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Abstract

:

A growing body of evidence suggests that hyperbaric oxygenation (HBO) may affect the activity of adult neural stem cells (NSCs). Since the role of NSCs in recovery from brain injury is still unclear, the purpose of this study was to investigate the effects of sensorimotor cortex ablation (SCA) and HBO treatment (HBOT) on the processes of neurogenesis in the adult dentate gyrus (DG), a region of the hippocampus that is the site of adult neurogenesis. Ten-week-old Wistar rats were divided into groups: Control (C, intact animals), Sham control (S, animals that underwent the surgical procedure without opening the skull), SCA (animals in whom the right sensorimotor cortex was removed via suction ablation), and SCA + HBO (operated animals that passed HBOT). HBOT protocol: pressure applied at 2.5 absolute atmospheres for 60 min, once daily for 10 days. Using immunohistochemistry and double immunofluorescence labeling, we show that SCA causes significant loss of neurons in the DG. Newborn neurons in the subgranular zone (SGZ), inner-third, and partially mid-third of the granule cell layer are predominantly affected by SCA. HBOT decreases the SCA-caused loss of immature neurons, prevents reduction of dendritic arborization, and increases proliferation of progenitor cells. Our results suggest a protective effect of HBO by reducing the vulnerability of immature neurons in the adult DG to SCA injury.
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1. Introduction


After years of debate, it is accepted that adult neurogenesis exists in mammals and new functionally integrated neurons are generated throughout adulthood [1]. Neural stem cells (NSCs) in the adult brain reside in the subventricular zone (SVZ) of the lateral ventricle and the subgranular zone (SGZ) of the dentate gyrus (DG) of the hippocampus [2,3]. Through the lifespan, NSCs in the DG add excitatory granular neurons that can integrate into the neuronal network in the granule cell layer (GCL) [4]. Adult neurogenesis in the DG is thought to significantly increase the neural plasticity of the DG and thereby increasing hippocampal functionality [5].



The characteristics of the neurogenic brain regions that enable the smooth development of adult neurogenesis are unclear. Still, it is known that neurogenesis can be promoted or suppressed by various intrinsic or extrinsic factors [2,6]. Adult neurogenesis increases in response to various brain injuries in both neurogenic regions. A positive correlation has been found between the extent of neurogenesis and recovery after traumatic brain injury (TBI) [5].



It has been extensively reported that TBI is still a global burden on the health care system with its growing age-standardized incidence [7,8]. TBI consists of primary and secondary injuries. Primary injury causes permanent loss of neurons that cannot be repaired. Secondary injury represents neuronal degeneration, which is a consequence of primary injury [9,10,11,12]. Our previously published article suggested that secondary injury should be considered as a chronic non-communicable disease [11]. In light of this, and to alleviate symptoms of TBI, the secondary injury should be a potential target for therapeutic procedures. Currently, studies in animal models of TBI are needed to investigate the exact mechanisms of injury and the recovery process [8].



Patients may have post-traumatic amnesia among a wide range of symptoms after TBI [13]. In addition, because damage to the hippocampus has been shown to result in an inability to form new memories [14], cortex lesions can be expected to indirectly affect the morphology and number of neurons in the DG, a part of the hippocampus.



Given the complexity of TBI, a combination of different therapeutic protocols would likely provide the best results. Hyperbaric oxygen therapy (HBOT) has found its place as a preconditioning treatment or adjunctive therapy in treating TBI [8,15]. HBOT is a therapeutic procedure in which the patient intermittently inhales 100% oxygen at a pressure greater than 1 atmosphere absolute (1 ATA) [16]. Many studies have shown that HBOT has positive and negative effects. Interestingly, under hyperbaric conditions, oxygen can deeply penetrate ischemic regions, which may lead to a reduction in lesions caused by TBI [16]. On the other hand, numerous studies have investigated the oxygen toxicity and oxidative stress that may be caused by HBOT [17]. To avoid the side effects of high oxygen concentrations, the treatment parameters of HBOT, such as pressure and duration, must be controlled [18].



As part of neuroplasticity, neurogenesis and synaptogenesis show that the adult brain can adapt even to TBI [19,20]. To our knowledge, we were the first to report that HBOT applied after TBI increases synaptophysin expression, a marker of synaptogenesis. In addition, improvement in locomotor performance and sensorimotor integration was noted after HBOT [21]. Furthermore, a growing number of data suggests that hyperbaric oxygenation can influence the activity of adult NSCs. In addition, recent studies have shown that HBOT stimulates adult neurogenesis [22,23]. Moreover, HBOT promotes the mobilization of neural stem cells to the lesion site to replace presumably damaged neurons [23]. Although the exact mechanisms of HBOT-induced neurogenesis in adults are still unknown, previous studies suggest that various factors, such as hypoxia-inducible factors, are involved [24].



The aim of this study was to investigate the effects of brain injury induced by sensorimotor cortex ablation (SCA) on DG, and the potential therapeutic impact of HBOT on SCA-induced injury by stimulation of adult mammalian neurogenesis. We found that HBOT could prevent SCA-induced loss of newborn immature neurons and impairment of their morphology. In addition, HBOT increased the number of proliferating cells in hippocampal DG after the SCA injury. To our knowledge, this is the first comprehensive immunohistochemical study to visualize the beneficial effects of HBOT on injury-affected neurogenesis in adult hippocampal DG.




2. Results


Notably, there was no statistically significant difference between data obtained for the C and S groups (Figures S2 and S3); therefore, for immunohistochemical and immunofluorescence analysis, all comparisons were made regarding intact controls (data are shown in the Supplemented Material).



2.1. SCA Leads to Layer-Specific Neurodegeneration in the Hippocampal DG


In order to characterize neuronal death in the hippocampal DG and to visualize the location of the cells undergoing degeneration, we used FJB staining (in green, Figure 1A,D) and NeuN to visualize neurons (in red, Figure 1B,E). Given that the GCL of the DG is further divided into an outer-, mid-, and inner-third of granular neurons and the SGZ, where the NSCs are located [25], we wanted to characterize the impact of SCA on the distribution of the FJB-positive neurons in these specific sub-layers. After analysis, no degenerating neurons were seen in any regions of the DG control sections as assessed using FJB staining (Figure 1A,C). In contrast, SCA caused massive neurodegeneration in the DG, as indicated by an increase in the FJB-immunoreactivity (Figure 1D).



Importantly, in SCA sections, we found the sub-layer specificity in the distribution of the FJB- and NeuN-positive neurons (Figure 1D–F). Co-labeling of FJB and NeuN (see yellow fluorescence in Figure 1F) allowed us to detect degenerating neurons and revealed that the vast majority of these NeuN/FJB-positive neurons were located in the inner- (IT) and mid-third (MT) of the GCL and partially in the SGZ. On the other hand, FJB/NeuN-positive neurons were rarely detected in the outer-third (OT) of the GCL of the DG. Furthermore, only a few FJB/NeuN-positive neurons were found in the molecular layer (MOL) of the DG and the hilus (Figure 1F). Based on these results, we concluded that SCA has layer-specific effects on the DG, causing cell death of neurons predominantly in the inner GCL and the SGZ.




2.2. HBOT Prevents/Ameliorates SCA-Provoked Loss of Neurons in the GCL of the Hippocampal DG


To determine whether HBOT could prevent or at least ameliorate SCA-induced cellular loss in the hippocampal DG granule neurons, we performed immunofluorescence staining with neuronal marker NeuN. Cortical injury caused a significant loss of granular neurons stained with NeuN (red fluorescence) in the DG (Figure 2B, arrowheads) in comparison to the control sections (Figure 2A). After SCA, 10 successive HBO treatments prevented/ameliorated neuronal death after SCA (Figure 2C).



