbd.2020.105143


 De Siervi, A., de Luca, P., Byun, J. S., di, L. J., Fufa, T., Haggerty, C. M., et al. (2010). Transcriptional autoregulation by BRCA1. Cancer Res. 70, 532–542. doi: 10.1158/0008-5472.CAN-09-1477 

 Dean, P. J. A., and Sterr, A. (2013). Long-term effects of mild traumatic brain injury on cognitive performance. Front. Hum. Neurosci. 7, 1–11. doi: 10.3389/fnhum.2013.00030


 Deng, C. X., and Brodie, S. G. (2000). Roles of BRCA1 and its interacting proteins. Bioessays 22, 728–737. doi: 10.1002/1521-1878(200008)22:8<728::AID-BIES6>3.0.CO;2-B


 DeWitt, D. S., Perez-Polo, R., Hulsebosch, C. E., Dash, P. K., and Robertson, C. S. (2013). Challenges in the development of rodent models of mild traumatic brain injury. J. Neurotrauma 30, 688–701. doi: 10.1089/neu.2012.2349


 Fabbro, M., Schuechner, S., Au, W. W. Y., and Henderson, B. R. (2004). BARD1 regulates BRCA1 apoptotic function by a mechanism involving nuclear retention. Exp. Cell Res. 298, 661–673. doi: 10.1016/j.yexcr.2004.05.004 

 Fang, Y., et al. (2022). Sexual dimorphic metabolic and cognitive responses of C57BL/6 mice to Fisetin or Dasatinib and quercetin cocktail oral treatment. bioRxiv. doi: 10.1101/2021.11.08.467509


 Gao, Y., Dong, J., Chen, M., Wang, T., Yang, Z., He, K., et al. (2022). Protective effect of low-dose radiation on doxorubicin-induced brain injury in mice. Arch. Biochem. Biophys. 729:109390. doi: 10.1016/j.abb.2022.109390 

 Gardner, R. C., and Yaffe, K. (2015). Epidemiology of mild traumatic brain injury and neurodegenerative disease. Mol. Cell. Neurosci. 66, 75–80. doi: 10.1016/j.mcn.2015.03.001


 Gioia, U., Francia, S., Cabrini, M., Brambillasca, S., Michelini, F., Jones-Weinert, C. W., et al. (2019). Pharmacological boost of DNA damage response and repair by enhanced biogenesis of DNA damage response RNAs. Sci. Rep. 9:6460. doi: 10.1038/s41598-019-42892-6 

 Gupte, R., Brooks, W., Vukas, R., Pierce, J., and Harris, J. (2019). Sex differences in traumatic brain injury: what we know and what we should know. J. Neurotrauma 36, 3063–3091. doi: 10.1089/neu.2018.6171 

 Guskiewicz, K. M., Marshall, S. W., Bailes, J., McCrea, M., Cantu, R. C., Randolph, C., et al. (2005). Association between recurrent concussion and late-life cognitive impairment in retired professional football players. Neurosurgery 57, 719–726. doi: 10.1093/neurosurgery/57.4.719


 Hanamsagar, R., and Bilbo, S. D. (2016). Sex differences in neurodevelopmental and neurodegenerative disorders: focus on microglial function and neuroinflammation during development. J. Steroid Biochem. Mol. Biol. 160, 127–133. doi: 10.1016/j.jsbmb.2015.09.039


 Hatchi, E., Skourti-Stathaki, K., Ventz, S., Pinello, L., Yen, A., Kamieniarz-Gdula, K., et al. (2015). BRCA1 recruitment to transcriptional pause sites is required for R-loop-driven DNA damage repair. Mol. Cell 57, 636–647. doi: 10.1016/j.molcel.2015.01.011 

 He, S., and Sharpless, N. E. (2017). Senescence in health and disease. Cells 169, 1000–1011. doi: 10.1016/j.cell.2017.05.015 

 Hiploylee, C., Dufort, P. A., Davis, H. S., Wennberg, R. A., Tartaglia, M. C., Mikulis, D., et al. (2017). Longitudinal study of postconcussion syndrome: not everyone recovers. J. Neurotrauma 34, 1511–1523. doi: 10.1089/neu.2016.4677 

