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Mild traumatic brain injury (mTBI) can lead to long-term neurological dysfunction and increase one's risk of neurodegenerative disease. Several repercussions of mTBI have been identified and well-studied, including neuroinflammation, gliosis, microgliosis, excitotoxicity, and proteinopathy – however the pathophysiological mechanisms activating these pathways after mTBI remains controversial and unclear. Emerging research suggests DNA damage-induced cellular senescence as a possible driver of mTBI-related sequalae. Cellular senescence is a state of chronic cell-cycle arrest and inflammation associated with physiological aging, mood disorders, dementia, and various neurodegenerative pathologies. This narrative review evaluates the existing studies which identify DNA damage or cellular senescence after TBI (including mild, moderate, and severe TBI) in both experimental animal models and human studies, and outlines how cellular senescence may functionally explain both the molecular and clinical manifestations of TBI. Studies on this subject clearly show accumulation of various forms of DNA damage (including oxidative damage, single-strand breaks, and double-strand breaks) and senescent cells after TBI, and indicate that cellular senescence may be an early event after TBI. Further studies are required to understand the role of sex, cell-type specific mechanisms, and temporal patterns, as senescence may be a pathway of interest to target for therapeutic purposes including prognosis and treatment.
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INTRODUCTION

Mild traumatic brain injury (mTBI) occurs frequently in the general population and includes concussions and subconcussive hits to the head (Carrol et al., 2004). Typically, patients recover within weeks of the injury, however a subset continues to have long-term, persistent symptoms lasting longer than 3 months post-injury, and even years later (Hiploylee et al., 2017). These symptoms vary in nature and severity, but often include anxiety, depression, sleep disturbances, light sensitivity, headaches, fatigue, behavioral abnormalities, and memory and attention problems (Ryu et al., 2009). In the long-term, people who have a history of mTBI are at a higher risk of developing several neurodegenerative diseases, including “classic” types such as Alzheimer's disease (AD) (Mortimer et al., 1991) and Parkinson's disease (PD) (Jafari et al., 2013), but also more recently mTBI has been specifically linked to chronic traumatic encephalopathy (CTE) (Stein et al., 2014; Maroon et al., 2015; McKee et al., 2016). It is currently unclear what pathophysiological mechanisms drive the short- and long-term symptoms of mTBI and, by extension, the mechanism by which mTBI primes the brain toward these neurodegenerative disorders is not well-established.

Recent studies have identified stress-induced cellular senescence, specifically DNA damage induced, as a possible mechanism at play following mTBI. Various kinds of DNA damage exist, including single-stranded breaks (SSBs), double-stranded breaks (DSBs), and oxidative damage (Cadet and Davies, 2017) which can come from both endogenous metabolic sources as well as exogenous stress or toxins. Cell's response to DNA damage, appropriately named the DNA damage response (DDR), exists to counteract these genotoxic events and restore DNA integrity. The DDR consists of a large number of enzymes, transcription factors, and signaling molecules which all play crucial roles in maintaining DNA structure (Li et al., 2016). For example, in response to DSBs, histone family member X (H2AX) is phosphorylated at Ser139 by ataxia telangiectasia mutated (ATM), a sensor in this pathway. H2AX therefore becomes γH2AX, which is considered a robust marker of DSBs (Burma et al., 2001). This phosphorylation step leads to the recruitment of downstream repair proteins, such as RAD51 and BRCA1, which may result in efficient repair of the break (Stolz et al., 2011). However, if DNA damage is persistent or overwhelming to the cell, the repair may become inefficient. Indeed, deficient DNA repair is considered a hallmark of aging (Garinis et al., 2008), neurodegenerative disease (Madabhushi et al., 2014), depression (Borgesius et al., 2011), and cognitive decline (Simpson et al., 2015).