Since the loss of NeuN immunoreactivity may predict neuronal degeneration in the rodent hippocampus after various brain injuries [26], we quantified separately NeuN labeling in the suprapyramidal (inner) blade and infrapyramidal (outer) blade of the hippocampal DG [27] in coronal sections of the control, SCA, and HBO-treated animals (Figure 2D,E).



In the control sections, there was no significant difference (p = 0.114) in the NeuN fluorescence intensity (in arbitrary units, AU) between the inner (159.21 ± 6.18) and outer (153.79 ± 4.56) blades of the DG (Figure S2). Hence, all comparisons were made against the NeuN fluorescence intensity of the inner blade.



SCA caused a significant reduction (41.85%, p < 0.001) of NeuN fluorescence intensity (92.59 ± 9.25, black bar) in the inner blade of the DG compared to controls (159.21 ± 6.18, white bar). However, after 10 HBOT, this SCA-induced neurodegeneration was less pronounced (11.49%, p < 0.01) (140.93 ± 3.92, gray bar).



In the outer blade of the DG of animals exposed to SCA, the reduction of NeuN fluorescence intensity was lesser but still significant (26.02%, p < 0.001) (117.78 ± 9.52, black bar) vs. the signal intensity of the control sections (159.21 ± 6.18, white bar). On the other hand, in the HBOT sections, the effect of SCA was attenuated and no statistically significant (9.04%, p = 0.227) difference was observed in the NeuN fluorescence intensity (144.82 ± 5.02) (Figure 2E, gray bar) vs. control. Together, these results suggest that SCA injury induces massive neuronal degeneration in the inner and outer blades of the DG, judging by the significant loss of NeuN immunoreactivity. In contrast, HBOT almost completely prevents/ameliorates this.




2.3. Cell Type of Neurons Undergoing Neurodegeneration in the Hippocampal DG Following SCA Injury and HBOT


Given that a large amount of FJB-positive neurons were detected in the SGZ layer, where the NSCs reside, in this section, we further performed immunofluorescence staining with doublecortin (DCX, green), a marker for early newborn immature neurons [28] and beta-III tubulin (TUJ1, red), which is expressed during hippocampal neurogenesis after DCX and marks newly generated postmitotic neurons [29,30].



2.3.1. HBOT Prevents Loss of DCX-Positive Newborn Immature Neurons in the GCL of the Hippocampal DG Following SCA Injury


First, we performed immunofluorescence staining with doublecortin (DCX, green) to identify the cell layer in which these early newborn immature neurons are localized, as well as to count the number of DCX-positive neurons in the SGZ layer of control, SCA, and HBOT sections separately in the inner and outer blades. As it is apparent from Figure 3, most of the DCX immunoreactivity was found in the SGZ layer. In the control sections (Figure 3A), there was no statistically significant (p = 0.191) difference between the number of DCX-positive cells in the inner (114 ± 10.31) and outer (120 ± 5.14) blades of the DG (Figure S3). Therefore, all comparisons were made against the number of DCX-positive cells in the inner blade (Figure 3D, white bar). DCX immunoreactivity is mainly seen in the SGZ in DCX-positive granular neurons with dendrites that elongate from the SGZ until MOL and in the cells located on the hilar border of the granular layer, probably basket cells (Figure 3A, inset).



SCA caused a significant (p < 0.001) loss in the number of DCX-positive immature neurons, particularly in the inner blade (50.90%) (56 ± 11.03, black bar) compared to the controls (114 ± 10.31, white bar) (Figure 4B,D), and to a less extent, but still noteworthy (38.90%, p < 0.001) in the outer blade (70 ± 10.58, black bar).



Ten successive HBOTs prevented the loss of DCX-positive newborn immature neurons in the SGZ (Figure 3C). In addition, the number of DCX-positive cells in both the inner (116 ± 11.48) and outer (118 ± 5.63) blades of the hippocampal DG (Figure 3D, gray bars) was similar to those counted in control animals. These data indicate that newborn neurons are particularly vulnerable to SCA, while HBOT was able to overcome these effects of SCA and protect these newborn neurons from death.




2.3.2. HBOT Prevents SCA-Caused Neuronal Loss and Dendrite Degeneration of Newborn Immature Neurons in the SGZ of the Hippocampal DG


Light microscopic analysis of DCX immunostaining confirmed a significant loss of DCX-stained cells in the inner blade of the DG beneath the site of the lesion (Figure 4D) compared to the control sections (Figure 4A). Moreover, SCA caused morphological alterations of immature neurons in the SGZ layer of the inner and outer blade (Figure 4E,F). Higher-resolution images of the DG revealed that dendrites of spared neurons in the SGZ were damaged and underwent significant morphological changes. Namely, SCA induced an extreme reduction of dendritic complexity of SGZ neurons, which was manifested by the shortening of dendrite length and reduction of dendritic arborization (Figure 4E,F), as compared with controls (Figure 4B,C).



HBOT prevents and ameliorates these SCA-induced morphological alterations of neurons (Figure 4G–I), and these immature neurons resemble those in the control sections.



In order to show the effect of SCA and HBOT on dendrite arborization, we compared the dendrite total length, average segment length, and the number of branching points of the neurons in the outer blade between the groups (Table 1). There were significant decreases in the dendrite total length (by 43.09%, p < 0.001) and the number of branching points (by 60.77%, p < 0.001) in the SCA group compared to the control and an increase in the average segment length (by 33.18%, p < 0.01). According to this, SCA caused a dramatic reduction of dendritic arborization of the immature neurons in SGZ.



In the SCA + HBO group, the total length of the dendrites was also reduced, but to a lesser extent (by 18.99%, p < 0.01), as well as the number of branching points (by 26.3%, p < 0.01) compared to the control group. However, values of average segmental length were similar in these two groups (p > 0.05).



Altogether, these results suggest that SCA reduces the number of newborn neurons in the DG and causes significant impairment in the development and dendritic arborization. In contrast, HBOT attenuates these changes and protects the morphology of these newborn neurons.




2.3.3. HBOT Prevents Loss of DCX/TUJ1-Positive Newborn Immature Neurons in the GCL of the Hippocampal DG Following SCA Injury


To confirm the results mentioned above, we next performed double immunofluorescence staining with the most accepted markers for early neurons: doublecortin (DCX, green), a marker of early newborn immature neurons in adult DG, and beta-III tubulin (TUJ1, red), which marks newly generated postmitotic neurons (Figure 5). As expected, double staining revealed that in the DG of control sections, DCX/TUJ1-positive immature neurons were mainly located in the SGZ layer of the inner and outer blades (Figure 5A–C). At the higher magnification, DCX/TUJ1-positive cells were also visible in the IT of GCL, with their dendrites extending toward the MT and OT of GCL (Figure 5D–F, arrowheads). Notably, neuronal cell bodies were intensively stained both with DCX and TUJ1 (Figure 5D–F), while dendrites were stained only with DCX (Figure 5D,F, arrowheads). Only a few DCX/TUJ1-positive cells were in the OT of GCL and molecular cell layer (MOL) (Figure 5D–F, white asterisks). In the hilus, a paucity of intensely stained DCX/TUJ1-positive cells with large cell bodies were detected (Figure 5D–F, white arrows), while others with round/oval morphology were mostly TUJ1-positive (Figure 5D–F, yellow arrows).



SCA reduced the DCX/TUJ1-immunoreactivity in the SGZ (Figure 5G–I), principally in the inner blade of the DG below the lesion site. The remaining DCX/TUJ1-positive neurons had altered morphology with shortened and less-branched dendrites (Figure 5J–L, arrowheads). In the hilus, TUJ1-positive neurons with round/oval morphology were still predominant (Figure 5J,K, yellow arrows).



