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Abstract

:

Little is known about the impairments and pathological changes in the visual system in mild brain trauma, especially repetitive mild traumatic brain injury (mTBI). The goal of this study was to examine and compare the effects of repeated head impacts on the neurodegeneration, axonal integrity, and glial activity in the optic tract (OT), as well as on neuronal preservation, glial responses, and synaptic organization in the lateral geniculate nucleus (LGN) and superior colliculus (SC), in wild-type mice and transgenic animals with overexpression of human TDP-43 mutant protein (TDP-43G348C) at 6 months after repeated closed head traumas. Animals were also assessed in the Barnes maze (BM) task. Neurodegeneration, axonal injury, and gliosis were detected in the OT of the injured animals of both genotypes. In the traumatized mice, myelination of surviving axons was mostly preserved, and the expression of neurofilament light chain was unaffected. Repetitive mTBI did not induce changes in the LGN and the SC, nor did it affect the performance of the BM task in the traumatized wild-type and TDP-43 transgenic mice. Differences in neuropathological and behavioral assessments between the injured wild-type and TDP-43G348C mice were not revealed. Results of the current study suggest that repetitive mTBI was associated with chronic damage and inflammation in the OT in wild-type and TDP-43G348C mice, which were not accompanied with behavioral problems and were not affected by the TDP-43 genotype, while the LGN and the SC remained preserved in the used experimental conditions.
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1. Introduction


Repetitive mild traumatic brain injury (mTBI) represents a current and growing serious medical and economic problem worldwide. It is particularly common in athletes engaged in contact sports, such as soccer, ice hockey, American football, boxing, wrestling, and mixed martial arts [1,2], as well as in victims of domestic spousal violence or child abuse [3] and military personnel [4,5]. The true prevalence of repetitive mTBI is not known because the symptoms of a single mTBI or concussion frequently resolve without medical care, pass spontaneously, and stay unrecognized, unreported, or undiagnosed. For example, in most patients, especially adult athletes, some of the post-concussion symptoms, such as dizziness, disorientation, confusion, or headache, subside within 10 days [6] and, in some cases, within several months following the first head trauma without specific interventions [7]. Increasing evidence suggests that, in humans or experimental animals with prior mTBI history, the susceptibility to brain damage induced by a future TBI is augmented and that repetitive injuries have cumulative effects, enhancing a risk for long-term and later-life cognitive, behavioral, and psychiatric disturbances, as well as the development of neurodegeneration [8,9,10].



Repetitive mTBI has long been recognized as a risk factor for chronic traumatic encephalopathy (CTE), a condition characterized by generalized cerebral atrophy associated with widespread deposits of phosphorylated tau protein occurring as neurofibrillary tangles, diffuse beta-amyloid deposits, neuroinflammation, axonal pathology through the brain, and, in the majority of cases, by transactivation response element (TAR) DNA/RNA-binding protein 43 (TDP-43) immunoreactive intraneuronal and intraglial inclusions [10,11,12,13].



TDP-43 is predominantly a nuclear protein with the primary amino-acid structure similar to the members of the heterogeneous ribonucleoprotein family that shuttles between nucleus and cytoplasm [14]. Its intracellular functions in physiological conditions are insufficiently characterized, but it is becoming increasingly evident that TDP-43 is involved in specific pre-mRNA splicing and transcription events, in the regulation of mRNA stability, transport, translation, and degradation, and in chromatin condensation [14,15,16].



Recent evidence suggests that TDP-43 proteinopathy has been identified not only in CTE, but also in most cases of amyotrophic lateral sclerosis (ALS) [17], in a subset of the frontotemporal lobar degeneration (FTLD) with tau-negative ubiquitin-positive TDP-43-positive inclusions [18,19], and in specific disorders such as Alzheimer’s disease [20], Lewy body disease [21], hippocampal sclerosis [22], and corticobasal degeneration [20], suggesting its important role in the pathogenesis of neurodegeneration [23].



While TDP-43 dysregulation and accompanying neuropathological changes were documented in humans with previous history of repetitive mTBI [11], to our knowledge, they were investigated in only four published experimental studies. Elevated TDP-43 expression levels in the whole-cell lysates from the injured mouse cortical and hippocampal tissue [24,25], as well as the protein changes in the rat brain following blast TBI [26], were described. We detected transitory TDP-43 cytoplasmatic translocation and overexpression of the protein and its pathological forms in the frontal cortex within the first week following repetitive mTBI in mice [27]. Neurodegeneration and gliosis in the optic tracts (OT) of injured wild-type mice and animals with overexpression of human mutant TDP-43 protein (TDP-43G348C), a model of ALS/FTLD [28], were also demonstrated [27]. In addition, the level of damage in the OT was significantly increased in TDP-43 transgenic animals compared with wild-type mice at the end of the first week after the last injury [27]. TDP-43G348C mice used in the mentioned study were 9–11 week old animals at the beginning of the study and did not show any neurodegenerative and behavioral impairments before head traumas. Here, we expanded our previous research to investigate the changes in the OT, as well as in the lateral geniculate nucleus (LGN) of the thalamus and the superior colliculus (SC), the brain structures that receive input from axons traveling in the OT, in wild-type and TDP-43G348C animals at 6 months after the last brain trauma. We were interested in the level of neurodegeneration and glial activity in the OT and the mentioned nuclei, the presence of axonal injury and demyelination in the OT, and the possible synaptic changes included in visual information processing from retinal ganglion cells toward the nuclei. Chronic pathological changes in the OT, the LGN, and the SC of transgenic TDP-43 animals have not yet been studied. Furthermore, to the best of our knowledge, the preservation, glial responses, and synaptic organization in the mentioned nuclei of the visual pathway in wild-type mice in a model characterized with unconstrained head and body movements following the brain traumas have not been previously investigated. Moreover, because of different visual impairments detected in patients after mTBI [29], spatial learning and memory testing, which require preserved visual information processing, was conducted in mice of both genotypes. Such behavior in TDP-43 transgenic mice after repetitive mTBI has not been previously examined. Therefore, considering the results of our previous study and the fact that behavioral and the pathological brain changes are present for months after the initial injuries [12,27,30,31,32,33], this research hypothesized that the damage, gliosis, and synaptic reorganization in the OT and the investigated nuclei, as well as behavioral impairments induced by repeated mTBI, would be detected 6 months after the last injury and that they would be more pronounced in TDP-43G348C mice.




2. Results


2.1. Repetitive mTBI Induced Neurodegeneration, Axonal Injury, and Gliosis in the Optic Tract in Wild-Type and TDP-43G348C Mice at 6 Months Following the Last Head Impact


In the first part of the study, we investigated whether repetitive mTBI causes the OT pathology 6 months after the last hit in wild-type and TDP-43 transgenic mice. We were especially focused on neuronal and axonal degeneration, demyelination, and glial activity in the mentioned brain structure after repeated brain impacts in the animals of both genotypes.



Fluoro-Jade C was used as the marker of neurodegeneration [34,35]. This dye was found to stain degenerating nerve cell bodies and distal dendrites, axons, and terminals [36]. Figure 1A shows representative microphotographs of Fluoro-Jade C-stained sections of the OT in the sham animals and the traumatized mice of both genotypes. It is evident that Fluoro-Jade C-positive staining was detectable in the OT of the traumatized mice, both wild-type and TDP-43 transgenic, but not in the sham animals. Quantitative analysis of Fluoro-Jade C staining intensity confirmed these observations (Figure 1B). It was demonstrated that Fluoro-Jade C intensity levels were significantly higher in traumatized wild-type and TDP-43G348C animals than in the sham animals of the corresponding control groups (p = 0.012; p = 0.012). No significant differences were observed between the levels of Fluoro-Jade C-positive staining in the OT of wild-type and transgenic TDP-43 injured mice (p = 0.676) (Figure 1B).



Silver staining is a method that has been used for visualization and localization of degenerating axons [37]. Representative microphotographs of silver-stained sections of the OT in mice of all experimental groups are shown in Figure 2. There was an increased silver uptake and staining in the OT of traumatized mice of both genotypes demonstrating evidence of axonal abnormalities compared with the sham-treated animals (Figure 2A). Furthermore, spheroids, a sign of axonal swelling, were observed in the axons of the OT in the injured wild-type and TDP-43 transgenic mice (Figure 2B). Results shown in Figure 2 suggest axonal injury in the OT at 6 months following repetitive mTBI in mice of both genotypes.



In order to analyze the integrity of myelinated neuronal fibers in the OT, we used conventional histological methods, i.e., staining with luxol fast blue (LFB) and immunohistochemical staining with anti-myelin basic protein (MBP) antibody.



Representative photomicrographs of the OT sections stained with LFB in the traumatized wild-type and TDP-43G348C mice, as well as in the sham animals, are shown in Figure 3A. It is evident that myelin density and integrity of myelinated fibers were approximately equal in sham-treated wild-type and transgenic TDP-43 animals, while reduced myelin in some parts of the OT, characterized by porous and weaker LFB staining, was detectable in traumatized mice of both genotypes (Figure 3A). Quantitative analysis demonstrated that the staining densities in the OT of the injured wild-type and TDP-43G348C mice were slightly decreased in comparison to the levels in the related sham animals, but a statistically significant difference was not detected (p = 0.097). In addition, a significant difference in the levels of the LFB staining between the traumatized wild-type and TDP-43G348C transgenic mice was also not revealed (Figure 3B).



Representative photomicrographs of the coronal OT sections that were stained with anti-MBP antibody and the quantitative analysis of the MBP optical density for the mice of all experimental groups are shown in Figure 3C,D. There were no differences in the MBP immunoreactivity (Figure 3C) and optical density (Figure 3D) between the traumatized groups and their related control groups for both genotypes or between the injured wild-type and TDP-43 transgenic animals (p = 0.234) at 6 months after the last head trauma. The results obtained by LFB and MBP staining suggest that the myelination of surviving axons in the OT was mostly preserved at the investigated time point after the last brain trauma.



The integrity of surviving axons of retinal ganglion cells following repetitive mTBI was also examined using immunohistochemistry for neurofilament light (NfL) chain that is a major constituent of the neuronal cytoskeleton. Approximately equal NfL-positive staining was revealed in the axons of the OT in the traumatized and the sham mice of both genotypes (Figure 4A), while a significant difference in the NfL optical densities between the experimental groups was not revealed (p = 0.254) (Figure 4B). These results suggest that the NfL expression in the axons of the OT was unchanged at 6 months following repetitive mTBI.