When DNA repair becomes inefficient, DNA damage results in the activation of downstream senescence pathways including induction of cell-cycle arrest through cyclin-dependent kinase inhibitor 2A (p16) (Rayess et al., 2012), cyclin-dependent kinase inhibitor 1A (p21) (Yosef et al., 2017), or Transformation related protein 53 (p53)-dependent (Rufini et al., 2013) pathways, transcription of pro-inflammatory senescence-associated secretory phenotype (SASP) factors (Hiploylee et al., 2017) and reduced transcriptional expression of DNA repair enzymes such as BRCA1 and EXO1 (Collin et al., 2018). Indeed, senescence is a state of permanent cell-cycle arrest, chronic inflammation, and dysfunction (Di Micco et al., 2021). The SASP consists of secreted interleukins, cytokines, chemokines, and matrix metalloproteinases (Freund et al., 2010), which can reinforce the cell's senescent phenotype while promoting paracrine effects to neighboring cells. Several methods are used to identify senescent cells in the brain, including gene expression changes consistent with cell-cycle arrest (expression of p16, p21, or p53-dependent pathways) and SASP, elevated expression of senescence-associated beta-galactosidase (SA-β-Gal) on the tissue (Dimri et al., 1995), morphological changes such as cytoplasmic swelling (Dou et al., 2017), and changes to nuclear markers [loss of H3K27Me3 expression (Ito et al., 2018) and loss of Lamin B1 expression (Freund et al., 2012)], and subsequent rearrangement of chromatin resulting in senescence-associated heterochromatic foci seen on tissue (Aird and Zhang, 2013). It is also important to note in brain tissue that neuronal senescence remains a topic of controversy with some researchers referring to neuronal senescence as “senescence-like,” as post-mitotic cells do not regularly undergo a cell cycle (Fielder et al., 2017; Moreno-Blas et al., 2019). Glial cell senescence is better established (Chinta et al., 2013; Cohen and Torres, 2019; Han et al., 2020) and is typically assessed based on the assays mentioned here. However, it is important to note that the functional repercussions of these changes in astrocytes remain elusive, as astrocytes rarely divide in healthy tissue and could therefore also be considered post-mitotic (Escartin et al., 2021).

The effects of senescent glial cells on overall brain health are immense. Depending on the cell type affected, functional changes can differ. For example, senescent astrocytes can result in loss of neuronal trophic support (Pertusa et al., 2007) and subsequent excitotoxicity (Limbad et al., 2020) whereas senescent oligodendrocytes can result in loss of myelination and loss of axonal health (Tse and Herrup, 2017). In each case, neuronal health is directly affected by glial cell senescence which can greatly impact network activity and neuronal connections (Soto-Gamez et al., 2019). Microglia that become senescent may lose clearance functions (Conde and Streit, 2006) or increase levels of inflammation in the brain (Koellhoffer et al., 2017), vastly altering the brain's immune system. Thus, accumulation of senescent glial cells likely has implications for widespread tissue dysfunction beyond the immediate area of initial damage. Further, there is an established connection between senescent brain cells and both tau, a microtubule stabilizing protein which form hyperphosphorylated aggregates in a diseased state, and β-amyloid, a product of amyloid precursor protein which forms neurotoxic aggregates, with cognitive decline (Bussian et al., 2018), suggesting this could be the basis of several neurological sequalae in conditions like brain trauma.

This narrative review will first outline the clinical and molecular aspects of mTBI, and will then review the existing evidence supporting DNA damage and cellular senescence as possible drivers of these phenotypes.



CONTEXT: MTBI AND ITS CLINICAL MANIFESTATIONS

Traumatic brain injury (TBI) is a top cause of disabilities and death globally, with an estimated 10 million individuals affected yearly (Hyder et al., 2007). Of these injuries, mTBI is the most prominent although its exact incidence is difficult to discern due to many patients not seeking medical attention (Setnik and Bazarian, 2007). mTBI is common in the general population, most notably as a result of motor vehicle accidents, workplace accidents, and falls, but is even more common in several subpopulations including professional sports players, survivors of domestic violence, and military personnel. These subpopulations further contribute to the underreported incidence of mTBI, as they may not want to be removed from playing games, fear of repercussions from a violent partner, or may not have resources to report and be out of work.

The Glasgow Coma Scale (GCS) is used to classify injuries as mild (score of 14–15), moderate (9–13), or severe (3–8) based on visual, verbal, and motor responses (Teasdale and Jennett, 1974). The lowest score, 3, indicates a deep coma or brain-dead state, and the highest score, 15, indicates an awake fully functional patient. A patient with mild traumatic brain injury may experience a loss of consciousness (LOC) for <30 min (although LOC is uncommon with mTBI), alterations of consciousness for up to 24 h, and post-traumatic amnesia for up to 24 h (Blyth and Bazarian, 2010). Typically, imaging tests such as CT scans and MRIs are not performed for patients suspected of having mTBI because imaging results are normal for mTBI patients and no detectable structural changes occur with this level of injury, including various forms of hemorrhage (Lee and Newberg, 2005).