Ten repetitive HBOTs prevented the loss of DCX/TUJ1-positive immature neurons mainly located in the SGZ layer of the inner and outer blade (Figure 5M–O). Interestingly, at higher magnification, we detected that besides neurons with round/oval morphology, which were only TUJ1-positive, some of them were also DCX/TUJ1-positive (Figure 5P–R, yellow arrows). Furthermore, these DCX/TUJ1-positive neurons were primarily located at the hilar border of the GCL. Taken together, these data indicate that newborn neurons were especially vulnerable to SCA, particularly in the inner blade facing the lesion site. Moreover, it is noteworthy to mention that after HBOT, a robust increase of DCX/TUJ1-immunoreactivity, which was widely distributed around the lesion site, was seen (Figure 5M–O, green asterisks).





2.4. Proliferation of Ki67-Positive Newborn Immature Neurons Co-Labeled with DCX in the SGZ of the Hippocampal DG Following SCA Injury and HBOT


To evaluate the proliferative cells of the neuronal lineage in the SGZ of the hippocampal DG after the SCA and HBOT, we performed double immunofluorescent staining with Ki67 (a marker of cell division, red fluorescence), and DCX (a marker of immature neurons, green fluorescence). We counted the number of cells with ongoing proliferation along the entire length of the SGZ of the DG in control, SCA, and SCA + HBO brain sections. Counted cells were either Ki67+/DCX+ (yellow fluorescence, Figure 6A,D,G,J), DCX+ (green fluorescence, Figure 6B,E,H,K), or Ki67+ (red fluorescence, Figure 6C,F,I,L). The results revealed that in all the investigated groups, the majority of cells were DCX-positive. Ki67-positive cells were located predominantly in the SGZ and hilus, irrespective of the investigated group. As expected, the Ki67 signal was restricted to the nuclei of cells (red fluorescence, Figure 6A,C, inset). In contrast, the DCX signal was found mainly in the cell cytosol (green fluorescence, Figure 6, inset to A,B) and the cellular processes arising from the SGZ until the MOL (green fluorescence, Figure 6A,B,G,H, arrowheads). It is important to note that HBOT increased the number of neurons with processes protruding until the molecular cell layer (Figure 6G,H) in contrast to SCA sections (Figure 6D,E), where this was only occasionally seen. Moreover, HBOT increased Ki67-stained cells in the SGZ, hilus, and MOL (Figure 6I, asterisk). When quantified, we demonstrated that SCA radically reduced the number of all counted cells. Compared to the control, the number of Ki67+ cells co-expressing DCX+ decreased by 58.7% (yellow fluorescence, Figure 6J), DCX+ cells by 61.47% (green fluorescence, Figure 6K), and Ki67+ cells by 31.11% (red fluorescence, Figure 6L). In contrast to SCA, after HBOT, the number of Ki67-expressing DCX-positive progenitors was slightly (6.52%) increased compared to controls (yellow fluorescence, Figure 6J), while the number of Ki67+ cells was increased by 22.22% (red fluorescence, Figure 6L). The number of DCX+ cells in the SCA + HBO group was slightly decreased (3.67%) vs. the control group. Next, we determined the fraction of dividing Ki67-expressing progenitors in all the investigated groups. In all the investigated groups of animals, control, SCA, and SCA + HBO, almost the same number of DCX-positive cells co-expressed Ki67 (42.2%, 45.2%, and 46.7%, respectively), being the largest in the HBOT group, where around half of all DCX-positive cells were proliferating immature neurons (Ki67+/DCX+). These results suggest that SCA reduced the number of proliferating and total DCX-expressing progenitors and all Ki67-positive cells. In contrast, HBOT increased the number of proliferating cells after the SCA injury.





3. Discussion


Considering that adult hippocampal neurogenesis is restricted to only one part of the hippocampal formation, the dentate gyrus—DG [31], in this article, we investigate how hyperbaric oxygenation overcomes the impairments of neurogenesis in the adult DG caused by brain injury. The results show that our model of experimental cortical trauma, ablation of the sensorimotor cortex, causes a loss of DG neurons, mostly in the inner granular neuron layer of the inner blade underlying the lesion site. Analysis with cell-specific markers shows that mostly immature neurons of the subgranular layer of DG degenerate. We also demonstrate that injury leads to a reduction in dendrites branching of spared neurons. The most striking finding of this study is that HBOT prevents SCA-induced neuronal death in both the inner and outer blades of the granular layer of the DG. In addition, HBOT prevents the degeneration of dendrites and significantly reduces the loss of newborn immature neurons. Finally, using the endogenously expressed marker Ki67 to label and detect dividing cells and the marker of neuronal progenitors doublecortin (DCX), we demonstrate that SCA radically reduces the number of proliferating cells in SGZ, particularly those of neuronal lineage. Conversely, HBOT increases overall cell proliferation after SCA.



The experimental results on the effects of TBI on hippocampal neurogenesis are complex and seemingly contradictory [32,33,34,35,36]. An important factor contributing to these discrepancies is that different TBI models have other effects on neurogenesis in the adult hippocampus. To better understand how brain trauma can affect the generation of new neurons, which is a prerequisite for using this process to enhance brain repair, it is essential to examine the effects of different TBI models on hippocampal neurogenesis. For methodological reasons, many studies of the effects of TBI on the hippocampus focus on degenerating cells, changes in neurogenesis, and other morphological alterations that can be visualized by using immunostaining or other standard morphological techniques. The specific TBI lesion model, the suction-ablation of the sensorimotor cortex (SCA), that we use here has been thoroughly characterized previously [21,37,38]. SCA is a well-characterized model of focal traumatic brain injury, which permits highly reproducible lesions in the hindlimb sensorimotor cortex, uniform in size and depth [39]. The advantages of this type of cortex injury are well described in Goldstein’s study [37]. Since the lesion is the result of actual removal of brain tissue, pathological events such as inflammatory responses and reactive gliosis are limited [39,40], while secondary processes associated with other types of injuries such as ischemia [41,42], concussive trauma [43], and electrolytic lesions [39] are minimized [37]. This type of injury mimics a clinical condition of immediate brain tissue removal, such as during surgical removal of brain tumors [44].



In our recently published paper, we applied the gray-level co-occurrence matrix algorithm for textural analysis of granular cell bodies to show that SCA resulted in subtle morphological changes in hippocampal DG neurons that could not be detected via classical immunohistochemical analysis [20]. In the present study, we report that SCA causes damage of hippocampal DG neurons, as shown by the reduction of NeuN immunoreactivity, which was used to predict neuronal degeneration in the rodent hippocampus after various brain injuries [26]. The extensive loss of granule cell neurons in this region indicates that the loss of neurons is the most prominent in the part of the granule cell layer below the lesion site. These changes in the GCL probably contribute to the injury-induced impairments of locomotor coordination observed in our previous publications [21,38,45]. Having found that SCA leads to a substantial loss of hippocampal cells, as shown by thinning of the neuronal layers, we want to specify which part of the GCL is most affected. In this way, our results reveal that SCA leads to specific damage of the hippocampus and predominantly affects neurons in the inner-third layer of the inner blade of the GCL. Our findings are consistent with the results of other studies on different animal models of TBI, which also reported that hippocampal neurons are particularly vulnerable to brain injury [32,35,46,47,48]. On the other hand, Becerra et al. [49] have recently shown that controlled cortical impact (CCI) injury causes the loss of neurons in the CA3 region and relative preserves neurons in the GCL, but they did not quantify NeuN+ cells in this region as we did. Indeed, we quantified NeuN fluorescence intensity in the suprapyramidal (inner) and infrapyramidal (outer) blades of the hippocampal DG of control, SCA, and HBO animals and found massive neuronal loss in both the inner (42%) and outer (26%) blades of the DG after SCA injury. In contrast, after HBOT, this effect of SCA is almost completely attenuated. Our results are consistent with those of Baratz and colleagues, who found that HBOT prevents neuronal loss in the blades of the DG [50].