The activity of the glial cells in the OT was examined using microglial marker ionized calcium-binding adaptor molecule 1 (Iba1) and the astrocytic marker glial fibrillary acidic protein (GFAP) (Figure 5).



Figure 5A shows representative microphotographs of the Iba1 immunostained OT sections in mice of all the experimental groups. “Resting” microglia, i.e., the microglial cells with thin Iba1-immunoreactive processes, were detected in the sham-treated mice of both control groups. Moreover, in all the traumatized animals, activated microglia, i.e., microglial cells with hypertrophic and large cell bodies, thick processes, and with amoeboid and migrating morphology, were noticed (Figure 5A). The higher magnifications images of “resting” and “activated” microglia are shown in Figure S1 (Supplementary Materials).



Quantitative analysis of the percentages of the Iba1 immunoreactive areas in the OT demonstrated statistically significant higher values in the injured wild-type and TDP-43G348C animals compared with related sham mice (p = 0.012; p = 0.012) (Figure 5B). However, a statistically significant difference in the percentages of the Iba1 immunoreactive areas between the traumatized wild-type and TDP-43 transgenic mice was not found (p = 0.296) (Figure 5B).



Morphological changes that would suggest astroglial activation were not detected in the OT of the sham injured wild-type and TDP-43G348C mice at 6 months after the last head trauma (Figure 5C). Contrarily, the GFAP immunoreactivities were more pronounced in the OT of traumatized wild-type and TDP-43 transgenic mice than in sham-treated animals, suggesting astrocytic hypertrophy after repetitive mTBI (Figure 5C). Furthermore, the percentages of the OT areas covered by hypertrophic astrocytes in the traumatized animals of both genotypes were significantly higher compared with the values noticed in the non-injured mice (p = 0.012; p = 0.012) (Figure 5D). In addition, the values of GFAP-positive areas in the injured TDP-43G348C animals did not significantly differ from the values in wild-type mice (p = 0.210) (Figure 5D).




2.2. Repetitive mTBI Did Not Cause Neurodegeneration, Glial Activation, and Synaptic Reorganization in the Lateral Geniculate Nucleus and the Superior Colliculus in Wild-Type and TDP-43G348C Mice at 6 Months Following the Last Head Impact


The presence of neurodegenerative changes in the LGN and the SC, the regions that receive direct innervation from the retinal ganglion cells via the OT, were analyzed using Fluoro-Jade C and cresyl-violet staining. From the representative microphotographs of Fluoro-Jade C-stained sections of the LGN, shown in Figure S2A (Supplementary Materials), it is evident that the staining used was not detected in any of the experimental animals, suggesting no neurodegeneration in this structure at 6 months after the last mTBI. Moreover, individual Fluoro-Jade C-positive staining was detectable in the superficial SC of the injured mice of both genotypes (Figure S2D, Supplementary Materials). Quantitative analysis demonstrated a slight increase in the Fluoro-Jade C intensity levels in the SC of the traumatized wild-type and TDP-43G348C animals compared with sham control animals. However, a statistically significant difference between the experimental groups was not revealed (p = 0.235) (Figure S2E, Supplementary Materials).



Additionally, cresyl-violet staining revealed approximately equal neuronal cell density in the LGN (Figure S2B, Supplementary Materials) and the SC (Figure S2F, Supplementary Materials) of all the experimental groups of mice, which was confirmed by subsequent quantitative analysis (p = 0.113, p = 0.617) (Figure S2C,G, Supplementary Materials).



Repetitive mTBI did not cause changes in the activity of the glial cells in the LGN and the SC of wild-type and TDP-43 transgenic mice in our experimental conditions (Figure S3, Supplementary Materials). Specifically, in the investigated nuclei of the traumatized and sham-treated mice of both genotypes, the “resting” but not activated microglia was detected (Figure S3A,D, Supplementary Materials). Furthermore, a statistically significant difference in the number of Iba1-positive cells between the groups was not revealed for the LGN (p = 0.200) or for the SC (p = 0.446). Moreover, the signs of astrocytosis in the examined nuclei were not detected in any of the experimental animals (Figure S3C,F, Supplementary Materials).



To detect if repetitive mTBI affects synaptic density in wild-type and TDP-43G348C animals, anti-synaptophysin (SYP) immunostaining was performed. Although it seemed to be more pronounced in the LGN of the sham and injured TDP-43G348C animals compared with wild-type mice (Figure S4A, Supplementary Materials), a significant difference between the experimental groups in the SYP staining intensities was not obtained (p = 0.069) (Figure S4B, Supplementary Materials). Moreover, significant differences in the SYP expression (Figure S4C, Supplementary Materials) and density intensities (Figure S4D, Supplementary Materials) between the groups were not observed in the SC (p = 0.100).




2.3. Repetitive mTBI Did Not Affect the Barnes Maze Task in Wild-Type and TDP-43G348C Mice at 6 Months Following Repetitive mTBI


To explore the long-term effects of repetitive mTBI on the function of the visual system, we trained experimental animals in the Barnes maze. Figure 6 shows the latency time to reach the target hole and the time spent inside the target quadrant during the tests and the retests for all the experimental groups of mice. There was no significant difference in the latency time to reach the target hole between the experimental groups of mice during the tests (p = 0.148) and the retests (p = 0.763) (Figure 6A,B). Additionally, no statistically significant differences in the time spent in the target quadrant between the experimental animals were obtained for the tests (p = 0.527) and the retests (p = 0.381) (Figure 6C,D).





3. Discussion


Different visual problems, such as blurred vision, visual acuity loss, and visual field defects, have been reported in patients with previous history of moderate to severe TBI [38], but much less is known about these impairments and pathological changes in the visual system following mild and especially repetitive mTBI [39]. Studies exploring neuropathological changes in the visual system in animal models of repeated head traumas are scant [27,40,41,42,43]. The aims of this study were focused on the chronic effects of repetitive mTBI on some parts of the visual system in wild-type and TDP-43G348C mice. As in our previous study [27], we used the abovementioned mice with overexpression of human familial ALS-linked mutant TDP-43 protein and a predisposition to the pathological accumulation of its aggregates, cytotoxic cleavage fragments, axonopathy, and neuroinflammation in the brain and the spinal cord [28]. The mentioned pathological and biochemical changes are age-related [28]. Thus, the TDP-43 G348C mice did not develop TDP-43-positive aggregates at an early age of 9–11 weeks, as they were at the beginning of the study. The TDP-43-positive aggregates can be detected in these mice starting at 10 months of age [28]. The rationale behind using the young TDP-43 transgenic mice was to explore whether a subtle (2.3–3-fold) overexpression of TDP-43 represents an additional risk factor in the context of mild repetitive TBI, as well as to observe whether it would predispose and/or trigger more intense neurodegeneration, as observed in the model of stroke [44]. Furthermore, there is growing evidence that exposure to repetitive mTBI is associated with an increased risk for ALS/FTLD, especially in a subset of vulnerable individuals with genetic predisposition [12,45,46,47,48]. Furthermore, since the results of our previous study suggested that genetically acquired TDP-43 dysregulation might predispose the OT to more intense acute and subacute damage following repetitive mTBI [27], we wanted to further explore whether TDP-43 proteinopathy is associated with marked long-term posttraumatic changes in the mentioned brain structure, as well as in the investigated nuclei of the visual pathway. We used a clinically relevant model of repetitive TBI that includes the elements of acceleration/deceleration and rotational injuries of the freely moving mouse head and body resulting in diffuse brain damage. This method produced mild injuries with no skull fractures, intracranial bleeding, respiratory arrest, or seizures, and the mice quickly recovered and demonstrated normal behavior following head impacts.



3.1. Repetitive mTBI Induced Neurodegeneration, Axonal Injury, and Gliosis in the Optic Tract in Wild-Type and TDP-43G348C Mice at 6 Months Following the Last Head Impact


In our previous research, we demonstrated that the OT was the only damaged brain structure in the injured wild-type and TDP-43 transgenic mice already on the first day following the last head impact, lasting up to the end of the first week, suggesting early vulnerability of this structure to the investigated type of injury [27]. In the current study, we histologically detected neurodegeneration using Fluoro-Jade C staining and degenerating, argyrophylic, and swollen axons using neurosilver staining in the OT of the traumatized animals of both genotypes at 6 months after repetitive mTBI, indicating chronic axonal posttraumatic damage. Our results are in agreement with some previous studies in which the destruction of this structure in rodents was reported in different models by using various injury paradigms and time points of 1, 3, 7, or 60 days, 3 or 10 weeks, and 8 or 12 months following repeated mTBI [27,31,33,42,49,50,51,52]. Taking all these results together, including the fact that repetitive mTBI increases the sensitivity of the brain to each subsequent trauma, it is plausible that the time for the recovery between individual impacts was insufficient in the experimental models and protocols used in the mentioned investigations, resulting in neurodegeneration and axonal degeneration months after the final injury. Increased sensitivity and vulnerability of the OT to the damage induced by repeated mTBI may be a consequence of its position below the brain, as well as of its anatomic characteristics. Specifically, it consists of very long myelinated axons which are susceptible to compression in the optic canal during the direct injury, as well as to tension and torsion during acceleration and deceleration forces caused by the hits [53]. Moreover, the blood supply of the optic nerve arrives from pial arteries. Its swelling, induced by repeated head traumas, may cause localized ischemic injuries that may additionally contribute to the OT damage [31]. Moreover, neurodegenerative changes in the proximal part of the visual system, including the optic nerves and the optic chiasma, and decreased cellularity in the ganglion cell layer of the retina were previously described in mice at different time points following repetitive mTBI [40,41,42,50].



The current study is the first in which the neural and axonal degeneration in the OT of TDP-43 transgenic mice was investigated at a chronic time point following repetitive mTBI. Neurodegeneration was found in the injured TDP-43G348C animals compared with the related sham mice. Contrarily, significant differences in Fluoro-Jade C intensity were not observed between traumatized transgenic TDP-43 mice compared with wild-type animals, suggesting that human genetic TDP-43 background did not affect chronic damage of this structure.