Throughout the decades it was thought that concussions had little to no impact on brain health, but we now know that this is untrue. mTBI leads to a wide array of neurological symptoms in the immediate time following injury including somatic symptoms (Wäljas et al., 2015) (headaches, fatigue, light sensitivity, balance problems, nausea), cognitive symptoms (memory and attention problems) (McInnes et al., 2017), emotional symptoms (irritability, depression, anxiety) (Max et al., 2012), and sleep abnormalities (Sullivan et al., 2015). The type, severity, and duration of symptoms vary between individuals, but most patients tend to recover within days or weeks of the injury. Approximately 20% of patients who do not recover experience post-concussion syndrome (PCS), defined as individuals who do not recover from concussion symptoms within 3 months (Hiploylee et al., 2017). The first longitudinal study of 110 patients with clinically diagnosed PCS found that although 67% of patients recovered from PCS within the first year and 27% recovered eventually, none of the patients who experienced PCS longer than 3 years recovered at all (Hiploylee et al., 2017). This finding suggests that early treatment of mTBI and PCS are critical for neurological recovery, as pathways that eventually lead to permanent changes in the brain, such as cellular senescence, may be activated.

In the long-term, a history of mTBI is a risk factor for the diagnosis of several neurodegenerative diseases and dementia. Indeed, a large retrospective cohort study of over 800,000 patients found that at least one mTBI in life is associated with a 70% increased risk of early-onset dementia (Barnes et al., 2018). Other epidemiological studies have shown a strong association between mTBI and AD after controlling for family history risk of dementia [Mortimer et al., 1991), and TBI patients have been found to be more likely diagnosed with PD (Gardner et al., 2015), as well as frontotemporal dementia (FTD) (Deutsch et al., 2015). Along with increasing risk of a neurodegenerative disease diagnosis, a longitudinal study of over 600 male and female patients with or without TBI history showed that TBI patients have an earlier onset of clinical diagnosis of several neurodegenerative diseases including AD, dementia with Lewy bodies, progressive supranuclear palsy, corticobasal degeneration, frontotemporal dementia, vascular dementia, and PD as well as mild cognitive impairment (Iacono et al., 2021). In addition, this study showed an earlier age of onset of cognitive decline for TBI patients compared to non-TBI patients, and increased frequency of neuropsychiatric symptoms (Iacono et al., 2021). The authors point out that TBI could be considered an “age-lowering” factor in the onset of cognitive decline and neurodegenerative diseases, independent of other contributing factors such as age, education, or underlying clinical diagnoses (Iacono et al., 2021). In addition to human epidemiology data, animal experiments have given insight into this link. For example, a controlled cortical impact (CCI) model in mice results in extensive neurodegeneration (Hall et al., 2005) in the frontal cortex, hippocampus, corpus callosum, and thalamus. Furthermore, several mouse experiments with human transgenic tau mouse models have revealed that mild injury increases levels of hyperphosphorylated tau (p-tau) (Ojo et al., 2013), the pathological protein which accumulates in both AD and CTE, among other tauopathies. CTE is a neurodegenerative disease caused by head trauma, defined pathologically by the presence of p-tau in both neurons and astrocytes, specifically in the depths of cortical sulci near microvasculature (McKee et al., 2016). CTE is a pathological diagnosis defined at autopsy and is associated with a wide array of neurological symptoms ranging from depression and irritability to severe dementia (Schwab et al., 2021a, Mez et al., 2015).

Overall, the clinical aspects of mTBI are heterogeneous and difficult to predict. Patients may have minimal symptoms and recover quickly, some may experience PCS and recover over time, and others may have long-term neurological problems, develop dementia, or be diagnosed with a neurodegenerative disease at autopsy. Several of these clinical phenotypes including depression (Diniz et al., 2017), anxiety (Ogrodnik et al., 2019), sleep disturbances (Carroll et al., 2016), dementia (Baker and Petersen, 2018), and neurodegeneration (Martínez-Cué and Rueda, 2020) are associated with elevated levels of senescent cells in the brain. Therefore, subsequent sections will summarize the evidence showing accumulation of DNA damage and senescent cells after mTBI, and how known molecular changes in mTBI may in fact be downstream repercussions of stress-induced senescence.