 Huber, L. J., Yang, T. W., Sarkisian, C. J., Master, S. R., Deng, C. X., and Chodosh, L. A. (2001). Impaired DNA damage response in cells expressing an exon 11-deleted murine BRCA1 variant that localizes to nuclear foci. Mol. Cell. Biol. 21, 4005–4015. doi: 10.1128/mcb.21.12.4005-4015.2001 

 Jiang, G., Plo, I., Wang, T., Rahman, M., Cho, J. H., Yang, E., et al. (2013). BRCA1-Ku80 protein interaction enhances end-joining fidelity of chromosomal double-strand breaks in the G1 phase of the cell cycle. J. Biol. Chem. 288, 8966–8976. doi: 10.1074/jbc.M112.412650 

 Jiang, J., Yang, E. S., Jiang, G., Nowsheen, S., Wang, H., Wang, T., et al. (2011). p53-dependent BRCA1 nuclear export controls cellular susceptibility to DNA damage. Cancer Res. 71, 5546–5557. doi: 10.1158/0008-5472.CAN-10-3423 

 Jurk, D., Wang, C., Miwa, S., Maddick, M., Korolchuk, V., Tsolou, A., et al. (2012). Postmitotic neurons develop a p21-dependent senescence-like phenotype driven by a DNA damage response. Aging Cell 11, 996–1004. doi: 10.1111/j.1474-9726.2012.00870.x 

 Kurihara, M., Mano, T., Saito, Y., Murayama, S., Toda, T., and Iwata, A. (2020). Colocalization of BRCA1 with tau aggregates in human tauopathies. Brain Sci. 10:7. doi: 10.3390/brainsci10010007 

 Lakin, N. D., and Jackson, S. P. (1999). Regulation of p53 in response to DNA damage. Oncogene 18, 7644–7655. doi: 10.1038/sj.onc.1203015


 Liu, Y., and Lu, L. Y. (2020). BRCA1 and homologous recombination: implications from mouse embryonic development. Cell Biosci. 10, 1–10. doi: 10.1186/s13578-020-00412-4


 Mah, L. J., El-Osta, A., and Karagiannis, T. C. (2010). γh2AX: a sensitive molecular marker of DNA damage and repair. Leukemia 24, 679–686. doi: 10.1038/leu.2010.6


 Maréchal, A., and Zou, L. (2013). DNA damage sensing by the ATM and ATR kinases. Cold Spring Harb. Perspect. Biol. 5:a012716. doi: 10.1101/cshperspect.a012716 

 Maren, S., Phan, K. L., and Liberzon, I. (2013). The contextual brain: implications for fear conditioning, extinction and psychopathology. Nat. Rev. Neurosci. 14, 417–428. doi: 10.1038/nrn3492


 McInnes, K., Friesen, C. L., MacKenzie, D. E., Westwood, D. A., and Boe, S. G. (2017). Mild traumatic brain injury (mTBI) and chronic cognitive impairment: a scoping review. PLoS One 12:e0174847. doi: 10.1371/journal.pone.0174847 

 Merritt, V. C., Padgett, C. R., and Jak, A. J. (2019). A systematic review of sex differences in concussion outcome: what do we know? Clin. Neuropsychol. 33, 1016–1043. doi: 10.1080/13854046.2018.1508616


 Mueller, F. S., Amport, R., Notter, T., Schalbetter, S. M., Lin, H. Y., Garajova, Z., et al. (2022). Deficient DNA base-excision repair in the forebrain leads to a sex-specific anxiety-like phenotype in mice. BMC Biol. 20:170. doi: 10.1186/s12915-022-01377-1 

 Ng, M., and Hazrati, L. N. (2022). Evidence of sex differences in cellular senescence. Neurobiol. Aging 120, 88–104. doi: 10.1016/j.neurobiolaging.2022.08.014


 Noristani, H. N., Sabourin, J. C., Gerber, Y. N., Teigell, M., Sommacal, A., dM Vivanco, M., et al. (2015). BRCA1 is expressed in human microglia and is dysregulated in human and animal model of ALS. Mol. Neurodegener. 10, 34–13. doi: 10.1186/s13024-015-0023-x 

 Page, F.Le, Randrianarison, V., Marot, D., Cabannes, J., Perricaudet, M., Feunteun, J., et al. (2000). “BRCA1 and BRCA2 are necessary for the transcription-coupled repair of the oxidative 8-oxoguanine lesion in human cells”, Cancer Res., 60: 5548–5552.