In order to detect other chronic effects of repeated head impacts on the surviving axons of the OT, we investigated the levels of their myelination and the expression of the cytoskeleton NfL protein. Myelin preservation was determined by LFB and MBP stains and their quantification. Reduced LFB staining was evident in some parts of the OT in the injured mice of both genotypes. Furthermore, there was no significant difference in the staining density between the traumatized wild-type and transgenic TDP-43 mice compared with their related sham or between injured wild-type and TDP-43G348C animals in this brain structure at 6 months after head traumas. Previously, no changes in LFB-positive staining were observed in the brains of mice at 6 months following the first injury in the model of repetitive mTBI induced by electromagnetic controlled impact device [32], in which local areas of reduced myelination were described in the optic nerve at 3 and 13 weeks after the last head trauma [40,41]. To our knowledge, the level of myelination was not previously investigated in the OT in the models of repeated mTBI in TDP-43 transgenic animals.



In our experiments, no changes were observed in the MBP immunoreactivity and optical density in the OT of the injured wild-type and TDP-43 transgenic mice compared with related controls or in traumatized wild-type compared with TDP-43G348C animals. Taken together, the results of this study obtained by the LFB and MBP staining demonstrated that repetitive mTBI did not significantly affect myelination of the surviving axons of the retinal ganglion cells at 6 months after the final head impact and that the transgenic genotype did not influence it. In addition, Gangolli et al. [54] did not detect Myelin Black Gold staining in the OT 1 year following injury induced by CHIMERA in mice. In the same experimental model, MBP immunoreactivity was not altered in the OT 7 days after the final injury [51].



NfL chain is abundantly expressed in the long and large-caliber myelinated white-matter axons, and it is considered a promising candidate biomarker of axonal injury in different diseases of the central nervous system [55], including repetitive mTBI [56,57,58]. Increased exosomal and plasma levels of NfL chain have been detected in humans even years following repeated head traumas, suggesting chronic, long-term axonal dysregulation and degeneration induced by sustained brain injuries [57].



To our knowledge, our study is the first in which NfL chain staining was investigated in the OT at a later time point following repetitive mTBI. We did not detect statistically significant differences in the levels of this protein’s optical densities between the injured wild-type group and related sham 6 months after the final head trauma. Similar results were obtained by Cheng et al. [33] and Vonder Haar et al. [52], who also reported no differences in the Nf medium and heavy chains or the NfL chain staining in the OT between traumatized and sham mice at chronic post-injury time points in the CHIMERA model. Taking into account the results of our and other mentioned animal studies, it can be suggested that the changes in the NfL chain protein were not evident at later time points following repetitive mTBI. This could be due to previous death of the affected neurons and preserved cytoskeletal NfL architecture in surviving axons. Contrarily, axonal swellings and varicosities in the OT of the traumatized mice were observed 2 days after the injury induced by the CHIMERA method, but they disappeared by the seventh day following the last impact [59]. Taking all abovementioned results regarding the changes of the NfL following repetitive mTBI, it seems that this protein can be used as a brain marker of early axonal damage in animal models, in contrast to the human studies in which it has been detected in the blood 1 h to years after repeated head traumas [56,57,58].



Among other roles, under physiological conditions, TDP-43 binds and stabilizes NfL mRNA, regulating its transcription, metabolism, and axonal transport [60,61,62]. Contrarily, TDP-43 dysregulation, observed, e.g., in FTLD, is associated with NfL alterations and white-matter pathology [63]. In a recent study, Kumar et al. [64] found that cytoplasmic TDP-43 accumulation in mice expressing ALS-linked human TDP-43A315T mutant caused marked suppression of mRNA translation for NfL, Nf medium, and α-internexin, resulting in a decrease in the levels of these proteins at 12 months of their age when they exhibited TDP-43 proteinopathy in cortical neurons. In our research, we were interested if repetitive mTBI affects NfL chain staining intensity in the OT of mice presenting with cytoplasmic TDP-43 aggregates in the spinal cord starting at approximately 10 months of age and increased pathological TDP fragment in the brain and spinal cord at 10 months of age [28]. We did not detect any significant changes in NfL chain staining in the OT of injured TDP-43G348C mice compared to the related sham group or between traumatized wild-type and TDP-43 transgenic animals at 6 months following repeated head injury, suggesting that repetitive mTBI and the investigated genotype did not affect the structure and, consequently, function of this neuronal cytoskeletal protein in the used experimental conditions. Because the age of our experimental animals was approximately 8.5 months at the time of the experiments, it remains to be investigated whether there are age-dependent changes in NfL chain expression in mice of the tested TDP-43 genotype.



Neuroinflammation is one of the most important processes developing after head trauma that may have beneficial or detrimental effects in the acute TBI [65]; however, if it is chronic, it usually contributes to the brain damage [66,67,68]. In the current study, pronounced microglial and astrocytic response to the repetitive mTBI was found in the OT of the injured wild-type and TDP-43 transgenic mice related to their sham groups, suggesting chronic neuroinflammation of this structure as a result of synergistic exacerbating effects of repeated head traumas that provoked an increase in inflammatory responses during short time periods between each injury. In our previous study, using the same closed head weight drop method, significant microgliosis and astrocytosis were also demonstrated in traumatized wild-type and TDP-43G348C mice, in the acute and subacute posttraumatic periods [27]. Our previous and current results regarding gliosis in the OT following repetitive mTBI are in agreement with those obtained in animal studies in which the rodents were subjected to impacts induced by other methods and in which various head trauma protocols and different posttraumatic time points from 1 to 365 days after the injury were used [31,33,43,49,50,51,52,59,69,70]. Our study found no differences in the microglial and astrocytic hyperactivities between injured transgenic TDP-43 and wild-type mice, suggesting that the investigated genetic background did not affect inflammatory parameters used in this research. Taking all the abovementioned results together, it may be suggested that the OT is particularly susceptible and vulnerable to neuroinflammation induced by repetitive mTBI.




3.2. Repetitive mTBI Did Not Cause Neurodegeneration, Changes in the Responses of Glial Cells, and Synaptic Reorganization in the Lateral Geniculate Nucleus and the Superior Colliculus in Wild-Type and TDP-43G348C Mice at 6 Months Following the Last Head Impact


To the best of our knowledge, we are the first group to explore possible chronic damage, glial activity, and synaptic organization in the LGN and the SC following repetitive mTBI in mice of both genotypes.



The LGN, situated in the thalamus, was reported to receive external visual information mostly by the axons of the retinal ganglion cells, conducting them to the visual cortex [71]. The SC has a laminar structure, and its three superficial layers are primarily visual sensory in nature [72]. In mice, the SC also receives the projections, but from at least 70% [73] and possibly even approximately 88% of the retinal ganglion cells [74].



In the current study, no signs of neurodegeneration in the LGN and only a few scattered Fluoro-Jade C-positive signals in the superficial SC were detected in the injured mice of both genotypes. Additionally, when using cresyl-violet, no differences were revealed in the neuronal density between the injured wild-type and TDP-43 transgenic mice compared with their related sham or between traumatized wild-type and TDP-43G348C mice. Considering the abovementioned results, we suggest that repetitive mTBI did not induce chronic damage of the target nuclei and that the investigated genotype did not influence it. Furthermore, reactive microgliosis or astrocytosis were not detected. Previously, microglial infiltration and activation in the SC were found 7 days after the last head trauma [50]. In the same research, the injury of the LGN was mentioned [50]. Both results were obtained using a method of repeated head traumas different from ours.



The central nervous system has the capacity of neuroplasticity and recovery following different insults that include various processes, ranging from molecular, cellular, and synaptic to global [75]. Some of these processes are associated with changes in the expression of different specific proteins, synaptogenesis markers, and synapse remodeling, such as SYP [76,77,78,79]. In our study, no differences in the SYP immunostaining intensities between the experimental groups were detected, suggesting that repetitive mTBI or the genotype did not induce synaptic perturbations in the LGN or the SC at 6 months following repetitive mTBI. To our knowledge, synaptogenesis markers have not been previously studied in the LGN and the SC following repeated head traumas.




3.3. Repetitive mTBI Did Not Affect Barnes Maze Task in Wild-Type and TDP-43G348C Mice at 6 Months Following Repetitive mTBI


In the current research, we evaluated the effects of repetitive mTBI on the possibility of successful performance in the Barnes maze task. The Barnes maze task is usually used as a spatial learning/memory test in rodents taking advantage of their innate behavior to run away from brightly illuminated to dark areas [80]; however, in our study, it was applied primarily to test the functional status of the visual system following repeated head traumas. No differences in the time to escape to the target hole or in the time spent in the target quadrant were observed between the experimental groups, suggesting that neuronal damage, axonal damage, and neuroinflammation detected in the OT at 6 months after the last head trauma, as well as genetic TDP-43 background, did not influence the performance in the Barnes maze task. In addition, the Barnes maze task, as a cognitive test, was performed in some other studies in rodents of different ages and genotypes in which various repetitive mTBI methods, severity of the injuries, protocols, tested parameters, and posttraumatic periods were used, which is the reason why the obtained results are not consistent and hardly reciprocally comparable [33,59,69,81,82,83]. Previously, it was shown that TDP-43G348C animals exhibited a significant reduction in the time spent in the target quadrant and increased primary errors in the Barnes maze test as compared with age-matched wild-type mice at 10 months of age [28]. In our study, all mice, including these transgenic traumatized and control animals, performed the task equally at approximately 8.5 months of age. Further studies are needed in order to explore age-dependent behavior of TDP-43G348C mice in the Barnes maze task.



In summary, current study results suggest that repetitive mTBI induced damage of the OT, but did not affect the nuclei that transmit information from the retinal ganglion cells to the visual cortex, as well as mouse behavior that includes preserved vision, at 6 months after the last head impact. In addition, genetic TDP-43 background did not influence the assessed neuropathology and behavior in experimental animals. This study could improve our knowledge and understanding of chronic neuropathological changes in the visual system following repetitive mTBI and the role of TDP-43 proteinopathy in these processes.





4. Materials and Methods


4.1. Animals and Treatment


This study was performed on wild-type C57BL/6J and transgenic TDP-43G348C male mice of C57BL/6J background. At the beginning of the experiments, the mice were 9–11 weeks old. Transgenic TDP-43G348C mice were obtained from the University Laval, Quebec, Canada, and the colony was raised in the Laboratory for Mice Breeding and Engineering Rijeka, Faculty of Medicine Rijeka, University of Rijeka, Croatia. All the experimental procedures were performed according to the Faculty’s Ethical Committee approval and in accordance with the Croatian laws and rules (NN 135/06; NN 37/13; NN 125/13; NN 39/17), as well as the guidelines of the European Community Council Directive (86/609/EEC). Mice were maintained in the animal facility of the Faculty’s Department of Basic and Clinical Pharmacology and Toxicology in temperature- and humidity-controlled holding rooms, with an alternating 12 hour light/dark cycle. Fresh water and standard rodent chew were available to animals ad libitum.