EVIDENCE OF DNA DAMAGE IN THE INJURED BRAIN


DNA Damage and Repair in TBI

Several studies have identified increased levels of DNA fragmentation in various models of brain injury (Morita-Fujimura et al., 1999; Zhang et al., 2002; Wang et al., 2014), identifying genotoxic stress as a critical component of the brain's response to trauma. In 2001, a study on rats with moderate TBI using the controlled cortical impact model showed elevation of both double and single-strand DNA breaks (DSBs and SSBs, respectively) in the ipsilateral hemisphere 24 h following injury (Clark et al., 2001). The researchers used several methods to identify DNA damage, including DNA polymerase I-mediated biotin-dATP nick-translation (PANT) for SSB detection, the Klenow fragment of DNA polymerase I-mediated biotin-dATP nick-end labeling (Klenow) for both SSBs and DSBs, and terminal deoxynucleotide transferase-mediated dUTP nick-end labeling (TUNEL) for DSBs (which are usually associated with cell death) (Clark et al., 2001). By 6 h post-injury, most nuclei of cells in the ipsilateral dentate gyrus and cortex were diffusely labeled for both SSBs and DSBs, and by 24 h post-injury DNA damage labeling with both PANT, Klenow, and TUNEL was maximal. However, by 72 h post-injury, cell nuclei showed reduced DNA damage compared to earlier timepoints. At all timepoints studied, no DNA breaks were found in the naïve rats, nor in the contralateral hemisphere. When the researchers double labeled with the neuronal marker NeuN they found that most PANT-positive cells were also NeuN-positive, suggesting a predominance of SSBs in neurons (Clark et al., 2001). Using the same controlled cortical impact model in rats but with a severe form of TBI, another research group identified elevation of 8-hydroxy-2′-deoxyguanosine (8-OHdG), a marker of oxidative DNA damage, in the ipsilateral cortex up to 4 h post-injury (Mendez et al., 2004). Similarly, they found elevation of oxidative DNA damage in the ipsilateral cortex but not in the contralateral cortex of injured animals, and no reactivity was seen in sham animals. Nuclei of both neurons and astrocytes showed reactivity for 8-OHdG, and diffuse cytosolic staining was seen suggesting the presence of mitochondrial DNA damage in addition to nuclear DNA damage (Mendez et al., 2004). In mice using a controlled impact model of mild traumatic brain injury (skull intact), our lab has further identified evidence of the DNA damage response at 24 h post-injury consistent with repair of double-strand DNA breaks, inhibition of cell death pathways, and metabolic changes (Schwab et al., 2021b). In this study, gene expression analysis with NanoString was used to assess the DNA damage response 24 h post-injury in the ipsilateral cortex, and indeed gene set enrichment analysis (GSEA) revealed upregulation of DNA repair pathways particularly toward DSBs, SSBs, D-Loop structures, and oxidative damage, along with cell cycle checkpoints, indicating the activation of the DNA damage response (DDR) and DNA damage (Schwab et al., 2021b). Additional evidence supporting the role of DNA damage in the pathophysiological response to brain trauma has come from knocking down DNA repair factors. Indeed, mice with the DNA repair gene XPA knocked out present with delayed neurobehavioural recovery using the CCI model (Tomasevic et al., 2012). Similarly, cold injury-induced trauma results in reduced expression of the DNA repair factor XRCC 4 h post-injury in mice (Fujimura et al., 2000). Taken together, studies using animal models have strongly shown DNA damage, including SSBs, DSBs, and oxidative damage, to be an aftermath of mild, moderate, and severe TBI.