The distribution and extent of cell death in the hippocampus have been shown to vary depending on the injury model [46,51,52], severity of injury [53,54], and age [55]. Moreover, many studies have shown that neurogenesis increases in a time-dependent manner after brain injury depending on the severity of injury [56,57]. Interestingly, our model eliciting a relatively extensive injury shows a similar specific impairment of adult hippocampal neurogenesis as more moderate CCI injury models [32,58]. By combining FJB-staining and double immunofluorescence staining with specific cell-type markers, we demonstrate that predominantly newborn neurons of the SGZ of the hippocampal DG are affected by SCA. To confirm that these progenitor cells are of neuronal lineage, we use DCX, a marker for putative newborn immature neurons [28]. The quantification of DCX-expressing cells shows that the number of DCX-positive immature neurons is significantly reduced (by more than 50%) in the inner blade compared with the control animals and to a lesser extent, but still remarkably (by about 40%) in the outer blade of the DG after the SCA. Our observations are in line with those of other authors who also reported that DCX-expressing neural progenitors are vulnerable to brain injury and undergo cell death in the ipsilateral DG [32,34,36,58]. Light microscope examination of stained sections revealed that spared DCX-positive immature neurons, despite their survival, exhibit a substantial injury-induced alteration of their morphology, manifested by dendritic shrinkage and a considerable reduction in dendritic arborization. Similarly, Villasana et al. also found abnormal dendritic branching after TBI [59]. This significant dendrite damage, accompanied by a reduction in dendritic spines, may represent a potential anatomical substrate that explains, at least in part, the development of posttraumatic memory deficits [35,48]. In contrast, we have shown that 10 consecutive HBOT prevents the loss of these DCX-expressing neural progenitors, ameliorates the observed SCA-caused changes in the SGZ of DG, and protects their morphology. Taken together, our data suggest that HBOT can overcome the harmful effects of SCA and protect newborn neurons from death and morphological deterioration.



To identify the cell type of neurons undergoing degeneration in the SGZ layer of hippocampal DG, we performed double immunofluorescence staining using DCX as a marker for early newborn immature neurons and beta-III tubulin (TUJ1), which is expressed during hippocampal neurogenesis after DCX and labels newly formed postmitotic neurons [29,30]. After the SCA injury, the reduced DCX/TUJ1-immunoreactivity in the SGZ of the DG inner blade facing the lesion site confirms our observations mentioned above that SCA triggers selective death of immature neurons. We also demonstrate that the development of newborn DCX/TUJ1-positive neurons occurs not only in the SGZ layer of the DG but also in the inner- and outer-thirds of the granule cell layer. Interestingly, in the hilus, we found that in addition to the neurons with round/oval morphology, which were only TUJ1-positive, some of them were also DCX/TUJ1-positive. These DCX/TUJ1-positive neurons are primarily located at the hilar border of the granule cell layer and deep in the hilus and are present in all the groups regardless of the treatment protocol. It is suggested that cells with round/oval shape are neuroblasts that are generated in the hilus and migrate to the SGZ and inner part of the GCL to increase the population of neuronal progenitors [60]. They proposed that a substantial population of these hilar progenitors should differentiate into proliferative neuroblasts and immature neurons within the hilus, probably via transitional intermediate cells expressing both astrocytic and neuronal markers. Ten repetitive HBOTs prevent the loss of DCX/TUJ1-positive immature neurons located in the SGZ layer of the inner and outer blades and increase the appearance of progenitors in the hilus. In addition, it is important to note that, after HBOT, DCX/TUJ1-immunoreactivity is abundantly distributed around the lesion site, suggesting that HBOT also increases the number of neuronal progenitors in the peri-lesioned region. However, it is unclear whether these newly generated neurons proliferate locally at the injury site and/or migrate from neurogenic regions along migratory pathways, extending from the SVZ or SGZ to the lesion site, as suggested by some authors [34,61,62].



Finally, we quantify the number of proliferating cells [4] after SCA and HBOT in the subgranular zone of the DG. Immunostaining analysis reveals radically reduced DCX/Ki67-positivity after SCA, particularly in the inner blade of the DG below the lesion site. These observations confirm the results of cell population quantification, showing that after SCA, the fractions of actively dividing neuronal precursors (Ki67/DCX double-positive) and total DCX-expressing progenitors are significantly reduced (by 60%) in the ipsilateral DG. Interestingly, the number of Ki67-labelled cells is reduced to a lesser extent, indicating that some cell populations are unaffected by SCA. These cells are mainly located in the hilus, and most of them do not co-express DCX, suggesting they probably belong to the glial lineage. Our assumption is consistent with the results of Colicos et al. [47], who found that brain injury does not affect the number of astrocytes and oligodendrocytes. Moreover, Liu et al. [63] suggested that the glial fibrillary acidic protein (GFAP)-positive progenitors in the SGZ of the DG give rise to neuronal progenitors that develop into granule neurons. In contrast to SCA, HBOT administration increases overall cell proliferation in the DG, with the proportion of DCX+/Ki67+ proliferating immature neurons accounting for approximately 50% of all DCX-expressing progenitors. Our results are consistent with the observations of Wei et al. [64], who reported that hyperbaric oxygenation promotes neural stem cell proliferation and protects learning and memory in neonatal hypoxic-ischemic brain damage.



Since our knowledge about the exact mechanisms by which HBOT exerts its beneficial effects still needs to be improved, in our recently published review [16], we summarized up-to-date results of potential cellular and molecular mechanisms underlying the beneficial effects of HBOT. We hypothesize that many of these cellular and molecular mechanisms and signaling pathways work in parallel or together, contributing to the establishment of a stimulating local environment that enhances neurogenesis, thereby allowing tissue repair and the recovery of impaired brain functions.



In conclusion, this study shows that SCA not only causes neuronal loss, but also induces remarkable dendritic degeneration of spared neurons and a reduction in proliferation of progenitor cells. In contrast, treatment with HBO prevents the loss and morphological deterioration of immature neurons, promotes the overall proliferation of progenitors, and thus has the potential to improve neurogenesis in the adult hippocampal DG affected by TBI. According to the literature and our results, adequate rehabilitation of the TBI consequences requires a combination of different therapeutic procedures, among which hyperbaric oxygenation therapy seems promising. However, underlying mechanisms remain to be determined.




4. Materials and Methods


4.1. Animals


The experiment was performed on male Wister albino rats, which were 10 weeks old. Animals were housed in four per cage under standard environmental conditions (23 ± 2 °C, 50–60% relative humidity, 12:12 h light-dark cycle, and food and water ad libitum). Animals were randomly divided into groups: Control group (C; n = 6)—age-matched intact animals; Sham control (S; n = 6)—the rats that underwent the surgical procedure without opening the skull; SCA group (SCA; n = 7)—suction ablation of the right sensorimotor cortex; HBO group (SCA + HBO; n = 6)—the rats that were subjected to the HBO protocol after SCA. There was no significant difference within and between the groups considering the animal body weight (250 ± 30 g). Experimental procedures were approved by the Ethical Committee of the University of Belgrade (No. 61206-2915/2-20). They were carried out in strict accordance with Directive 2010/63/EU on the protection of animals used for scientific purposes. Furthermore, all potential problems were considered to keep animal suffering to a minimum.




4.2. Surgical Procedure


Our previously published work describes the surgical procedure in detail [21]. Before the surgery, the rats were anaesthetized with an intraperitoneal injection of Zoletil®50 (Virbac, Carros, France) at 50 mg/kg body weight. After providing the anesthesia, rats were shaved and placed into the stereotaxic frame. The scalp was cut with a scalpel along the midline to expose the bregma. The craniotomy coordinates were: 2 mm anterior to the bregma, 4 mm posterior to the bregma, and 4 mm lateral from the midline [64]. The suction ablation of the right sensorimotor cortex was carefully carried out through a polypropylene tip to the depth of white matter with the purpose of keeping the white matter layer intact, thus separating the lesion cavity from the underlying hippocampus. Dura and the bone flap were returned to the place, and the skin was sutured. After the surgery, the rats from the SCA + HBO group were left to recover for up to 5 h before the hyperbaric oxygen treatment.