Mild brain traumas were induced using the closed head weight drop method previously described by Kane et al. [84]. In brief, mice were anesthetized with 3.5% isoflurane in a nitrous oxide/oxygen (2:1) mixture in an induction chamber and rapidly positioned on aluminum foil placed over a Plexiglas box, lined with a sponge. The box was situated beneath the vertical metal tube of the apparatus. A steel weight (1.2 cm diameter, mass 97 g), set above the mouse head and between the ears, was pulled rapidly upward to 1 m height and released. Following the impact, the mice fell down through the foil and onto the surface of the sponge, all while rotating their bodies by 180° horizontally. After each mild brain trauma, the mice were returned to their holding cages to recover. In our experiments, mice rapidly recovered and showed normal interactions with other animals without demonstrating signs of pain or indisposition nor resistance to manipulations after mTBI. We did not observe respiratory arrest or seizures in any of the tested animals. For the control group, sham treated animals were only briefly anesthetized without receiving impacts. Sham procedures or mild brain traumas were repeated twice daily, in intervals of 6 h, for five consecutive days, i.e., a total of 10 impacts. Mice were euthanized at 6 months after the final impact or sham procedure.




4.2. Polymerase Chain Reaction


In the transgenic animals, the presence of TDP-43G348C transgene was determined by polymerase chain reaction (PCR) as previously described [28]. GoTaq® G2 Green Master Mix (Promega Corporation, Madison, WI, USA) and the primers CTCTTTGTGGAGAGGAC and TTATTACCCGATGGGCA (Metabion international AG, Planegg, Germany) were used for the reaction.




4.3. Tissue Preparation


For histochemistry purposes, the animals were anesthetized with xylazine and ketamine mixture and transcardially perfused, first with phosphate-buffered saline (PBS) and then prefixed with 4% paraformaldehyde in PBS. Their brains were dissected and post-fixed for 20–22 h in the same fixative solution at room temperature and then embedded in paraffin. Brain sections were cut to 3 μm thickness. For the analyses of the OTs, coronal sections ranging from bregma +1.18 to −2.30 [85] were used. To detect changes in the LGN, we analyzed coronal sections cut at approximately −2.46 from bregma, and the SC nuclei were investigated at around −3.52 from bregma [85].




4.4. Fluoro-Jade C Staining


The slides were deparaffinized in xylene, rehydrated in ethanol and water, and then treated for 10 min with a 0.06% potassium permanganate solution. Sections were rinsed twice with distilled water (dH2O) for 1 min and incubated in 0.0001% Fluoro-Jade C (Chemicon, Millipore, Billerica, MA, USA) staining solution for 20 min in the dark. After that, they were washed in dH2O thrice per minute and dried on a hot plate on 50 °C for 20 min. Sections were dehydrated in xylene two times for 10 min, mounted in Entellan® (Merck Millipore, Billerica, MA, USA), and coverslipped. Stained sections were examined by epifluorescence microscopy using the appropriate light filter cube (Olympus BX 51 microscope with Olympus DP 70 digital camera, Olympus, Tokyo, Japan).



Quantification of Fluoro-Jade C intensity in the OT was done on microphotographs taken at ×400 final magnification; for each animal, two images were used for the analyses. Within each microphotograph, three ROIs of 0.0057 mm2 were analyzed. By subtracting the background fluorescent intensity from those ROIs, we could determine only degenerating axons within that field.




4.5. Bielschowsky Silver Staining


Bielschowsky silver staining is a method that can be used to detect nerve fibers and stain axons, neurofibrils, and senile plaques in the central nervous system. Brain sections were deparaffinized, dehydrated, and then immersed for 15 min in the solution with 20% silver nitrate, preheated at 37 °C. Sections were then washed in distilled water, after which they were submerged in silver ammonia solution for 15 min, all at 37 °C. Next, slides were developed by placing them in 50 mL of distilled water with eight drops of both ammonium hydroxide and developer stock (8% v/v formaldehyde, 0.5% w/v citric acid, 0.1% v/v nitric acid) for 2 min maximum, i.e., until their color changed to the desired intensity of brown. Following the washing step in distilled water, sections were immersed in 5% sodium thiosulfate for 5 min at room temperature, washed with tap water for 5 min, dehydrated, cleared, and mounted with Entellan®.



Microphotographs of the OTs stained with Bielschowsky silver stain were taken at ×400 magnification using an Olympus BX 51 microscope with an Olympus DP 70 digital camera (Olympus, Tokyo, Japan).




4.6. Luxol Fast Blue Staining


LFB staining of the OT was performed to determine the degree of myelination. Following deparaffinization and rehydration, brain sections were stained with LFB solution at 56 °C overnight. The next day, slides were rinsed with 95% ethanol and distilled water, after which they were differentiated in the lithium carbonate solution for 10–15 s, and then immersed briefly in the 70% ethanol three times. Following that, slides were washed in distilled water, dehydrated through rising ethanol concentrations, cleared in xylene, and mounted with Entellan®.



LFB-stained sections were photographed at 200× magnification using an Olympus BX 51 microscope with an Olympus DP 70 digital camera (Olympus, Japan).



Myelin densities on LFB stained photographs were quantified by using the ImageJ software (NIH, Bethesda, Md, USA), according to the protocol described by Underhill et al. [86] with modifications suggested by Khodanovich et al. [87]. Briefly, mean intensities of the red channel in a region of interest (ROI), i.e., in the OTs, were measured from RGB images as a quantity characterizing the complementary blue channel saturation. The background mean intensity of the red channel was also measured on each photograph in ROIs outside the brain tissue, which served for the calculation of the background correction factor. LFB optical density (in %) was calculated for each ROI according to the following formula: LFB density = 100 × (1 − (red channel intensity/background intensity)).




4.7. Immunofluorescence/Immunohistochemistry


To investigate the expression of the proteins of interest, we used immunofluorescent labeling in combination with DAPI nuclear counterstaining or immunohistological staining visualized with 3,3′-diaminobenzidine (DAB) chromogen (Dako).



After deparaffinization and rehydration of slides, antigen retrieval was achieved by heat-induced epitope retrieval procedure in the citric acid buffer (10 mM, pH 6.0). Nonspecific binding sites were blocked with Tris-buffered saline (TBS) containing 5% bovine serum albumin (BSA) and 0.025% Triton X-100. Slides were incubated overnight at 4 °C with primary antibodies, as listed in Table 1.



For the sections immunolabeled and visualized by using the DAB chromogen, the brain slices were incubated with an appropriate biotinylated secondary antibody (Table 1), diluted in the antibody solution buffer for 1 h at RT, followed by the streptavidin–HRP conjugate for 30 min at RT. Following the application of DAB, reaction with HRP produced a brown precipitate. The slides were then dehydrated, immersed in xylene, and mounted. For the immunofluorescence labeling, appropriate fluorochrome-conjugated secondary antibodies were applied for 1 h at RT. Cell nuclei were counterstained with DAPI, and the slides were mounted in anti-fade mounting medium.



Immunolabeled sections were examined by light or epifluorescence microscopy (Olympus BX 51 microscope with Olympus DP 70 digital camera, Olympus, Tokyo, Japan).



Quantification of neurodegeneration and the glial response in the OTs was done on Fluoro-Jade C-stained and Iba1- or GFAP-immunolabeled coronal sections cut in the range of −1.34 to−2.30 from bregma [85] using ImageJ software (NIH, Bethesda, Md, USA). Quantification of microgliosis and astrocytosis was made by measuring the percentage (%) of the Iba1- or GFAP-immunoreactive areas. Microphotographs of two sections from each animal, at ×400 magnification, were transformed to 8 bit images and auto-thresholded (0 being white and 255 being black), which enabled differentiating positive immunoreactions from the background and calculating the immunoreactive area fraction. A region of interest (ROI) was drawn around the OT. The area fractions were averaged for each animal and each experimental group.



In the OTs, quantification of the DAB staining intensity was also done with ImageJ software. Briefly, mean gray values were collected from the ROIs selected in the images of the OTs, and optical density (OD) was calculated with the following formula: OD = log(max gray intensity/mean gray intensity).



In the LGN and the SC, we evaluated the intensity of SYP immunofluorescent staining. Conditions of the microscopy and photography were maintained constant throughout the experiment, and immunoreactivity was quantified by measuring the integrated optical density. In the mentioned nuclei, we also evaluated the microglial response by counting the number of Iba1-stained cells in the immunofluorescently labeled sections.




4.8. Cresyl-Violet


Cresyl-violet (Nissl) staining was used to detect the effects of repetitive mTBI on the number of neurons in the investigated nuclei of the visual system. Deparaffinized and rehydrated slides were stained with 0.1% cresyl-violet acetate (Sigma Aldrich, St Louis, MO, USA) by incubation for 10 min at room temperature. Differentiation of the brain tissue sections was done by immersing the slides in 95% alcohol with glacial acetic acid. Finally, brain sections were dehydrated in alcohol, cleared in xylene, and mounted with Entellan®.



Microphotographs of the cresyl-violet stained sections were taken at approximately −2.46 from bregma for the LGN and at −3.52 from bregma for the SC [85], at ×400 magnification, using an Olympus BX 51 microscope equipped with an Olympus DP 70 digital camera (Olympus, Tokyo, Japan). With the help of the ImageJ software, neuronal density estimation in the investigated nuclei was carried out by a blind investigator using the random simple counting method. Two to four random ROIs were taken from at least two serial cuts of the selected areas and used to estimate the number of the neurons. Only cells with visible nuclei were counted.