DNA Damage in Post-Mortem Brains With History of Trauma

While animal models of TBI are vital for understanding pathophysiological mechanisms, they have clear limitations for clinical translation. It is therefore critical to study both pre- and post-mortem human patients in order to understand how molecular findings in animal models may translate to real life, and to develop therapeutic strategies. Brain banks for studying TBI are growing and are often used to study pathological consequences of brain injury, such as CTE (McKee et al., 2016; Lee et al., 2019; Schwab et al., 2021a). To date, only our lab has shown markers of DNA damage in post-mortem brains with a history of brain trauma, although it has been reported in AD as well (Wang et al., 2005; Lin et al., 2020). The brain bank used for our studies consists of male professional athletes with a history of brain trauma through involvement in contact sports such as hockey, American football, and boxing. Compared to healthy controls with no TBI history who showed no reactivity, TBI cases showed accumulation of γH2AX, a robust marker of DSBs, in ependymal cells lining the lateral ventricle, cortical and subcortical astrocytes, and oligodendrocytes of the subcortical white matter (Schwab et al., 2019a,b). In addition to evidence of DSBs in this cohort, gene expression analysis revealed significant downregulation of 37 genes involved in DNA repair including those involved in base-excision repair and homology-directed repair (Schwab et al., 2019b). The patients included in this cohort presented clinically with neurological symptoms ranging from the presence of a mood disorder to extreme behavioral changes and dementia, with some pathologically diagnosed with a neurodegenerative disease. However, it is also important to note that 50% of cases with no pathological diagnosis showed DNA damage in the form of DSBs, suggesting that DNA damage may precede neuropathological sequalae (Schwab et al., 2019b).



DNA Damage Biomarkers in mTBI Patients

Many attempts have been made to identify robust biomarkers of brain trauma to be used for diagnosis, prognosis, or treatment-based decisions. Two studies have identified markers related to DNA damage in the blood of human patients with TBI, although whether they are derived from the brain, or the periphery remain unclear. In the blood plasma of patients with brain injury, a study in 2014 found that levels of cell free DNA correlated with severity of brain injury (mild vs. severe) (Shaked et al., 2014). Similarly, serum levels of 8-OHdG were found to correlate with mortality in patients with severe TBI, with patients who died from sustaining their injury having significantly elevated levels of this marker for oxidative DNA damage (Lorente et al., 2020).



The Poly(ADP-Ribose) Polymerase (PARP) Response as an Example of DNA Damage in TBI

The poly(ADP-ribose) polymerase (PARP) enzyme is a DNA-binding protein which functions to detect DNA strand breaks induced by genotoxic agents. Several studies have identified PARP as a key player after brain trauma, further supporting the role of DNA damage in the pathophysiological response to injury. Indeed, mice with PARP knocked out are extremely sensitive to genomic instability caused by the alkylating agent N-methyl-N-nitrosourea or γ-irradiation (de Murcia et al., 1997). Indeed, PARP−/− mice had significantly increased rates of mortality compared to PARP+/+ mice when treated with either genotoxic agent. These knockout mice also had higher rates of sister chromatid exchanges (SCEs) in bone marrow cells, indicating chromosomal instability in the absence of PARP (de Murcia et al., 1997). Primary fibroblasts lacking PARP in vitro fail to resume cell cycle progression and undergo apoptosis when treated with DNA damaging agents (de Murcia et al., 1997). The knockout mice and cells used in this study did not have altered phenotypes yet were sensitized to DNA damaging agents and so the authors concluded that PARP plays a central role in DNA repair, allowing survival signals to facilitate repair, and reduce genomic rearrangement and cell death processes (de Murcia et al., 1997). Following controlled cortical impact in rats, PARP is significantly increased in brain mitochondria (Lai et al., 2008), indicating the presence of mitochondrial DNA damage. Although PARP facilitates DNA repair, its persistent activation, as may be the case in TBI in which hypoxia and genotoxic stress can last for days following injury (Hill et al., 2017), can be detrimental. Indeed, PARP activation can lead to energy depletion and subsequent activation of cell death pathways, causing tissue damage (Andrabi et al., 2006). In this case, inhibiting PARP could be beneficial in preventing tissue damage and, indeed, this seems to be therapeutic in the context of TBI. In one study moderate controlled cortical impact injury was given to mice followed by treatment with either a PARP inhibitor or vehicle (Stoica et al., 2014). Inhibiting PARP after injury reduced neurodegeneration and lesion size and attenuated microglial activation compared to vehicle-treated injured mice. These changes were accompanied by improved motor function and cognitive abilities in the PARP-inhibitor group (Stoica et al., 2014). Similarly, another study using the fluid percussion injury model in rats showed that PARP inhibition results in reduced lesion size following moderate injury (LaPlaca et al., 2001). These studies on PARP further implicate DNA damage and excessive activation of DNA repair mechanisms as key players in the pathophysiological mechanism of TBI. As we know, persistent DNA damage and repair signals are known to cause stress-induced cellular senescence, for which there is a growing body of literature linking its involvement to TBI pathophysiology and the long-term repercussions of brain trauma.