4.3. Hyperbaric Oxygen Treatment


The rats in the SCA + HBO group were placed into experimental HBO chambers (Holywell Neopren, Belgrade, Serbia) and exposed to 100% oxygen according to the following protocol: 10 min compression, 2.5 atmospheres absolute (ATA), for 60 min, and 10 min decompression. In addition, hyperbaric oxygen treatment (HBOT) was performed once daily for 10 successive days. This protocol represents the hyperbaric oxygen treatment that is routinely used in the clinical setting of The Centre for Hyperbaric Medicine, Belgrade, Serbia [21,65].




4.4. Brain Tissue Preparation


After the ending of HBOT, animals from all the groups were overdosed with CO2 and decapitated. The brains were dissected and fixed at +4 °C in 4% paraformaldehyde overnight. After fixation, the brains were cryoprotected with immersion in graded sucrose solutions (10%, 20%, and 30% in 0.2 M phosphate buffer pH 7.4) at +4 °C followed by freezing in isopentane cooled to −80 °C. Using a cryostat, the brains were cut into 25-μm thick coronal slices. Afterward, sections at 3.12–3.84 mm anteroposterior to the bregma were mounted on glass slides, air-dried at room temperature, and maintained at −20 °C, until following procedures.




4.5. Immunohistochemistry and Immunofluorescence Staining


Single peroxidase immunohistochemistry was performed to visualize DCX as a marker of newborn neurons to determine the effect of SCA on the immature neurons’ vulnerability in the hippocampal DG. Heated citrate buffer (pH 6) was used as antigen retrieval. Sections were washed in PBS and then incubated in 0.3% H2O2 in methanol for 20 min to block endogenous peroxidase. Normal donkey serum (NDS; 5% solution in PBS; Sigma, Munich, Germany) was used to block unspecific binding. Sections were incubated overnight at 4 °C with an anti-DCX antibody. After using the appropriate primary and peroxidase-linked secondary antibody, the products of immunoreactions were visualized with 3′3-diaminobenzidine (DAB, Dako, Glostrup, Denmark) according to manufacturer instructions. All sections were dehydrated in graded ethanol, cleared in xylene, and mounted in DPX Mounting medium (Sigma-Aldrich, Munich, Germany).



Visualization of TUJ1, a cell marker of neurons from the early stage of neural differentiation, and Ki67, widely accepted as a cell proliferation marker, was performed using double immunofluorescent staining. First, microscopic slides were incubated in 5% NDS with 0.5% Triton X-100 (Sigma-Aldrich, Darmstadt, Germany). After that, sections were incubated overnight with the appropriate primary antibody at +4 °C and with the appropriate secondary for 2 h at room temperature. Immune complexes were visualized after incubation with the secondary antibody.



The double immunofluorescence staining with Fluoro-Jade B (FJB) and Neuronal nuclear antigen (NeuN) was performed as previously described by Parabucki et al. [11]. NeuN was used as a marker of mature neurons. Briefly, sections were first incubated overnight at +4 °C with the primary antibody, and the immune reaction was visualized with a proper secondary antibody. Then, sections were pretreated with a 0.06% potassium permanganate solution for 5 min and incubated with 0.0004% solution of FJB (Chemicon International, Temecula, CA, USA) dissolved in 0.1% acetic acid for 20 min. In addition, sections were counterstained with DAPI (Invitrogen, Grand Island, NY, USA).



The list of the used primary and secondary antibodies is shown in Table 2.




4.6. Quantification of Immunoreactive Cells


Quantification of DCX+ cells was done along the length of the SGZ in the inner and separately in the outer blade of the right dentate gyrus [65]. At the micrographs, DCX-positive cells were easily noticeable and were counted manually. The ImageJ open-source platform (National Institutes of Health, USA; http://imagej.nih.gov/ij/download.html, accessed on 30 January 2022) was used to determine the length of the SGZ. The number of marked cells was expressed per 1 mm of the length of the SGZ.



DCX+, Ki67+, and DCX+/Ki67+ cells were quantified along the entire length of the SGZ of the DG in control, SCA, and SCA + HBO brain sections of the DG. Two independent observers manually counted the total number of single and double-positive cells at corresponding channels using Adobe Photoshop Creative Cloud (Version 14.0). The percentage of single- or double-positive cell populations was also calculated and presented.



NeuN immunoreactivity was quantified in an area of interest, which was defined within the inner and outer blades of the right DG (180 × 180 pixels). Raw immunofluorescent micrographs of the DG were taken under the same conditions at a 20× magnification using a Carl Zeiss AxioVert microscope (Zeiss, Gottingen, Germany) and then used to measure integrated fluorescence density (Figure S1). Integrated density was calculated separately for the inner and outer blades of the DG. After conversion into an 8-bit grayscale format, post-image processing was conducted using ImageJ open-source platform. For more details, see the Supplementary Material.



All images of the selected neurons, placed in the outer blade, were taken under 40× magnification for graphic processing. A total of five neurons were studied for each animal in different experimental groups. These images have been processed in the ImageJ open-source platform to analyze the dendritic arborization and total length of the dendrites in the obtained binary images. We counted the number of branching points, dendrite terminals, and segments to quantify dendritic arborization in each neuron. After converting the taken pictures into binary and skeletonized images for measuring the total dendritic length, we used ImageJ macro called measure skeleton length. The average segmental length represents a ratio between the total dendritic length and the number of segments [66].




4.7. Statistical Analysis


Statistical Package for the Social Sciences (SPSS; IBM, version 22.0, Armonk, NY, USA) was used for the data analysis. First, the normal distribution of data was tested using the Shapiro-Wilk test. All values are expressed as mean ± standard deviation (SD). Differences between the groups were estimated using One-way ANOVA with Tukey’s multiple comparisons post hoc test. Group differences were assessed using the Independent- Samples T-test. Statistical significance was set at p < 0.05, p < 0.01, and p < 0.001.









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms24054261/s1.





Author Contributions


Conceptualization: R.J., S.P., P.B. and S.D.; animal surgery and HBOT administration: S.P., S.D., P.B. and R.J.; immunohistochemistry and microscopy: S.D. and R.J.; software, R.J., S.D. and S.P.; statistical analysis: R.J.; visualization: S.P.; data analysis and manuscript writing: R.J. and S.P.; manuscript review and editing: P.B., I.L., I.B. and M.D.; supervision/mentoring and funding acquisition: P.B. and S.D.; project administration: R.J. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by grants from the Ministry of Science, Technological Development and Innovations of the Republic of Serbia (No. 200110 and No. 451-03-47/2023-01/200007).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and experimental procedures were approved by the Ethical Committee of the University of Belgrade (No. 61206-2915/2-20, 22 September 2020), University of Belgrade, and were carried out in strict accordance with recommendations given by the Directive 2010/63/EU on the protection of animals used for scientific purposes.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in article and Supplementary Material.