4.9. Barnes Maze Task


To test the behavior of experimental animals following repetitive mTBI that requires preserved vision, the Barnes maze task was performed. A homemade maze was situated in an experimental room with distinct visual cues. The apparatus consisted of an elevated circular platform 92 cm in diameter with 20 escape holes, 5 cm in diameter, spaced evenly around the perimeter, and an escape box placed underneath target hole. The maze was divided into quadrants consisting of five holes each, and the target hole was located in the center of the target quadrant. Visual cues enabled mice proper space orientation to learn and reach the target hole and quadrant. On the habituation day, on posttraumatic day 167, the mouse was placed under the black start chamber in the center of the platform for 10 s. After that, the box was removed and the animal was trained to find and enter the escape box. The mouse was allowed for 1 min inside the escape box and then returned to the holding cage. After this procedure, the animal was subjected to four daily described training trials that lasted 3 min each, with an intertrial interval of 15 min, on days 167 to 170 after the last mTBI. The test, during which escape box was removed from the maze, was conducted 24 h after the last training day and lasted 1.5 min per mouse. Seven days after the test, mice were retested. Using video tracking software (ANY-maze, Stoelting Europe, Dublin, Ireland), we recorded the time taken by the individual mouse to reach the target hole, as well as the time that each mouse spent in the target quadrant during the test and retest.




4.10. Laboratory Data and Statistical Analyses


Data were collected using the Microsoft Excel 2016 (Microsoft Corp., Redmond, WA, USA) and, when necessary, corrected for between-session variation as described previously [88]. All the statistical analyses were performed in the Statistica software version 13.5 (StatSoft Inc., Tulsa, OK, USA). According to the normality of the results, we used the nonparametric Kruskal–Wallis test followed by Mann–Whitney U test for all analyses, except the analyses of the time spent in the target quadrant for the Barnes maze task performance, for which parametric one-way analysis of variance test was utilized. Results are expressed as means ± standard error of the mean. In all comparisons, p < 0.05 was considered to indicate statistical significance.









Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ijms22126584/s1: Figure S1. Representative microphotographs of the optic tracts in wild-type (WT) and TDP-43G348C mice at 6 months after repetitive mild traumatic brain injury (rmTBI) or sham procedure (Sham), immunostained with anti-ionized calcium-binding adaptor molecule 1 (Iba1), showing different morphological forms of microglial cells; Figure S2. Fluoro-Jade C- and cresyl-violet-stained sections of the lateral geniculate nucleus (LGN) and the superior colliculus (SC) in wild-type (WT) and TDP-43G348C mice at 6 months after repetitive mild traumatic brain injury (rmTBI); Figure S3. The activity of the glial cells in the lateral geniculate nucleus (LGN) and the superior colliculus (SC) in wild-type (WT) and TDP-43G348C mice at 6 months after repetitive mild traumatic brain injury (rmTBI); Figure S4. Synaptic plasticity in the lateral geniculate nucleus (LGN) and the superior colliculus (SC) in wild-type (WT) and TDP-43G348C mice at 6 months after repetitive mild traumatic brain injury (rmTBI).





Author Contributions


Conceptualization, G.Ž., K.P., and J.K.; resources, G.Ž. and J.K.; investigation, K.P., J.R.B., P.D., N.G., and T.J.; formal analysis, K.P., P.D., and J.R.B.; visualization, K.P., P.D., and J.R.B.; writing—original draft preparation, G.Ž. and K.P.; writing—review and editing, J.K., P.D., J.R.B., T.J., and N.G.; project administration, G.Ž.; supervision, G.Ž.; funding acquisition, G.Ž. All authors have read and agreed to the published version of the manuscript.




Funding


This work was fully funded by the Croatian Science Foundation under the project number IP-2016-06-4602 to G.Ž.




Institutional Review Board Statement


The study was conducted according to the guidelines of the European Community Council Directive (86/609/EEC) and the Croatian laws and rules (NN 135/06; NN 37/13; NN 125/13; NN 39/17), and approved by the Faculty Ethical Committee approval, 2 March 2017 (project “Mild repetitive traumatic brain injury: a model-system to study TDP-43-mediated neuropathology and neuroinflammation”).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data that support the findings of this study are available within the article and supplemental data or upon request from the corresponding author.




Acknowledgments


The authors thank Ljerka Delač, Marina Jakovac, Maja Rukavina, and Tanja Mešanović from the Department of Pharmacology for their much-appreciated technical assistance. The authors are grateful to Bojan Polić and Sali Slavić Stupac from the Department of Histology and Miro Samsa from the Laboratory for Mice Breeding and Engineering Rijeka, all from the Faculty of Medicine, University of Rijeka, Rijeka, Croatia, for the breeding and maintenance of mice. Preliminary results regarding chronic neurodegeneration and glial response in the optic tract of wild and transgenic TDP-43 mice were presented at the FENS 2020 Virtual Forum of Neuroscience Glasgow, UK, 11–15 July 2020, and are available at https://www.bib.irb.hr/1084542 (18 June 2021).




Conflicts of Interest


The authors declare no conflict of interests.




References


	



Daneshvar, D.H.; Nowinski, C.J.; McKee, A.C.; Cantu, R.C. The Epidemiology of Sport-Related Concussion. Clin. Sports Med. 2011, 30, 1–17. [Google Scholar] [CrossRef]

	



McKee, A.C.; Daneshvar, D.H.; Alvarez, V.E.; Stein, T.D. The Neuropathology of Sport. Acta Neuropathol. 2014, 127, 29–51. [Google Scholar] [CrossRef]

	



Lancon, J.A.; Haines, D.E.; Parent, A.D. Anatomy of the Shaken Baby Syndrome. Anat. Rec. 1998, 253, 13–18. [Google Scholar] [CrossRef]

	



Bryan, C.J.; Clemans, T.A. Repetitive Traumatic Brain Injury, Psychological Symptoms, and Suicide Risk in a Clinical Sample of Deployed Military Personnel. JAMA Psychiatry 2013, 70, 686–691. [Google Scholar] [CrossRef]

	



Peskind, E.R.; Brody, D.; Cernak, I.; McKee, A.; Ruff, R.L. Military- and Sports-Related Mild Traumatic Brain Injury: Clinical Presentation, Management, and Long-Term Consequences. J. Clin. Psychiatry 2013, 74, 180–188. [Google Scholar] [CrossRef]

	



McCrory, P.; Meeuwisse, W.H.; Aubry, M.; Cantu, B.; Dvorák, J.; Echemendia, R.J.; Engebretsen, L.; Johnston, K.; Kutcher, J.S.; Raftery, M.; et al. Consensus Statement on Concussion in Sport: The 4th International Conference on Concussion in Sport Held in Zurich, November 2012. Br. J. Sports Med. 2013, 47, 250–258. [Google Scholar] [CrossRef] [PubMed]

	



Levin, H.S.; Diaz-Arrastia, R.R. Diagnosis, Prognosis, and Clinical Management of Mild Traumatic Brain Injury. Lancet Neurol. 2015, 14, 506–517. [Google Scholar] [CrossRef]

	



Laurer, H.L.; Bareyre, F.M.; Lee, V.M.; Trojanowski, J.Q.; Longhi, L.; Hoover, R.; Saatman, K.E.; Raghupathi, R.; Hoshino, S.; Grady, M.S.; et al. Mild Head Injury Increasing the Brain’s Vulnerability to a Second Concussive Impact. J. Neurosurg. 2001, 95, 859–870. [Google Scholar] [CrossRef]

	



Belanger, H.G.; Spiegel, E.; Vanderploeg, R.D. Neuropsychological Performance Following a History of Multiple Self-Reported Concussions: A Meta-Analysis. J. Int. Neuropsychol. Soc. 2010, 16, 262–267. [Google Scholar] [CrossRef] [PubMed]

	



McKee, A.C.; Cantu, R.C.; Nowinski, C.J.; Hedley-Whyte, E.T.; Gavett, B.E.; Budson, A.E.; Santini, V.E.; Lee, H.-S.; Kubilus, C.A.; Stern, R.A. Chronic Traumatic Encephalopathy in Athletes: Progressive Tauopathy after Repetitive Head Injury. J. Neuropathol. Exp. Neurol. 2009, 68, 709–735. [Google Scholar] [CrossRef] [PubMed]

	



McKee, A.C.; Gavett, B.E.; Stern, R.A.; Nowinski, C.J.; Cantu, R.C.; Kowall, N.W.; Perl, D.P.; Hedley-Whyte, E.T.; Price, B.; Sullivan, C.; et al. TDP-43 Proteinopathy and Motor Neuron Disease in Chronic Traumatic Encephalopathy. J. Neuropathol. Exp. Neurol. 2010, 69, 918–929. [Google Scholar] [CrossRef]

	



McKee, A.C.; Daneshvar, D.H. The Neuropathology of Traumatic Brain Injury. Handb. Clin. Neurol. 2015, 127, 45–66. [Google Scholar] [CrossRef]

	



McKee, A.C.; Stein, T.D.; Kiernan, P.T.; Alvarez, V.E. The Neuropathology of Chronic Traumatic Encephalopathy. Brain Pathol. Zurich Switz. 2015, 25, 350–364. [Google Scholar] [CrossRef] [PubMed]

	



Gendron, T.F.; Josephs, K.A.; Petrucelli, L. Review: Transactive Response DNA-Binding Protein 43 (TDP-43): Mechanisms of Neurodegeneration. Neuropathol. Appl. Neurobiol. 2010, 36, 97–112. [Google Scholar] [CrossRef] [PubMed]

	



Ratti, A.; Buratti, E. Physiological Functions and Pathobiology of TDP-43 and FUS/TLS Proteins. J. Neurochem. 2016, 138 (Suppl. 1), 95–111. [Google Scholar] [CrossRef] [PubMed]

	



Liu, E.Y.; Russ, J.; Cali, C.P.; Phan, J.M.; Amlie-Wolf, A.; Lee, E.B. Loss of Nuclear TDP-43 Is Associated with Decondensation of LINE Retrotransposons. Cell Rep. 2019, 27, 1409–1421. [Google Scholar] [CrossRef]

	



Mackenzie, I.R.A.; Bigio, E.H.; Ince, P.G.; Geser, F.; Neumann, M.; Cairns, N.J.; Kwong, L.K.; Forman, M.S.; Ravits, J.; Stewart, H.; et al. Pathological TDP-43 Distinguishes Sporadic Amyotrophic Lateral Sclerosis from Amyotrophic Lateral Sclerosis with SOD1 Mutations. Ann. Neurol. 2007, 61, 427–434. [Google Scholar] [CrossRef]

	



Ling, S.-C.; Polymenidou, M.; Cleveland, D.W. Converging Mechanisms in ALS and FTD: Disrupted RNA and Protein Homeostasis. Neuron 2013, 79, 416–438. [Google Scholar] [CrossRef]

	