CELLULAR SENESCENCE AS A PATHOPHYSIOLOGICAL MECHANISM IN MTBI

Several studies using experimental animal models of brain trauma have identified cellular senescence following injury. Tominaga et al. showed that in male mice who received moderate to severe injury using the controlled cortical impact model, SA-β-Gal positive cells were increased in the ipsilateral cerebrum at days 4, 7, and 14 post-injury, peaking at 7 days, compared to sham-treated mice (Tominaga et al., 2019). The authors also immunostained for several cell cycle markers including Cyclin D1, PCNA, p16, and p21, for which increased expressions are associated with DNA repair processes, cell cycle arrest, and regulation of cellular senescence (Tominaga et al., 2019). In injured mice, these cell cycle markers were significantly elevated in the ipsilateral cerebrum compared to shams up to 4 days post-injury and validated with mRNA expression analysis. p53, a potent inducer of cellular senescence, was significantly elevated in mRNA expression at 4, 7, and 14 days post-injury. The temporal pattern suggests that following TBI, the cell cycle is initially activated by DNA repair signals, followed by activation of cellular senescence. Thus, this study has identified two senescence pathways as being activated after TBI in the ipsilateral cerebrum (adjacent to the injury site): the p16- and p53-mediated pathways. The authors suggest that these pathways may be active in astrocytes and neurons, respectively, and further research using techniques like single-cell sequencing will be helpful in elucidating this question (Tominaga et al., 2019).

In a different study, Ritzel et al. used the same model as above in mice to compare markers of cellular senescence in microglia between young (3 month old) and aged (12 month old) mice (Ritzel et al., 2019). The authors showed that moderate TBI results in elevated gene and protein expression levels of senescence markers in microglia, such as B-cell lymphoma 2 (BCL-2), p16, p21, lipofuscin, and γH2AX 72 h post-injury in both the young and old mice, with old mice showing significantly higher expression of BCL-2, p16, and γH2AX. This study therefore has not only similarly identified the p16-RB senescence pathway as being activated in microglia following moderate TBI but has also provided insight into the effects of aging on TBI (Ritzel et al., 2019). Indeed, as we know, senescent cells accumulate in the brain with age, including microglia, and are linked to age-related neuroinflammation. This baseline level of cellular senescence in the aged brain and additional burden from TBI-induced senescence could therefore explain the functional consequences of TBI in the aged brain, including increased rates of mortality and poor clinical outcomes reported in older patients (Thompson et al., 2006).

In a blast exposure model using adult male rats, Arun et al. exposed animals to a single or repeated (two) moderate TBI and assessed cellular senescence markers at 24 h, 1 month, or 1 year post-injury (Arun et al., 2020). Injured mice showed significantly increased activity of SA-β-Gal at 24 h and 1 month post-injury in regions including the motor cortex, auditory cortex, dorsolateral thalamus, superior colliculus, geniculate nucleus, ventral thalamic nucleus, and hippocampus compared to sham controls. No differences between the single or repeated injury groups were identified. In addition, the authors found significantly decreased mRNA expression of senescence marker protein-30 (SMP-30) and significantly elevated expression of p21 in the cortex at 1 month post-injury. Again, this study supports previous studies showing p21-mediated cellular senescence as an activated pathway following models of TBI (Arun et al., 2020).

In mice, our lab has supported these findings to show evidence of cellular senescence even after mild injury comparable to a concussion (Schwab et al., 2021b). Using a closed skull impact model, mice were exposed to repeated (one injury daily for 3 consecutive days) mTBI and examined for markers of cellular senescence and DNA damage at 24 h and 7 days post-injury. At 24 h, injured mice showed gene expression profiling consistent with activation of cell cycle markers and the DNA damage response to double-strand DNA breaks, single-strand breaks, and oxidative lesions. By 7 days, the gene expression profile of injured mice was consistent with cellular senescence, including elevation of the BCL-2 pro-senescence signaling pathway and reduced DNA repair factors. By 7 days, injured mice also showed elevated mRNA expression of interleukin 1β (IL1β), interleukin 10 (IL10), p21, p53-binding protein 1 (53BP1), and elevated protein expression of p53 in the ipsilateral cortex. These changes suggest that even in a repeated mild injury, DNA damage-induced cellular senescence is an aftermath of TBI, particularly the p21-mediated pathway (Schwab et al., 2021b).