 Pao, G. M., Zhu, Q., Perez-Garcia, C. G., Chou, S. J., Suh, H., Gage, F. H., et al. (2014). Role of BRCA1 in brain development. Proc. Natl. Acad. Sci. U. S. A. 111, E1240–E1248. doi: 10.1073/pnas.1400783111 

 Pavlovic, D., Pekic, S., Stojanovic, M., and Popovic, V. (2019). Traumatic brain injury: neuropathological, neurocognitive and neurobehavioral sequelae. Pituitary 22, 270–282. doi: 10.1007/s11102-019-00957-9 

 Pawłowska, E., Szczepanska, J., and Blasiak, J. (2017). DNA2—an important player in DNA damage response or just another DNA maintenance protein? Int. J. Mol. Sci. 18:1562. doi: 10.3390/ijms18071562 

 Rahmanian, N., Shokrzadeh, M., and Eskandani, M. (2021). Recent advances in γH2AX biomarker-based genotoxicity assays: a marker of DNA damage and repair. DNA Repair 108:103243. doi: 10.1016/j.dnarep.2021.103243 

 Rall-Scharpf, M., Friedl, T. W. P., Biechonski, S., Denkinger, M., Milyavsky, M., and Wiesmüller, L. (2021). Sex-specific differences in DNA double-strand break repair of cycling human lymphocytes during aging. Aging 13, 21066–21089. doi: 10.18632/aging.203519 

 Saha, T., Rih, J. K., Roy, R., Ballal, R., and Rosen, E. M. (2010). Transcriptional regulation of the base excision repair pathway by BRCA1. J. Biol. Chem. 285, 19092–19105. doi: 10.1074/jbc.M110.104430 

 Salminen, A., Kauppinen, A., and Kaarniranta, K. (2012). Emerging role of NF-κB signaling in the induction of senescence-associated secretory phenotype (SASP). Cell. Signal. 24, 835–845. doi: 10.1016/j.cellsig.2011.12.006 

 Salminen, A., Ojala, J., Kaarniranta, K., Haapasalo, A., Hiltunen, M., and Soininen, H. (2011). Astrocytes in the aging brain express characteristics of senescence-associated secretory phenotype. Eur. J. Neurosci. 34, 3–11. doi: 10.1111/j.1460-9568.2011.07738.x 

 Schwab, N., Grenier, K., and Hazrati, L. N. (2019). DNA repair deficiency and senescence in concussed professional athletes involved in contact sports. Acta Neuropathol. Commun. 7, 1–23. doi: 10.1186/s40478-019-0822-3


 Schwab, N., Ju, Y. J., and Hazrati, L. N. (2021). Early onset senescence and cognitive impairment in a murine model of repeated mTBI. Acta Neuropathol. Commun. 9:82. doi: 10.1186/s40478-021-01190-x 

 Schwab, N., Taskina, D., Leung, E., Innes, B. T., Bader, G. D., and Hazrati, L. N. (2022). Neurons and glial cells acquire a senescent signature after repeated mild traumatic brain injury in a sex-dependent manner. Front. Neurosci. 16, 1–22. doi: 10.3389/fnins.2022.1027116 

 Schwab, N., Tator, C., and Hazrati, L. N. (2019). DNA damage as a marker of brain damage in individuals with history of concussions. Lab. Investig. 99, 1008–1018. doi: 10.1038/s41374-019-0199-8


 Scott, A., Bai, F., Chan, H. L., Liu, S., Slingerland, J. M., Robbins, D. J., et al. (2017). p16 loss rescues functional decline of BRCA1-deficient mammary stem cells. Cell Cycle 16, 759–764. doi: 10.1080/15384101.2017.1295185 

 Sedelnikova, O. A., Horikawa, I., Zimonjic, D. B., Popescu, N. C., Bonner, W. M., and Barrett, J. C. (2004). Senescing human cells and ageing mice accumulate DNA lesions with unrepairable double-strand breaks. Nat. Cell Biol. 6, 168–170. doi: 10.1038/ncb1095 

 Sedic, M., Skibinski, A., Brown, N., Gallardo, M., Mulligan, P., Martinez, P., et al. (2015). Haploinsufficiency for BRCA1 leads to cell-type-specific genomic instability and premature senescence. Nat. Commun. 6:7505. doi: 10.1038/ncomms8505 