Arai, T.; Hasegawa, M.; Akiyama, H.; Ikeda, K.; Nonaka, T.; Mori, H.; Mann, D.; Tsuchiya, K.; Yoshida, M.; Hashizume, Y.; et al. TDP-43 Is a Component of Ubiquitin-Positive Tau-Negative Inclusions in Frontotemporal Lobar Degeneration and Amyotrophic Lateral Sclerosis. Biochem. Biophys. Res. Commun. 2006, 351, 602–611. [Google Scholar] [CrossRef]

	



Uryu, K.; Nakashima-Yasuda, H.; Forman, M.S.; Kwong, L.K.; Clark, C.M.; Grossman, M.; Miller, B.L.; Kretzschmar, H.A.; Lee, V.M.-Y.; Trojanowski, J.Q.; et al. Concomitant TAR-DNA-Binding Protein 43 Pathology Is Present in Alzheimer Disease and Corticobasal Degeneration but Not in Other Tauopathies. J. Neuropathol. Exp. Neurol. 2008, 67, 555–564. [Google Scholar] [CrossRef]

	



Higashi, S.; Iseki, E.; Yamamoto, R.; Minegishi, M.; Hino, H.; Fujisawa, K.; Togo, T.; Katsuse, O.; Uchikado, H.; Furukawa, Y.; et al. Concurrence of TDP-43, Tau and Alpha-Synuclein Pathology in Brains of Alzheimer’s Disease and Dementia with Lewy Bodies. Brain Res. 2007, 1184, 284–294. [Google Scholar] [CrossRef] [PubMed]

	



Amador-Ortiz, C.; Lin, W.-L.; Ahmed, Z.; Personett, D.; Davies, P.; Duara, R.; Graff-Radford, N.R.; Hutton, M.L.; Dickson, D.W. TDP-43 Immunoreactivity in Hippocampal Sclerosis and Alzheimer’s Disease. Ann. Neurol. 2007, 61, 435–445. [Google Scholar] [CrossRef] [PubMed]

	



Hatanpaa, K.J.; Bigio, E.H.; Cairns, N.J.; Womack, K.B.; Weintraub, S.; Morris, J.C.; Foong, C.; Xiao, G.; Hladik, C.; Mantanona, T.Y.; et al. TAR DNA-Binding Protein 43 Immunohistochemistry Reveals Extensive Neuritic Pathology in FTLD-U: A Midwest-Southwest Consortium for FTLD Study. J. Neuropathol. Exp. Neurol. 2008, 67, 271–279. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Teng, Z.; Song, Y.; Hu, M.; Chen, C. Inhibition of Monoacylglycerol Lipase Prevents Chronic Traumatic Encephalopathy-like Neuropathology in a Mouse Model of Repetitive Mild Closed Head Injury. J. Cereb. Blood Flow Metab. Off. J. Int. Soc. Cereb. Blood Flow Metab. 2015, 35, 443–453. [Google Scholar] [CrossRef]

	



Saykally, J.N.; Ratliff, W.A.; Keeley, K.L.; Pick, C.G.; Mervis, R.F.; Citron, B.A. Repetitive Mild Closed Head Injury Alters Protein Expression and Dendritic Complexity in a Mouse Model. J. Neurotrauma 2018, 35, 139–148. [Google Scholar] [CrossRef]

	



Heyburn, L.; Abutarboush, R.; Goodrich, S.; Urioste, R.; Batuure, A.; Statz, J.; Wilder, D.; Ahlers, S.T.; Long, J.B.; Sajja, V.S.S.S. Repeated Low-Level Blast Overpressure Leads to Endovascular Disruption and Alterations in TDP-43 and Piezo2 in a Rat Model of Blast TBI. Front. Neurol. 2019, 10, 766. [Google Scholar] [CrossRef]

	



Rajič Bumber, J.; Pilipović, K.; Janković, T.; Dolenec, P.; Gržeta, N.; Križ, J.; Župan, G. Repetitive Traumatic Brain Injury Is Associated With TDP-43 Alterations, Neurodegeneration, and Glial Activation in Mice. J. Neuropathol. Exp. Neurol. 2021, 80, 2–14. [Google Scholar] [CrossRef] [PubMed]

	



Swarup, V.; Phaneuf, D.; Bareil, C.; Robertson, J.; Rouleau, G.A.; Kriz, J.; Julien, J.P. Pathological Hallmarks of Amyotrophic Lateral Sclerosis/Frontotemporal Lobar Degeneration in Transgenic Mice Produced with TDP-43 Genomic Fragments. Brain 2011, 134, 2610–2626. [Google Scholar] [CrossRef] [PubMed]

	



Ventura, R.E.; Balcer, L.J.; Galetta, S.L.; Rucker, J.C. Ocular Motor Assessment in Concussion: Current Status and Future Directions. J. Neurol. Sci. 2016, 361, 79–86. [Google Scholar] [CrossRef]

	



Bailes, J.E.; Petraglia, A.L.; Omalu, B.I.; Nauman, E.; Talavage, T. Role of Subconcussion in Repetitive Mild Traumatic Brain Injury. J. Neurosurg. 2013, 119, 1235–1245. [Google Scholar] [CrossRef] [PubMed]

	



Winston, C.N.; Noël, A.; Neustadtl, A.; Parsadanian, M.; Barton, D.J.; Chellappa, D.; Wilkins, T.E.; Alikhani, A.D.; Zapple, D.N.; Villapol, S.; et al. Dendritic Spine Loss and Chronic White Matter Inflammation in a Mouse Model of Highly Repetitive Head Trauma. Am. J. Pathol. 2016, 186, 552–567. [Google Scholar] [CrossRef]

	



Ojo, J.O.; Mouzon, B.; Algamal, M.; Leary, P.; Lynch, C.; Abdullah, L.; Evans, J.; Mullan, M.; Bachmeier, C.; Stewart, W.; et al. Chronic Repetitive Mild Traumatic Brain Injury Results in Reduced Cerebral Blood Flow, Axonal Injury, Gliosis, and Increased T-Tau and Tau Oligomers. J. Neuropathol. Exp. Neurol. 2016, 75, 636–655. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, W.H.; Martens, K.M.; Bashir, A.; Cheung, H.; Stukas, S.; Gibbs, E.; Namjoshi, D.R.; Button, E.B.; Wilkinson, A.; Barron, C.J.; et al. CHIMERA Repetitive Mild Traumatic Brain Injury Induces Chronic Behavioural and Neuropathological Phenotypes in Wild-Type and APP/PS1 Mice. Alzheimers Res. Ther. 2019, 11, 6. [Google Scholar] [CrossRef]

	



Schmued, L.C.; Albertson, C.; Slikker, W. Fluoro-Jade: A Novel Fluorochrome for the Sensitive and Reliable Histochemical Localization of Neuronal Degeneration. Brain Res. 1997, 751, 37–46. [Google Scholar] [CrossRef]

	



Chidlow, G.; Wood, J.P.M.; Sarvestani, G.; Manavis, J.; Casson, R.J. Evaluation of Fluoro-Jade C as a Marker of Degenerating Neurons in the Rat Retina and Optic Nerve. Exp. Eye Res. 2009, 88, 426–437. [Google Scholar] [CrossRef] [PubMed]

	



Schmued, L.C.; Stowers, C.C.; Scallet, A.C.; Xu, L. Fluoro-Jade C Results in Ultra High Resolution and Contrast Labeling of Degenerating Neurons. Brain Res. 2005, 1035, 24–31. [Google Scholar] [CrossRef]

	



Tenkova, T.I.; Goldberg, M.P. A Modified Silver Technique (de Olmos Stain) for Assessment of Neuronal and Axonal Degeneration. Methods Mol. Biol. Clifton NJ 2007, 399, 31–39. [Google Scholar] [CrossRef]

	



Greenwald, B.D.; Kapoor, N.; Singh, A.D. Visual Impairments in the First Year after Traumatic Brain Injury. Brain Inj. 2012, 26, 1338–1359. [Google Scholar] [CrossRef]

	



Sen, N. An Insight into the Vision Impairment Following Traumatic Brain Injury. Neurochem. Int. 2017, 111, 103–107. [Google Scholar] [CrossRef]

	



Tzekov, R.; Quezada, A.; Gautier, M.; Biggins, D.; Frances, C.; Mouzon, B.; Jamison, J.; Mullan, M.; Crawford, F. Repetitive Mild Traumatic Brain Injury Causes Optic Nerve and Retinal Damage in a Mouse Model. J. Neuropathol. Exp. Neurol. 2014, 73, 345–361. [Google Scholar] [CrossRef]

	



Tzekov, R.; Dawson, C.; Orlando, M.; Mouzon, B.; Reed, J.; Evans, J.; Crynen, G.; Mullan, M.; Crawford, F. Sub-Chronic Neuropathological and Biochemical Changes in Mouse Visual System after Repetitive Mild Traumatic Brain Injury. PLoS ONE 2016, 11, e0153608. [Google Scholar] [CrossRef] [PubMed]

	



Das, M.; Tang, X.; Han, J.Y.; Mayilsamy, K.; Foran, E.; Biswal, M.R.; Tzekov, R.; Mohapatra, S.S.; Mohapatra, S. CCL20-CCR6 Axis Modulated Traumatic Brain Injury-Induced Visual Pathologies. J. Neuroinflamm. 2019, 16, 115. [Google Scholar] [CrossRef]

	



Desai, A.; Chen, H.; Kim, H.-Y. Multiple Mild Traumatic Brain Injuries Lead to Visual Dysfunction in a Mouse Model. J. Neurotrauma 2020, 37, 286–294. [Google Scholar] [CrossRef] [PubMed]

	



Thammisetty, S.S.; Pedragosa, J.; Weng, Y.C.; Calon, F.; Planas, A.; Kriz, J. Age-Related Deregulation of TDP-43 after Stroke Enhances NF-ΚB-Mediated Inflammation and Neuronal Damage. J. Neuroinflamm. 2018, 15, 312. [Google Scholar] [CrossRef]

	



Chen, H.; Richard, M.; Sandler, D.P.; Umbach, D.M.; Kamel, F. Head Injury and Amyotrophic Lateral Sclerosis. Am. J. Epidemiol. 2007, 166, 810–816. [Google Scholar] [CrossRef]

	



Costanza, A.; Weber, K.; Gandy, S.; Bouras, C.; Hof, P.R.; Giannakopoulos, P.; Canuto, A. Review: Contact Sport-Related Chronic Traumatic Encephalopathy in the Elderly: Clinical Expression and Structural Substrates. Neuropathol. Appl. Neurobiol. 2011, 37, 570–584. [Google Scholar] [CrossRef] [PubMed]