Acknowledgments


The authors are grateful to Center for Hyperbaric Medicine, Belgrade, Serbia.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Owji, S.; Shoja, M.M. The History of Discovery of Adult Neurogenesis. Clin. Anat. 2020, 33, 41–55. [Google Scholar] [CrossRef] [PubMed]

	



Jorgensen, C. Adult mammalian neurogenesis and motivated behaviors. Integr. Zool. 2018, 13, 655–672. [Google Scholar] [CrossRef] [PubMed]

	



La Rosa, C.; Parolisi, R.; Bonfanti, L. Brain Structural Plasticity: From Adult Neurogenesis to Immature Neurons. Front. Neurosci. 2020, 14, 75. [Google Scholar] [CrossRef] [PubMed]

	



Mensching, L.; Djogo, N.; Keller, C.; Rading, S.; Karsak, M. Stable adult hippocampal neurogenesis in cannabinoid receptor CB2 deficient mice. Int. J. Mol. Sci. 2019, 20, 3759. [Google Scholar] [CrossRef]

	



Yu, T.S.; Washington, P.M.; Kernie, S.G. Injury-Induced Neurogenesis: Mechanisms and Relevance. Neuroscientist 2016, 22, 61–71. [Google Scholar] [CrossRef]

	



Kempermann, G.; Gage, F.H.; Aigner, L.; Song, H.; Curtis, M.A.; Thuret, S.; Kuhn, H.G.; Jessberger, S.; Frankland, P.W.; Cameron, H.A.; et al. Human Adult Neurogenesis: Evidence and Remaining Questions. Cell Stem Cell 2018, 23, 25–30. [Google Scholar] [CrossRef]

	



Rubiano, A.M.; Carney, N.; Chesnut, R.; Puyana, J.C. Global neurotrauma research challenges and opportunities. Nature 2015, 527, S193–S197. [Google Scholar] [CrossRef]

	



Feigin, V.L.; Nichols, E.; Alam, T.; Bannick, M.S.; Beghi, E.; Blake, N.; Culpepper, W.J.; Dorsey, E.R.; Elbaz, A.; Ellenbogen, R.G.; et al. Global, regional, and national burden of neurological disorders, 1990–2016: A systematic analysis for the Global Burden of Disease Study 2016. Lancet Neurol. 2019, 18, 459–480. [Google Scholar] [CrossRef]

	



Ng, S.Y.; Lee, A.Y.W. Traumatic Brain Injuries: Pathophysiology and Potential Therapeutic Targets. Front. Cell. Neurosci. 2019, 13, 528. [Google Scholar] [CrossRef]

	



Brkić, P.; Sanja, P.; Danijela, K.; Jovanović, T. Hyperbaric oxygenation as an adjuvant therapy for traumatic brain injury: A review of literature. Period. Biol. 2014, 116, 29–36. [Google Scholar]

	



Parabucki, A.B.; Božić, I.D.; Bjelobaba, I.M.; Lavrnja, I.C.; Brkić, P.D.; Jovanović, T.S.; Savić, D.Z.; Stojiljković, M.B.; Peković, S.M. Hyperbaric oxygenation alters temporal expression pattern of superoxide dismutase 2 after cortical stab injury in rats. Croat. Med. J. 2012, 53, 586–597. [Google Scholar] [CrossRef] [PubMed]

	



Pekovic, S.; Subasic, S.; Nedeljkovic, N.; Bjelobaba, I.; Filipovic, R.; Milenkovic, I.; Lavrnja, I.; Stojkov, D.; Jovanovic, S.; Rakic, L.; et al. Molecular basis of brain injury and repair. In Neurobiological Studies—From Genes to Behavior; Ruzdijic, S., Rakic, L.J., Eds.; Research Signpost: Kerala, India, 2006; pp. 143–165. ISBN 81-308-0107-8. [Google Scholar]

	



Capizzi, A.; Woo, J.; Verduzco-Gutierrez, M. Traumatic Brain Injury: An Overview of Epidemiology, Pathophysiology, and Medical Management. Med. Clin. N. Am. 2020, 104, 213–238. [Google Scholar] [CrossRef] [PubMed]

	



Terranova, J.I.; Ogawa, S.K.; Kitamura, T. Adult hippocampal neurogenesis for systems consolidation of memory. Behav. Brain Res. 2019, 372, 112035. [Google Scholar] [CrossRef] [PubMed]

	



Margulies, S.; Hicks, R. Combination therapies for traumatic brain injury: Prospective considerations. J. Neurotrauma 2009, 26, 925–939. [Google Scholar] [CrossRef]

	



Pekovic, S.; Dacic, S.; Krstic, D.; Jeremic, R.; Djelic, M.; Brkic, P. Hyperbaric oxygen therapy in traumatic brain injury: Cellular and molecular mechanisms. In Hyperbaric Oxygen Treatment in Research and Clinical Practice—Mechanisms of Action in Focus; Drenjančević, I., Ed.; InTechOpen: Rijeka, Croatia, 2018; pp. 25–46. ISBN 978-953-51-5916-2. [Google Scholar] [CrossRef]

	



De Wolde, S.D.; Hulskes, R.H.; Weenink, R.P.; Hollmann, M.W.; Van Hulst, R.A. The effects of hyperbaric oxygenation on oxidative stress, inflammation and angiogenesis. Biomolecules 2021, 11, 1210. [Google Scholar] [CrossRef]

	



Daly, S.; Thorpe, M.; Rockswold, S.; Hubbard, M.; Bergman, T.; Samadani, U.; Rockswold, G. Hyperbaric Oxygen Therapy in the Treatment of Acute Severe Traumatic Brain Injury: A Systematic Review. J. Neurotrauma 2018, 35, 623–629. [Google Scholar] [CrossRef]

	



Manivannan, S.; Marei, O.; Elalfy, O.; Zaben, M. Neurogenesis after traumatic brain injury—The complex role of HMGB1 and neuroinflammation. Neuropharmacology 2021, 183, 108400. [Google Scholar] [CrossRef]

	



Pantic, I.; Jeremic, R.; Dacic, S.; Pekovic, S.; Pantic, S.; Djelic, M.; Vitic, Z.; Brkic, P.; Brodski, C. Gray-Level Co-Occurrence Matrix Analysis of Granule Neurons of the Hippocampal Dentate Gyrus Following Cortical Injury. Microsc. Microanal. 2020, 26, 166–172. [Google Scholar] [CrossRef]

	



Brkic, P.; Stojiljkovic, M.; Jovanovic, T.; Dacic, S.; Lavrnja, I.; Savic, D.; Parabucki, A.; Bjelobaba, I.; Rakic, L.; Pekovic, S. Hyperbaric oxygenation improves locomotor ability by enhancing neuroplastic responses after cortical ablation in rats. Brain Inj. 2012, 26, 1273–1284. [Google Scholar] [CrossRef]

	



Hu, Q.; Manaenko, A.; Xu, T.; Guo, Z.; Tang, J.; Zhang, J.H. Hyperbaric oxygen therapy for traumatic brain injury: Bench-to-bedside. Med. Gas Res. 2016, 6, 102–110. [Google Scholar] [CrossRef]

	



Shandley, S.; Wolf, E.G.; Schubert-Kabban, C.M.; Baugh, L.M.; Richards, M.F.; Prye, J.; Arizpe, H.M.; Kalns, J. Increased circulating stem cells and better cognitive performance in traumatic brain injury subjects following hyperbaric oxygen therapy. Undersea Hyperb. Med. 2017, 44, 257–269. [Google Scholar] [CrossRef] [PubMed]

	



Mu, J.; Krafft, P.R.; Zhang, J.H. Hyperbaric oxygen therapy promotes neurogenesis: Where do we stand? Med. Gas Res. 2011, 1, 14. [Google Scholar] [CrossRef] [PubMed]

	



Kempermann, G.; Gast, D.; Kronenberg, G.; Yamaguchi, M.; Gage, F.H. Early determination and long-term persistence of adult-generated new neurons in the hippocampus of mice. Development 2003, 130, 391–399. [Google Scholar] [CrossRef] [PubMed]

	



Collombet, J.M.; Masqueliez, C.; Four, E.; Burckhart, M.F.; Bernabé, D.; Baubichon, D.; Lallement, G. Early reduction of NeuN antigenicity induced by soman poisoning in mice can be used to predict delayed neuronal degeneration in the hippocampus. Neurosci. Lett. 2006, 398, 337–342. [Google Scholar] [CrossRef]

	



Amaral, D.G.; Scharfman, H.E.; Lavenex, P. The dentate gyrus: Fundamental neuroanatomical organization (dentate gyrus for dummies). Prog. Brain Res. 2007, 163, 3–22. [Google Scholar] [CrossRef]

	