Lastly, our lab has previously shown evidence of cellular senescence in post-mortem human brains with a history of brain trauma (Schwab et al., 2019b), indicating that the experimental models outlined above are clinically relevant. In this study, 38 cases with mTBI history and 10 healthy controls were assessed for clinical presentation, neuropathological changes, load of DNA damage (γH2AX), and various markers of cellular senescence. In this cohort, 28/38 (74%) had γH2AX reactivity in ependymal cells, astrocytes, and/or oligodendrocytes throughout the brain, while no reactivity was seen in control brains. Using immunohistochemistry, key features of senescence were identified in brains with DNA damage, cell body swelling and beading, and loss of H3K27Me3 (trimethylation at lysine 27 of histone h3) and Lamin B1 expression. Gene expression analysis revealed reduced expression of DNA repair proteins in cases compared to controls, as well as significantly elevated expression of pro-inflammatory SASP factors such as IL1β, interleukin 6 (IL6), CXCL1 (chemokine ligand 1), and CCL8 (chemokine ligand 8) among others. This study showed that human brains with a history of trauma have evidence of cellular senescence in glial cells, even in some cases with no neuropathological diagnosis despite having clinical symptoms and neurological dysfunction during life (Schwab et al., 2019b). Cellular senescence could therefore be the driver of clinical symptoms and long-term neurological problems after trauma, which will be discussed subsequently. Additionally, as this study identified reduced DNA repair pathways in the injured brain, this study suggests that inefficient DNA repair may further confer susceptibility to brain dysfunction after TBI. This poses important questions for understanding risk factors, as many DNA repair factors are naturally polymorphic or may be affected by factors such as sex (Fischer and Riddle, 2018; Leung and Hazrati, 2021), age (Fischer and Riddle, 2018), and lifestyle factors such as substance use (Madden et al., 1979).

Most of the above-mentioned studies are critical in our understanding of cellular senescence after brain injury and have provided enormous support for its involvement in the pathophysiological consequences of TBI. However, some limitations do exist including the lack of studies which include female animals, and the identification of cell-type specific mechanisms, which could be identified using advanced techniques such as single-cell sequencing.



MOLECULAR AND CELLULAR CHANGES AFTER MTBI: SUBSTRATES OF SENESCENCE?

While the upstream mechanisms causing dysfunction after mTBI are still being explored, several molecular repercussions of mTBI are well-studied and characterized. Like the clinical manifestations of mTBI discussed earlier, these molecular changes may be substrates of cellular senescence (Figure 1). One of the most immediate and well-studied repercussions after mTBI is oxidative stress, otherwise known as a state of metabolism in which the production of reactive oxygen species (ROS) substantially offsets the production of antioxidant defenses (Higgins et al., 2010). The effect of oxidative stress on the brain is detrimental, as this leads to the accumulation of oxidative damage, SSBs, and DSBs to DNA [99], as well as impairment of DNA repair machinery (Wu et al., 2017). The accumulation of DNA damage in human brains and animal models with brain trauma may therefore be initiated by the oxidative stress process. Neuroinflammation is another well-studied repercussion of mTBI for which cellular senescence may be the upstream and downstream mechanism. Indeed, several studies have identified chronic low-level inflammation in both human brains (Smith et al., 2013) and animal models (Chiu et al., 2016) with brain trauma. Several of the factors implicated in mTBI-associated neuroinflammation are also considered to be SASP factors, such as IL1β, IL6, TNFα, and matrix metallopeptidase 12 (MMP-12), among others (Woodcock and Morganti-Kossmann, 2013). Studies on mTBI have also repeatedly shown evidence of glutamate excitotoxicity in neurons after injury (Luo et al., 2019; Tehse and Taghibiglou, 2019), and this mechanism has been suggested as the cause of mTBI-related seizures in a subset of patients (Pitkänen and Immonen, 2014). Importantly, senescent astrocytes have been shown to cause glutamate excitotoxicity and subsequent neuronal death in vitro via the downregulation of genes encoding glutamate transporters on senescent astrocytes (Limbad et al., 2020). In terms of the long-term consequences of mTBI, such as increased risk of various tauopathies, cellular senescence has been proposed as a driver of p-tau aggregation (Musi et al., 2018). Indeed, neurofibrillary tangle (NFT)-containing neurons from post-mortem AD brains have a senescence-consistent expression profile, and in AD transgenic mouse models treatment with senolytic drugs to remove senescent cells resulted in reduced NFT density and reduced neurodegeneration (Mendelsohn and Larrick, 2018; Musi et al., 2018). Similarly, in the MAPTP301SPS19 mouse model of tau-dependent neurodegeneration, Bussian et al. showed that elimination of senescent cells prevents hyperphosphorylation and accumulation of tau, while improving cognitive impairment (Bussian et al., 2018). This study indicates that senescent cells may play a causal role in p-tau accumulation and aggregation and is a potential treatment target for these pathologies.
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FIGURE 1. Proposed mechanism by which mTBI leads to brain dysfunction through DNA damage-induced cellular senescence. From reviewing the literature, we propose several immediate effects of mTBI including inflammation, excitotoxicity, oxidative stress, tau dysfunction, and DNA damage which encompasses all the aforementioned features. DNA damage induces cellular senescence when persistent, leading to structural and functional alterations in cells, chromatin modifications changing gene expression signatures, and inflammation by way of the senescence-associated secretory phenotype (SASP). We propose that senescence mostly affects glial cells, resulting in their dysfunction. Cellular senescence acts as a positive feedback loop, with reduced DNA repair and SASP leading to chronic levels of DNA damage and inflammation. We propose that the induction of cellular senescence in this way leads to chronic brain dysfunction and symptoms that are associated with mTBI, including neurodegenerative diseases in the long-term.