	



Franz, C.K.; Joshi, D.; Daley, E.L.; Grant, R.A.; Dalamagkas, K.; Leung, A.; Finan, J.D.; Kiskinis, E. Impact of Traumatic Brain Injury on Amyotrophic Lateral Sclerosis: From Bedside to Bench. J. Neurophysiol. 2019, 122, 1174–1185. [Google Scholar] [CrossRef]

	



Heyburn, L.; Sajja, V.S.S.S.; Long, J.B. The Role of TDP-43 in Military-Relevant TBI and Chronic Neurodegeneration. Front. Neurol. 2019, 10, 680. [Google Scholar] [CrossRef]

	



Bolton Hall, A.N.; Joseph, B.; Brelsfoard, J.M.; Saatman, K.E. Repeated Closed Head Injury in Mice Results in Sustained Motor and Memory Deficits and Chronic Cellular Changes. PLoS ONE 2016, 11, e0159442. [Google Scholar] [CrossRef]

	



Xu, L.; Nguyen, J.V.; Lehar, M.; Menon, A.; Rha, E.; Arena, J.; Ryu, J.; Marsh-Armstrong, N.; Marmarou, C.R.; Koliatsos, V.E. Repetitive Mild Traumatic Brain Injury with Impact Acceleration in the Mouse: Multifocal Axonopathy, Neuroinflammation, and Neurodegeneration in the Visual System. Exp. Neurol. 2016, 275 Pt 3, 436–449. [Google Scholar] [CrossRef]

	



Haber, M.; Hutchinson, E.B.; Sadeghi, N.; Cheng, W.H.; Namjoshi, D.; Cripton, P.; Irfanoglu, M.O.; Wellington, C.; Diaz-Arrastia, R.; Pierpaoli, C. Defining an Analytic Framework to Evaluate Quantitative MRI Markers of Traumatic Axonal Injury: Preliminary Results in a Mouse Closed Head Injury Model. eNeuro 2017, 4. [Google Scholar] [CrossRef] [PubMed]

	



Vonder Haar, C.; Martens, K.M.; Bashir, A.; McInnes, K.A.; Cheng, W.H.; Cheung, H.; Stukas, S.; Barron, C.; Ladner, T.; Welch, K.A.; et al. Repetitive Closed-Head Impact Model of Engineered Rotational Acceleration (CHIMERA) Injury in Rats Increases Impulsivity, Decreases Dopaminergic Innervation in the Olfactory Tubercle and Generates White Matter Inflammation, Tau Phosphorylation and Degeneration. Exp. Neurol. 2019, 317, 87–99. [Google Scholar] [CrossRef] [PubMed]

	



Gazdzinski, L.M.; Mellerup, M.; Wang, T.; Adel, S.A.A.; Lerch, J.P.; Sled, J.G.; Nieman, B.J.; Wheeler, A.L. White Matter Changes Caused by Mild Traumatic Brain Injury in Mice Evaluated Using Neurite Orientation Dispersion and Density Imaging. J. Neurotrauma 2020, 37, 1818–1828. [Google Scholar] [CrossRef]

	



Gangolli, M.; Benetatos, J.; Esparza, T.J.; Fountain, E.M.; Seneviratne, S.; Brody, D.L. Repetitive Concussive and Subconcussive Injury in a Human Tau Mouse Model Results in Chronic Cognitive Dysfunction and Disruption of White Matter Tracts, But Not Tau Pathology. J. Neurotrauma 2019, 36, 735–755. [Google Scholar] [CrossRef]

	



Zetterberg, H.; Smith, D.H.; Blennow, K. Biomarkers of Mild Traumatic Brain Injury in Cerebrospinal Fluid and Blood. Nat. Rev. Neurol. 2013, 9, 201–210. [Google Scholar] [CrossRef]

	



Shahim, P.; Zetterberg, H.; Tegner, Y.; Blennow, K. Serum Neurofilament Light as a Biomarker for Mild Traumatic Brain Injury in Contact Sports. Neurology 2017, 88, 1788–1794. [Google Scholar] [CrossRef] [PubMed]

	



Guedes, V.A.; Kenney, K.; Shahim, P.; Qu, B.-X.; Lai, C.; Devoto, C.; Walker, W.C.; Nolen, T.; Diaz-Arrastia, R.; Gill, J.M.; et al. Exosomal Neurofilament Light: A Prognostic Biomarker for Remote Symptoms after Mild Traumatic Brain Injury? Neurology 2020, 94, e2412–e2423. [Google Scholar] [CrossRef]

	



Laverse, E.; Guo, T.; Zimmerman, K.; Foiani, M.S.; Velani, B.; Morrow, P.; Adejuwon, A.; Bamford, R.; Underwood, N.; George, J.; et al. Plasma Glial Fibrillary Acidic Protein and Neurofilament Light Chain, but Not Tau, Are Biomarkers of Sports-Related Mild Traumatic Brain Injury. Brain Commun. 2020, 2, fcaa137. [Google Scholar] [CrossRef]

	



Cheng, W.H.; Stukas, S.; Martens, K.M.; Namjoshi, D.R.; Button, E.B.; Wilkinson, A.; Bashir, A.; Robert, J.; Cripton, P.A.; Wellington, C.L. Age at Injury and Genotype Modify Acute Inflammatory and Neurofilament-Light Responses to Mild CHIMERA Traumatic Brain Injury in Wild-Type and APP/PS1 Mice. Exp. Neurol. 2018, 301, 26–38. [Google Scholar] [CrossRef]

	



Strong, M.J.; Volkening, K.; Hammond, R.; Yang, W.; Strong, W.; Leystra-Lantz, C.; Shoesmith, C. TDP43 Is a Human Low Molecular Weight Neurofilament (HNFL) MRNA-Binding Protein. Mol. Cell. Neurosci. 2007, 35, 320–327. [Google Scholar] [CrossRef]

	



Moisse, K.; Mepham, J.; Volkening, K.; Welch, I.; Hill, T.; Strong, M.J. Cytosolic TDP-43 Expression Following Axotomy Is Associated with Caspase 3 Activation in NFL-/- Mice: Support for a Role for TDP-43 in the Physiological Response to Neuronal Injury. Brain Res. 2009, 1296, 176–186. [Google Scholar] [CrossRef]

	



Moisse, K.; Volkening, K.; Leystra-Lantz, C.; Welch, I.; Hill, T.; Strong, M.J. Divergent Patterns of Cytosolic TDP-43 and Neuronal Progranulin Expression Following Axotomy: Implications for TDP-43 in the Physiological Response to Neuronal Injury. Brain Res. 2009, 1249, 202–211. [Google Scholar] [CrossRef]

	



Armstrong, R.A. White Matter Pathology in Sporadic Frontotemporal Lobar Degeneration with TDP-43 Proteinopathy. Clin. Neuropathol. 2017, 36, 66–72. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, S.; Phaneuf, D.; Cordeau, P.; Boutej, H.; Kriz, J.; Julien, J.-P. Induction of Autophagy Mitigates TDP-43 Pathology and Translational Repression of Neurofilament MRNAs in Mouse Models of ALS/FTD. Mol. Neurodegener. 2021, 16, 1. [Google Scholar] [CrossRef]

	



Morganti-Kossmann, M.C.; Rancan, M.; Stahel, P.F.; Kossmann, T. Inflammatory Response in Acute Traumatic Brain Injury: A Double-Edged Sword. Curr. Opin. Crit. Care 2002, 8, 101–105. [Google Scholar] [CrossRef]

	



Hanrahan, F.; Campbell, M. Neuroinflammation. In Translational Research in Traumatic Brain Injury; Laskowitz, D., Grant, G., Eds.; Frontiers in Neuroscience; CRC Press/Taylor and Francis Group: Boca Raton, FL, USA, 2016; ISBN 978-1-4665-8491-4. [Google Scholar]

	



Block, M.L.; Hong, J.-S. Chronic Microglial Activation and Progressive Dopaminergic Neurotoxicity. Biochem. Soc. Trans. 2007, 35, 1127–1132. [Google Scholar] [CrossRef]

	



Gao, H.-M.; Hong, J.-S. Why Neurodegenerative Diseases Are Progressive: Uncontrolled Inflammation Drives Disease Progression. Trends Immunol. 2008, 29, 357–365. [Google Scholar] [CrossRef]

	



Namjoshi, D.R.; Cheng, W.H.; McInnes, K.A.; Martens, K.M.; Carr, M.; Wilkinson, A.; Fan, J.; Robert, J.; Hayat, A.; Cripton, P.A.; et al. Merging Pathology with Biomechanics Using CHIMERA (Closed-Head Impact Model of Engineered Rotational Acceleration): A Novel, Surgery-Free Model of Traumatic Brain Injury. Mol. Neurodegener. 2014, 9, 55. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.; Desai, A.; Kim, H.-Y. Repetitive Closed-Head Impact Model of Engineered Rotational Acceleration Induces Long-Term Cognitive Impairments with Persistent Astrogliosis and Microgliosis in Mice. J. Neurotrauma 2017, 34, 2291–2302. [Google Scholar] [CrossRef] [PubMed]

	



Kerschensteiner, D.; Guido, W. Organization of the Dorsal Lateral Geniculate Nucleus in the Mouse. Vis. Neurosci. 2017, 34, E008. [Google Scholar] [CrossRef]

	



May, P.J. The Mammalian Superior Colliculus: Laminar Structure and Connections. Prog. Brain Res. 2006, 151, 321–378. [Google Scholar] [CrossRef]

	



Hofbauer, A.; Dräger, U.C. Depth Segregation of Retinal Ganglion Cells Projecting to Mouse Superior Colliculus. J. Comp. Neurol. 1985, 234, 465–474. [Google Scholar] [CrossRef]

	



Ellis, E.M.; Gauvain, G.; Sivyer, B.; Murphy, G.J. Shared and Distinct Retinal Input to the Mouse Superior Colliculus and Dorsal Lateral Geniculate Nucleus. J. Neurophysiol. 2016, 116, 602–610. [Google Scholar] [CrossRef]

	



Sophie Su, Y.; Veeravagu, A.; Grant, G. Neuroplasticity after Traumatic Brain Injury. In Translational Research in Traumatic Brain Injury; Laskowitz, D., Grant, G., Eds.; Frontiers in Neuroscience; CRC Press/Taylor and Francis Group: Boca Raton, FL, USA, 2016; ISBN 978-1-4665-8491-4. [Google Scholar]