 Shen, S. X., Weaver, Z., Xu, X., Li, C., Weinstein, M., Chen, L., et al. (1998). A targeted disruption of the murine BRCA1 gene causes γ-irradiation hypersensitivity and genetic instability. Oncogene 17, 3115–3124. doi: 10.1038/sj.onc.1202243 

 Somasundaram, K., Zhang, H., Zeng, Y. X., Houvras, Y., Peng, Y., Zhang, H., et al. (1997). Arrest of the cell cycle by the tumour-suppressor BRCA1 requires the CDK-inhibitor p21WAF1/CiP1. Nature 389, 187–190. doi: 10.1038/38291 

 Stein, G. H., Drullinger, L. F., Soulard, A., and Dulić, V. (1999). Differential roles for cyclin-dependent kinase inhibitors p21 and p16 in the mechanisms of senescence and differentiation in human fibroblasts, molecular and cellular biology. Mol. Cell. Biol. 19, 2109–2117. doi: 10.1128/MCB.19.3.2109


 Suberbielle, E., Djukic, B., Evans, M., Kim, D. H., Taneja, P., Wang, X., et al. (2015). DNA repair factor BRCA1 depletion occurs in Alzheimer brains and impairs cognitive function in mice. Nat. Commun. 6:8897. doi: 10.1038/ncomms9897 

 Tabor, N., Ngwa, C., Mitteaux, J., Meyer, M. D., Moruno-Manchon, J. F., Zhu, L., et al. (2021). Differential responses of neurons, astrocytes, and microglia to G-Quadruplex stabilization. Aging 13, 15917–15941. doi: 10.18632/aging.203222 

 Tilstra, J. S., Robinson, A. R., Wang, J., Gregg, S. Q., Clauson, C. L., Reay, D. P., et al. (2012). NF-κB inhibition delays DNA damage – induced senescence and aging in mice. J. Clin. Investig. 122, 2601–2612. doi: 10.1172/JCI45785 

 Tu, Z., Zhuang, X., Yao, Y. G., and Zhang, R. (2013). BRG1 is required for formation of senescence-associated heterochromatin foci induced by oncogenic RAS or BRCA1 loss. Mol. Cell. Biol. 33, 1819–1829. doi: 10.1128/mcb.01744-12 

 Tucker, L. B., and McCabe, J. T. (2017). Behavior of male and female C57Bl/6J mice is more consistent with repeated trials in the elevated zero maze than in the elevated plus maze. Front. Behav. Neurosci. 11, 1–8. doi: 10.3389/fnbeh.2017.00013


 Ullah, M. F., Ahmad, A., Bhat, S. H., Abu-Duhier, F. M., Barreto, G. E., and Ashraf, G. M. (2019). Impact of sex differences and gender specificity on behavioral characteristics and pathophysiology of neurodegenerative disorders. Neurosci. Biobehav. Rev. 102, 95–105. doi: 10.1016/j.neubiorev.2019.04.003 

 Villapol, S., Loane, D. J., and Burns, M. P. (2017). Sexual dimorphism in the inflammatory response to traumatic brain injury. Glia 65, 1423–1438. doi: 10.1002/glia.23171


 Wang, H., Yang, E. S., Jiang, J., Nowsheen, S., and Xia, F. (2010). DNA damage-induced cytotoxicity is dissociated from BRCA1’s DNA repair function but is dependent on its cytosolic accumulation. Cancer Res. 70, 6258–6267. doi: 10.1158/0008-5472.CAN-09-4713 

 Wickwire, E. M., Schnyer, D. M., Germain, A., Smith, M. T., Williams, S. G., Lettieri, C. J., et al. (2018). Sleep, sleep disorders, and circadian health following mild traumatic brain injury in adults: review and research agenda. J. Neurotrauma 35, 2615–2631. doi: 10.1089/neu.2017.5243


 Xu, J., Liu, D., Zhao, D., Jiang, X., Meng, X., Jiang, L., et al. (2022). Role of low-dose radiation in senescence and aging: a beneficial perspective. Life Sci. 302:120644. doi: 10.1016/j.lfs.2022.120644 