Couillard-Despres, S.; Winner, B.; Schaubeck, S.; Aigner, R.; Vroemen, M.; Weidner, N.; Bogdahn, U.; Winkler, J.; Kuhn, H.G.; Aigner, L. Doublecortin expression levels in adult brain reflect neurogenesis. Eur. J. Neurosci. 2005, 21, 1–14. [Google Scholar] [CrossRef]

	



Von Bohlen Und Halbach, O. Immunohistological markers for staging neurogenesis in adult hippocampus. Cell Tissue Res. 2007, 329, 409–420. [Google Scholar] [CrossRef]

	



Korzhevskii, D.E.; Karpenko, M.N.; Kirik, O.V. Microtubule-Associated Proteins as Indicators of Differentiation and the Functional State of Nerve Cells. Neurosci. Behav. Physiol. 2012, 42, 215–222. [Google Scholar] [CrossRef]

	



Kempermann, G. What Is Adult Hippocampal Neurogenesis Good for? Front. Neurosci. 2022, 16, 852680. [Google Scholar] [CrossRef]

	



Chen, J. Selective Death of Newborn Neurons in Hippocampal Dentate Gyrus Following Moderate Experimental Traumatic Brain Injury. J. Neurosci. Res. 2008, 86, 2258–2270. [Google Scholar] [CrossRef]

	



Gao, X.; Enikolopov, G.; Chen, J. Moderate traumatic brain injury promotes proliferation of quiescent neural progenitors in the adult hippocampus. Exp. Neurol. 2009, 219, 516–523. [Google Scholar] [CrossRef] [PubMed]

	



Coates, D.R.; Chin, J.M.; Chung, S.T.L. Forebrain Neurogenesis after Focal Ischemic and Traumatic Brain. Bone 2011, 23, 1–7. [Google Scholar] [CrossRef]

	



Gao, X.; Deng, P.; Xu, Z.C.; Chen, J. Moderate traumatic brain injury causes acute dendritic and synaptic degeneration in the hippocampal dentate gyrus. PLoS ONE 2011, 6, e24566. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Gao, X.; Michalski, S.; Zhao, S.; Chen, J. Traumatic Brain Injury Severity Affects Neurogenesis in Adult Mouse Hippocampus. J. Neurotrauma 2016, 33, 721–733. [Google Scholar] [CrossRef] [PubMed]

	



Goldstein, L.B. Model of recovery of locomotor ability after sensorimotor cortex injury in rats. ILAR J. 2003, 44, 125–129. [Google Scholar] [CrossRef]

	



Lavrnja, I.; Trifunovic, S.; Ajdzanovic, V.; Pekovic, S.; Bjelobaba, I.; Stojiljkovic, M.; Milosevic, V. Sensorimotor cortex ablation induces time-dependent response of ACTH cells in adult rats: Behavioral, immunohistomorphometric and hormonal study. Physiol. Behav. 2014, 125, 30–37. [Google Scholar] [CrossRef]

	



Szele, F.G.; Alexander, C.; Chesselet, M.F. Expression of molecules associated with neuronal plasticity in the striatum after aspiration and thermocoagulatory lesions of the cerebral cortex in adult rats. J. Neurosci. 1995, 15, 4429–4448. [Google Scholar] [CrossRef]

	



Pearlson, G.D.; Robinson, R.G. Suction lesions of the frontal cerebral cortex in the rat induce assymetrical behavioral and catecholaminergic responses. Brain Res. 1981, 218, 233–242. [Google Scholar] [CrossRef]

	



Pulsinelli, W.A.; Brierley, J.B.; Plum, F. Temporal profile of neuronal damage in a model of transient forebrain ischemia. Ann. Neurol. 1982, 11, 491–498. [Google Scholar] [CrossRef]

	



Saunders, D.E.; Howe, F.A.; Van den Boogaart, A.; McLean, M.A.; Griffiths, J.R.; Brown, M.M. Continuing ischemic damage after acute middle cerebral artery infarction in humans demonstrated by short-echo proton spectroscopy. Stroke 1995, 26, 1007–1013. [Google Scholar] [CrossRef] [PubMed]

	



Povlishock, J.T.; Erb, D.E.; Arstruc, J. Axonal response to traumatic brain injury: Reactive axonal change, deafferentation, and neuroplasticity. J. Neurotrauma 1992, 9, S189–S200. [Google Scholar]

	



de Freitas, H.T.; da Silva, V.G.; Giraldi-Guimarães, A. Comparative study between bone marrowmononuclear fraction andmesenchymal stemcells treatment in sensorimotor recovery after focal cortical ablation in rats. Behav. Brain Funct. 2012, 8, 58. [Google Scholar] [CrossRef] [PubMed]

	



Lavrnja, I.; Ajdzanovic, V.; Trifunovic, S.; Savic, D.; Milosevic, V.; Stojiljkovic, M.; Pekovic, S. Cortical ablation induces time-dependent changes in rat pituitary somatotrophs and upregulates growth hormone receptor expression in the injured cortex. J. Neurosci. Res. 2014, 92, 1338–1349. [Google Scholar] [CrossRef] [PubMed]

	



Colicos, M.A.; Dash, P.K. Apoptotic morphology of dentate gyrus granule cells following experimental cortical impact injury in rats: Possible role in spatial memory deficits. Brain Res. 1996, 739, 120–131. [Google Scholar] [CrossRef] [PubMed]

	



Grady, M.S.; Charleston, J.S.; Maris, D.; Witgen, B.M.; Lifshitz, J. Neuronal and Glial Cell Number in the Hippocampus after Experimental Traumatic Brain Injury: Analysis by Stereological Estimation. J. Neurotrauma 2003, 20, 929–941. [Google Scholar] [CrossRef] [PubMed]

	



Winston, C.N.; Chellappa, D.; Wilkins, T.; Barton, D.J.; Washington, P.M.; Loane, D.J.; Zapple, D.N.; Burns, M.P. Controlled cortical impact results in an extensive loss of dendritic spines that is not mediated by injury-induced amyloid-beta accumulation. J. Neurotrauma 2013, 30, 1966–1972. [Google Scholar] [CrossRef] [PubMed]

	



Becerra, A.P.; Logsdon, A.F.; Banks, W.A.; Ransom, C.B. Traumatic brain injury broadly affects GABaergic signaling in dentate gyrus granule cells. eNeuro 2021, 8, 1–15. [Google Scholar] [CrossRef]

	



Baratz-Goldstein, R.; Toussia-Cohen, S.; Elpaz, A.; Rubovitch, V.; Pick, C.G. Immediate and delayed hyperbaric oxygen therapy as a neuroprotective treatment for traumatic brain injury in mice. Mol. Cell. Neurosci. 2017, 83, 74–82. [Google Scholar] [CrossRef]

	



Kelly, K.M. Modeling traumatic brain injury and posttraumatic epilepsy. Epilepsy Curr. 2004, 4, 160–161. [Google Scholar] [CrossRef]

	



Witgen, B.M.; Lifshitz, J.; Smith, M.L.; Schwarzbach, E.; Liang, S.L.; Grady, M.S.; Cohen, A.S. Regional hippocampal alteration associated with cognitive deficit following experimental brain injury: A systems, network and cellular evaluation. Neuroscience 2005, 133, 1–15. [Google Scholar] [CrossRef]

	



Markgraf, C.G.; Clifton, G.L.; Aguirre, M.; Chaney, S.F.; Bois, C.K.D.; Kennon, K.; Verma, N. Injury severity and sensitivity to treatment after controlled cortical impact in rats. J. Neurotrauma 2001, 18, 175–186. [Google Scholar] [CrossRef] [PubMed]

	



Hellmich, H.L.; Capra, B.; Eidson, K.; Garcia, J.; Kennedy, D.; Uchida, T.; Parsley, M.; Cowart, J.; DeWitt, D.S.; Prough, D.S. Dose-dependent neuronal injury after traumatic brain injury. Brain Res. 2005, 1044, 144–154. [Google Scholar] [CrossRef] [PubMed]