	



Tarsa, L.; Goda, Y. Synaptophysin Regulates Activity-Dependent Synapse Formation in Cultured Hippocampal Neurons. Proc. Natl. Acad. Sci. USA 2002, 99, 1012–1016. [Google Scholar] [CrossRef] [PubMed]

	



Thiel, G. Synapsin I, Synapsin II, and Synaptophysin: Marker Proteins of Synaptic Vesicles. Brain Pathol. Zurich Switz. 1993, 3, 87–95. [Google Scholar] [CrossRef] [PubMed]

	



Schirmer, L.; Merkler, D.; König, F.B.; Brück, W.; Stadelmann, C. Neuroaxonal Regeneration Is More Pronounced in Early Multiple Sclerosis than in Traumatic Brain Injury Lesions. Brain Pathol. Zurich Switz. 2013, 23, 2–12. [Google Scholar] [CrossRef] [PubMed]

	



Kokotos, A.C.; Harper, C.B.; Marland, J.R.K.; Smillie, K.J.; Cousin, M.A.; Gordon, S.L. Synaptophysin Sustains Presynaptic Performance by Preserving Vesicular Synaptobrevin-II Levels. J. Neurochem. 2019, 151, 28–37. [Google Scholar] [CrossRef] [PubMed]

	



Barnes, C.A. Memory Deficits Associated with Senescence: A Neurophysiological and Behavioral Study in the Rat. J. Comp. Physiol. Psychol. 1979, 93, 74–104. [Google Scholar] [CrossRef]

	



Bashir, A.; Abebe, Z.A.; McInnes, K.A.; Button, E.B.; Tatarnikov, I.; Cheng, W.H.; Haber, M.; Wilkinson, A.; Barron, C.; Diaz-Arrastia, R.; et al. Increased Severity of the CHIMERA Model Induces Acute Vascular Injury, Sub-Acute Deficits in Memory Recall, and Chronic White Matter Gliosis. Exp. Neurol. 2020, 324, 113116. [Google Scholar] [CrossRef] [PubMed]

	



Mouzon, B.; Chaytow, H.; Crynen, G.; Bachmeier, C.; Stewart, J.; Mullan, M.; Stewart, W.; Crawford, F. Repetitive Mild Traumatic Brain Injury in a Mouse Model Produces Learning and Memory Deficits Accompanied by Histological Changes. J. Neurotrauma 2012, 29, 2761–2773. [Google Scholar] [CrossRef] [PubMed]

	



McAteer, K.M.; Corrigan, F.; Thornton, E.; Turner, R.J.; Vink, R. Short and Long Term Behavioral and Pathological Changes in a Novel Rodent Model of Repetitive Mild Traumatic Brain Injury. PLoS ONE 2016, 11, e0160220. [Google Scholar] [CrossRef] [PubMed]

	



Kane, M.J.; Angoa-Pérez, M.; Briggs, D.I.; Viano, D.C.; Kreipke, C.W.; Kuhn, D.M. A Mouse Model of Human Repetitive Mild Traumatic Brain Injury. J. Neurosci. Methods 2012, 203, 41–49. [Google Scholar] [CrossRef] [PubMed]

	



Paxinos, G.; Franklin, K.B.J. The Mouse Brain in Stereotaxic Coordinates; Academic Press: San Diego, CA, USA, 2001; ISBN 978-0-12-547636-2. [Google Scholar]

	



Underhill, H.R.; Rostomily, R.C.; Mikheev, A.M.; Yuan, C.; Yarnykh, V.L. Fast Bound Pool Fraction Imaging of the in Vivo Rat Brain: Association with Myelin Content and Validation in the C6 Glioma Model. NeuroImage 2011, 54, 2052–2065. [Google Scholar] [CrossRef] [PubMed]

	



Khodanovich, M.Y.; Sorokina, I.V.; Glazacheva, V.Y.; Akulov, A.E.; Nemirovich-Danchenko, N.M.; Romashchenko, A.V.; Tolstikova, T.G.; Mustafina, L.R.; Yarnykh, V.L. Histological Validation of Fast Macromolecular Proton Fraction Mapping as a Quantitative Myelin Imaging Method in the Cuprizone Demyelination Model. Sci. Rep. 2017, 7, 46686. [Google Scholar] [CrossRef] [PubMed]

	



Ruijter, J.M.; Thygesen, H.H.; Schoneveld, O.J.L.M.; Das, A.T.; Berkhout, B.; Lamers, W.H. Factor Correction as a Tool to Eliminate Between-Session Variation in Replicate Experiments: Application to Molecular Biology and Retrovirology. Retrovirology 2006, 3, 2. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 06584 g001 550] 





Figure 1. Neurodegeneration in the optic tract (OT) of wild-type (WT) and TDP-43G348C mice at 6 months after repetitive mild traumatic brain injury (rmTBI). (A) Representative microphotographs of the OT stained with the Fluoro-Jade C fluorescent dye. Arrows point to Fluoro-Jade C-positive staining. Scale bar: 100 μm. (B) The histogram shows the intensity levels of the fluorescent staining (AU/μm2) in the OT of WT and TDP-43G348C mice of the control groups (Sham) and animals with rmTBI. Results are expressed as means ± SEM (N = 5). * p < 0.05, significantly different from the related Sham. 
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Figure 2. Axonal degeneration in the optic tract (OT) of wild-type (WT) and TDP-43G348C mice at 6 months after repetitive mild traumatic brain injury (rmTBI). (A) Representative microphotographs of the OT stained with the silver staining in the mice of the control group (Sham) and the animals with rmTBI. Scale bar: 200 μm. (B) Microphotographs are higher-magnification images of the areas in the boxes of the corresponding panels. Arrowheads point to the spheroids of degenerating axons. Scale bar: 50 μm. 
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Figure 3. The integrity of myelinated neuronal fibers in the optic tract (OT) of wild-type (WT) and TDP-43G348C mice at 6 months after repetitive mild traumatic brain injury (rmTBI). (A) Representative microphotographs of the OT stained with luxol fast blue (LFB). Higher magnification of the boxed regions reveals an area with reduced myelin and characterized by porous and weaker LFB staining. Dashed lines indicate the OT. Scale bar: 200 μm. (B) The histogram shows the LFB staining density (AU) in WT and TDP-43G348C mice with rmTBI and related control groups (Sham). Results are expressed as means ± SEM (N = 4–6). (C) Representative microphotographs of the OT sections immunostained with anti-myelin basic protein (MBP). Dashed lines indicate the OT. Scale bar: 200 μm. (D) The histogram shows the MBP optical density (AU) in WT and TDP-43G348C mice with rmTBI and related control groups (Sham). Results are expressed as means ± SEM (N = 4–5). 
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Figure 4. Neurofilament light chain (NfL) expression in the optic tract (OT) of wild-type (WT) and TDP-43G348C mice at 6 months after repetitive mild traumatic brain injury (rmTBI). (A) Representative microphotographs of the OT stained with anti-neurofilament light chain protein. Dashed lines indicate the OT. Scale bar: 200 μm (B) The histogram shows NfL optical density (AU) in the axons of the OT in WT and TDP-43G348C mice with rmTBI and related control groups (Sham). Results are expressed as means ± SEM (N = 3–5). 
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Figure 5. Gliosis at 6 months after repetitive mild traumatic brain injury (rmTBI) in the optic tract (OT) of wild-type (WT) and TDP-43G348C mice. (A) Representative microphotographs of the OT immunostained with anti-ionized calcium-binding adaptor molecule 1 (Iba1). Arrowheads point to Iba1-positive cells with “resting” microglial morphology, and arrows point to Iba1-positive cells with activated microglial morphology. Scale bar: 100 μm. (B) The histogram shows the Iba1-positive area (%) in the OT of WT and TDP-43G348C mice with rmTBI and related control groups (Sham). Results are expressed as means ± SEM (N = 5). * p < 0.05, significantly different from the related Sham. (C) Representative microphotographs of the OT immunostained with anti-glial fibrillary acidic protein (GFAP). Arrows point to the GFAP-positive cells with hypertrophic morphology. Scale bar: 100 μm. (D) The histogram shows the GFAP-positive area (%) in the OT of WT and TDP-43G348C mice with rmTBI and related control groups (Sham). Results are expressed as means ± SEM (N = 5). * p < 0.05, significantly different from the related Sham. 
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Figure 6. Barnes maze task performance in wild-type (WT) and TDP-43G348C mice at 6 months after repetitive mild traumatic brain injury (rmTBI). The histogram shows the latency time (s) to reach the target hole during (A) the tests and (B) the retests or the time (s) spent in the target quadrant during (C) the tests and (D) the retests for mice with rmTBI (■) and related control groups (□). Results are expressed as means ± SEM (N = 12–14). 
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Table 1. List of antibodies used for the immunofluorescent (IF) and immunohistological (IHC) analyses.
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	Primary Antibody
	Dilution
	Manufacturer

(Reference Number)



	Rabbit anti-Iba1
	1:1000 (IF)
	Wako Chemicals, Richmond, VA, USA (019-19741)



	Mouse anti-GFAP
	1:200 (IF)
	Cell Signaling Technology, Beverly, MA, USA (#3670)



	Rabbit anti-MBP
	1:2500 (IHC)
	Abcam, Cambridge, UK (ab218011)



	Rabbit anti-NfL
	1:100 (IHC)
	Cell Signaling Technology, Beverly, MA, USA (#2837)



	Mouse anti-SYP
	1:200 (IF)
	Santa Cruz Biotechnology, Santa Cruz, CA, USA (sc-17750)



	Secondary Antibody
	Dilution
	Manufacturer

(Reference Number)



	Goat anti-rabbit Alexa Fluor 594
	1:200 (IF)
	Abcam, Cambridge, UK (ab6901)



	Rabbit anti-mouse Alexa Fluor 594
	1:200 (IF)
	Cell Signaling Technology (#4408)



	Biotinylated goat anti-rabbit
	1:200 (IHC)
	Invitrogen, Carlsbad, CA, USA

(65-6140)







Abbreviations: Iba1, ionized calcium-binding adapter molecule 1; GFAP, glial fibrillary acidic protein; MBP, myelin basic protein; NfL, neurofilament light chain; SYP, synaptophysin.
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