 Zeng, Z. M., du, H.-y., Xiong, L., Zeng, X.-l., Zhang, P., Cai, J., et al. (2020). BRCA1 protects cardiac microvascular endothelial cells against irradiation by regulating p21-mediated cell cycle arrest. Life Sci. 244:117342. doi: 10.1016/j.lfs.2020.117342 



OPS/xhtml/Nav.xhtml




Contents





		Cover



		BRCA1 heterozygosity promotes DNA damage-induced senescence in a sex-specific manner following repeated mild traumatic brain injury



		Introduction



		Methods



		Animals



		Repeated mild traumatic brain injury



		Behavioural testing



		Animal sacrifice



		Real time PCR (qPCR)



		Western blots



		Histology



		Dot blot









		Results



		BRCA1 expression and subcellular localization in WT compared to HET mice 1-week following rmTBI



		Loss of righting reflex in WT and HET mice with rmTBI compared to sham



		Decreased anxiety-related behaviours in males and heightened fear response in females with BRCA1 heterozygosity 1-week post-injury



		Elevated DNA damage in females and sex differences in DDR signalling due to BRCA1 heterozygosity 1-week post-rmTBI



		Robust senescence in males and diminished senescence response in females due to BRCA1 heterozygosity 1-week post-rmTBI









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Abbreviations



		References



















OPS/images/cover.jpg
, frontiers | Frontiers in Neuroscience

BRCAL heterozygosity promotes
DNA damage-induced senescence
in a sex-specicfi manner following

repeated mild traumatic brain

injury












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Neuroscience






OPS/images/fnins-17-1225226-g005.jpg
Males

Females

Logy fold change
(normalized to GAPDH)
bkl

025

Log, fold chango

(normalized to GAPDH)

0254

Haax

=

=W sham
= wrmrel

t@%

ps3

=W sham
= WrmT8l

EXO1  RADS1

3 HET Sham
= HET miTel

ns ns

Exo1  Rapst

- HET mTBI

PATM
GAPDH

DNA2
GAPDH

YH2AX
GAPDH

PATM
GAPDH

DNA2
GAPDH

VH2AX
GAPDH

Wi _ver
S & &

SESE

B E® 3s0k0a

e 0

B s0s
smme o

-———— 5a

mmmem 0

W _wer
S &
S ESE

= = | sokoa

m——=s o

B e B 125k0a

- 3702

v == 1502

Bmme o

ive oxpression

z
g
H
3
2
£

©g

ive expression
(normalized to GAPDH)

© Wrsham - wrmisl
© HETSham v HETmTBl

80 NS ns ns

8

o Wrsham = wrmrel
© HETSham v HETmTBI

ns





OPS/images/fnins-17-1225226-g006.jpg
Males

Females

Log; fold change
(normalized to GAPDH)

Log; fold change
(normalized to GAPDH)

p21

pi6 NFxB

ILta

3 WT sham =3 W mTel

g TGRRt

3 HET Sham

™Fa

B2 HET T8l

pi6 NFxB. ILta

3 WT Sham

= W mTBl

LB TGREI  TNFa

3 HET Sham

= HET mTBI

cxcto

cxcL1o

B e
FESE

P21 WS . el . 21402

oo | EEE o

o IR e

weon [ENEREREN

« Wrsham - WTmTel
4 HETSham v HETmTBI

80; ns @

n

PO
& 3

N
8

Relative expressi
(normalized to GAPDH)

o Wrsham = WTmTel
. HETSham v HETmT8I

8 8

(normalized to GAPDH)
N

Relative expression






OPS/images/fnins-17-1225226-g003.jpg
Time spent in open arms (s)

g
8

3
g

3
H

P crc
— =

Males
+ WTSham
- WTmBl
+ HET Sham
v HETmTBl
Females
© WTSham
5 WTmTel
+ HET Sham
v HETmTBl

Time spent freezing (s)

Males

+ WTsham

© WTmTel

+ HET Sham
* HETmTBl
Females

°  WTSham

o WTmTBl

. HET Sham
v HETmTBl
Males

« WTSham

© WrmTel

. HET Sham

v HETmT8I
Females

©  WTSham

& WTmBl

+ HETSham

v HETmT8I





OPS/images/fnins-17-1225226-g004.jpg
Males

YH2AX

YH2AX

WT Sham
WT T8I
HET Sham
HET rmT8I

WT Sham

WT mTBI
HET Sham
HET rmTBI

WT Sham
WT T8I
HET Sham

HET rmT8I

WT Sham

WT Sham

RNA/DNA oxidative damage

100

2 e e

50 25 125 625 (ng)

e e o
e 9 o

Reloops
50 25 125 625 (ng)

e o 0,
°

°

dsDNA
50 25 125 625 (ng)