Cellular senescence has also been associated with amyloid pathology, the accumulation of the neurotoxic oligomer characteristic of Alzheimer's disease, but which is also present in brains with CTE (Stein et al., 2014). Indeed, amyloid β was shown to accelerate cellular senescence, marked by increased expression of p16, in a 5XFAD mouse model of Alzheimer's (Wei et al., 2016). Similarly, brains of both AD patients and an AD mouse model showed marked evidence of cellular senescence specifically in oligodendrocyte precursor cells (Zhang et al., 2019). This study suggests that amyloid β aggregation promotes cellular senescence and found that the use of senolytic treatment to eliminate senescent cells results in reduced neuroinflammation, Aβ burden, and cognitive deficits in the mouse model (Zhang et al., 2019). In fact, cellular senescence has recently been proposed as an essential component of the amyloid cascade hypothesis, with elimination of senescent cells suggested as a possible treatment rather than the use of Aβ-targeting antibodies (Walton et al., 2020). While the precise relationship between Aβ and cellular senescence is currently being explored, the evidence strongly suggests a synergistic relationship with both components positively feeding back to each other. Thus, targeting the early initiators of cellular senescence, namely DNA damage in the case of mTBI, or cellular senescence in its early phases (prior to the accumulation of neurotoxic protein aggregates) may be the optimal approach for such a disease state.

Collectively, these studies show that many of the repercussions of cellular senescence, including DNA damage, neuroinflammation, excitotoxicity, and tauopathy, are also evident following mTBI. Therefore, the emerging research on the effects of cellular senescence in the brain may indicate this process as an upstream mechanism causing many of the molecular and cellular changes associated with mTBI.



CONCLUSION

There is a growing body of evidence showing DNA damage and cellular senescence in various forms of TBI, including mTBI. As both the clinical and molecular substrates of mTBI are associated with cellular senescence, this evidence suggests that cellular senescence may be an upstream overriding mechanism at play in mTBI and may represent a therapeutic target for early interventions. Furthermore, individual and sex differences in DNA repair capacities may help explain heterogeneity in the response to TBI, particularly mTBI and concussions. We emphasize that the potential therapies mentioned in this review are for early intervention, with the goal of preventing long-term consequences of brain injury rather than strategies to reverse neuropathological changes induced by head trauma. This limits the use of DNA damage/senescence-targeting strategies to patients in early periods (i.e., directly following head impact) rather than patients with remote, chronic head trauma histories. Therapies designed for reversal of neuropathological changes (such as tau and amyloid) associated with head trauma are yet to be elucidated and are beyond the scope of this review. However, with that said, senolytic therapies may still be clinically beneficial to chronic patients with evidence of pathological entities, as this review has summarized the detrimental effects of senescence even in the presence of neurodegenerative diseases. Indeed the chronic effects inflicted by senescent cells may be the basis of functional deficits, and therefore targeting senescence at any stage may be helpful.
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