Males

WT rmTBI HET Sham
Females
WT rmTBI HET Sham
D
RNA/DNA oxidative damage
100 50 25 125 625 (ng)
WTisham ® ©
WimTel @& &
HETSham @ @ «
HETmTBl ® © © ©
Riloops
100 50 25 125 625 (ng)
g| wrsen S
S| wimel @ & ®
&
8| HETSham @ @ @
HETmTBI @ @
dSDNA
100 50 25 125 625 (ng)
Wisham ® © ©
wrmtsl @ @& °
HETSham @ ®
HETmTRI ® ©® @ ©

Signal Intensity

HET rmTBI

HET rmTBI

Males Females

© Wrsmm o WIsham
WT el WT Tl
HET Sham HET Sham

v HETmTEl v METmTB
ns e
&3]

Malos

Fomales.

'RNADNA oxidative damage

Malos
Rioops

Fomal






OPS/images/fnins-17-1225226-t003.jpg
Comparison

WT- WT- HET-

sham, sham, sham,

HET- HET- HET-

sham rmTBI rmTBI

p21 0871 0.660 0426 0,602
p16 0281 0.563 0918 0548
NFxB 0.182 0322 0.065 0.200
ILle 0.009 0.139 0.060 0556
wp 0.005 0429 0195 0538
TGP 0.030 0.982 0357 0403
TNFa 0,078 0926 0.006 onz
CXCLI0 0.005 0.402 0.021 0.060

Pairwise comparisons using unpaired f-tests were performed following a two-way ANOVA,
ical significance was determined as p <0.05. Significant p-values are in bold.






OPS/images/fnins-17-1225226-t001.jpg
Comparison

WT- WT-
sham, sham,
HET- HET-
sham rmTBI
1 0095 0,699 0.002 0.001
2 0.008 0.882 <0.001 0.003
3 o0.011 0.465 <0.001 <0.001

Pairwise comparisons using unpaired f-tests were performed following a repeated measures
two-way ANOVA. Statstical significance was determined as p <0.
in bold.

Significant p-values are





OPS/images/fnins-17-1225226-t002.jpg
Comparison

WT- WT- WT- HET-
sham, sham, sham, sham,
WT- HET- HET- HET-
rmTBI sham rmTBI rmTBI
p21 0373 0.126 0715 0.036
p16 0917 0.269 0.060 0.042
NFxB 0330 0337 0.034 0.067
ILla 0.027 0.298 0.002 0.005
wp 0.151 0.460 0.014 0.010
TGFpL 0981 0.844 0.009 0,033
TNFa 0.012 0.496 0.036 0.088
CxcLio 0074 0327 0.010 0.005

Pairwise comparisons using unpaired ttests were performed following a two-say ANOVA.
ical significance was determined as p <0.05. Significant p-values are in bold.






OPS/images/fnins-17-1225226-g001.jpg
i Wi ver
Males - W sham e ——
£ WT sham £ WImTBl  groaq - 21040
8e WT mTBl H HET Sham
53 i35 HETTB!  GAPDH s M W0 W - 57 10
Se Fomales g8
F WT sham H Females wr HeT
EH cowrmr 22 o Wrsham Sham 78! Snam el
H H WIMTBl  gReat s g mm == 210400
HET Sham
 HETMTB  GAPDH | e W — 3700
BRCAT
[ Males Females
DAPI BRCA1 Merge DAPI BRCA1 Merge

WT Sham

WT rmTBI

HET Sham

HET rmTBI

E
ns ns
wles 100
< wisem  ® . . = Males
Wimtel g 8o 1 32 it
e i3 HET
HETmTB @ 60 32 Females
Females % w sk Wt
o Wishm & §2 - HET
wrmte X . g
Hersan & =
. HeTmel 0
Nuclear Cytoplasmic Nuctear Cytoptasmic

BRCA1-exont1





OPS/images/fnins-17-1225226-g002.jpg
###

800

g g

(s) xaas Bunybry

Number of impacts.