	



Tong, W.; Igarashi, T.; Ferriero, D.M.; Noble, L.J. Traumatic brain injury in the immature mouse brain: Characterization of regional vulnerability. Exp. Neurol. 2002, 176, 105–116. [Google Scholar] [CrossRef] [PubMed]

	



Ton, S.T.; Adamczyk, N.S.; Gerling, J.P.; Vaagenes, I.C.; Wu, J.Y.; Hsu, K.; O’Brien, T.E.; Tsai, S.Y.; Kartje, G.L. Dentate Gyrus Proliferative Responses After Traumatic Brain Injury and Binge Alcohol in Adult Rats. Neurosci. Insights 2020, 15, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Ngwenya, L.B.; Danzer, S.C. Impact of traumatic brain injury on neurogenesis. Front. Neurosci. 2019, 13, 1014. [Google Scholar] [CrossRef]

	



Yu, T.S.; Zhang, G.; Liebl, D.J.; Kernie, S.G. Traumatic brain injury-induced hippocampal neurogenesis requires activation of early nestin-expressing progenitors. J. Neurosci. 2008, 28, 12901–12912. [Google Scholar] [CrossRef] [PubMed]

	



Villasana, L.E.; Kim, K.N.; Westbrook, G.L.; Schnell, E. Functional integration of adult-born hippocampal neurons after traumatic brain injury. eNeuro 2015, 2, 1–17. [Google Scholar] [CrossRef]

	



Namba, T.; Mochizuki, H.; Onodera, M.; Mizuno, Y.; Namiki, H.; Seki, T. The fate of neural progenitor cells expressing astrocytic and radial glial markers in the postnatal rat dentate gyrus. Eur. J. Neurosci. 2005, 22, 1928–1941. [Google Scholar] [CrossRef]

	



Masuda, T.; Isobe, Y.; Aihara, N.; Furuyama, F.; Misumi, S.; Kim, T.S.; Nishino, H.; Hida, H. Increase in neurogenesis and neuroblast migration after a small intracerebral hemorrhage in rats. Neurosci. Lett. 2007, 425, 114–119. [Google Scholar] [CrossRef]

	



Zheng, W.; Zhuge, Q.; Zhong, M.; Chen, G.; Shao, B.; Wang, H.; Mao, X.; Xie, L.; Jin, K. Neurogenesis in adult human brain after traumatic brain injury. J. Neurotrauma 2013, 30, 1872–1880. [Google Scholar] [CrossRef]

	



Liu, Y.; Namba, T.; Liu, J.; Suzuki, R.; Shioda, S.; Seki, T. Glial fibrillary acidic protein-expressing neural progenitors give rise to immature neurons via early intermediate progenitors expressing both glial fibrillary acidic protein and neuronal markers in the adult hippocampus. Neuroscience 2010, 166, 241–251. [Google Scholar] [CrossRef]

	



Wei, L.; Wang, J.; Cao, Y.; Ren, Q.; Zhao, L.; Li, X.; Wang, J. Hyperbaric oxygenation promotes neural stem cell proliferation and protects the learning and memory ability in neonatal hypoxic-ischemic brain damage. Int. J. Clin. Exp. Pathol. 2015, 8, 1752–1759. [Google Scholar]

	



Brkic, P.; Mitrovic, A.; Rakic, M.; Grajic, M.; Jovanovic, T. Hyperbaric oxygen therapy of angiopathic changes in patients with inherited gene imbalance. Srpski Arhiv za Celokupno Lekarstvo 2007, 135, 669–671. [Google Scholar] [CrossRef]

	



Puškaš, N.; Zaletel, I.; Stefanović, B.D.; Ristanović, D. Fractal dimension of apical dendritic arborization differs in the superficial and the deep pyramidal neurons of the rat cerebral neocortex. Neurosci. Lett. 2015, 589, 88–91. [Google Scholar] [CrossRef]








[image: Ijms 24 04261 g001 550] 





Figure 1. SCA (suction cortical ablation) induces neuronal death predominantly in the inner- and mid-third of the granule cell layer (GCL) and subgranular zone (SGZ) of the dentate gyrus (DG). (A–C) FJB (green fluorescence) staining in the control sections was weak, and FJB-positive cells were rare. (D) After SCA, a substantial increase in FJB-immunoreactivity indicates increased cellular degeneration. (E) Reduced NeuN (red) immunoreactivity indicates neuronal loss. (F) FJB (green), NeuN (red), and DAPI (blue) fluorescence show strong co-staining, revealing the neuronal identity of degenerating cells. In (C,F), the sections were counterstained with DAPI (blue) to visualize cell nuclei. Most affected are the inner- and mid-third of the GCL and the SGZ, indicating that neurons are undergoing, degeneration particularly in these compartments. FJB/NeuN-positive neurons were occasionally seen in the molecular layer (MOL) of the DG and the hilus. Outer-third (OT), mid-third (MT), inner-third (IT) of the GCL, and the SGZ of the DG. Scale bar 50 µm. 
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Figure 2. Effect of SCA (suction cortical ablation) and HBOT (hyperbaric oxygen therapy) on NeuN immunoreactivity in the GCL (granule cell layer) of the hippocampal DG (dentate gyrus). Significant loss of granular neurons stained with NeuN (red fluorescence) is seen in the DG after SCA (B, arrowheads) in comparison to the control sections (A). In contrast, (C) HBOT ameliorated neuronal loss. (D) NeuN staining in the hippocampus underlying the lesion site. (E) NeuN fluorescence signal intensity (in arbitrary units, AU), quantified separately in the inner and outer blades of the DG in controls (C, white bar), SCA (black bars), and HBO (hyperbaric oxygenation)-treated animals (SCA + HBO, gray bars). After the SCA, the brain sections show a statistically significant decrease in NeuN signal intensity in the inner blade and, to a less extent, in the outer blade of the DG compared to the controls. Following HBOT, the signal intensity of NeuN was comparable to the control level. C—Control, SCA—Suction cortical ablation, SCA + HBO—SCA animals treated with hyperbaric oxygen. Bars represent mean ± SD. The level of significance was analyzed using One-way ANOVA with Tukey’s multiple comparisons post hoc test (* p < 0.001 SCA vs. C, $ p < 0.01 SCA + HBO vs. C, # p < 0.001, SCA + HBO vs. SCA). Scale bar 50 µm (A–D). 
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Figure 3. HBOT prevented the loss of doublecortin (DCX)-immunopositive newborn immature neurons after SCA (suction cortical ablation) in the subgranular zone (SGZ) of the hippocampal dentate gyrus (DG). A total of 25 µm thick frozen brain sections of C—Control, SCA—Suction cortical ablation, and SCA + HBO—SCA animals treated with hyperbaric oxygen were stained with DCX (green). (A) In the control sections, intensive DCX-immunopositivity was seen in the SGZ of the inner and outer blades of the DG. At higher magnification (inset), intensively DCX-labeled newborn neurons with branched dendrites (arrowheads) extended from the SGZ until the molecular layer (MOL). In addition, DCX immunoreactivity is detected in progenitors and basket cells (B) in the hilus. (B) SCA reduced DCX-immunofluorescence and was particularly pronounced in the inner blade of the DG beneath the lesion site (asterisk). (C) After 10 successive HBOT (hyperbaric oxygen therapy), the level of DCX-immunopositivity was as observed in the control. (D) DCX-positive cells were counted separately in the SGZ of the inner and outer blades of the hippocampal DG. Bars represent mean ± SD. Control (C, white bar), SCA (black bars), and HBO (hyperbaric oxygenation)-treated animals (SCA + HBO, gray bars). The significance level was analyzed using One-way ANOVA with Tukey’s multiple comparisons post hoc test (* p < 0.001 SCA vs. C, # p < 0.001 SCA + HBO vs. C). Scale bar: (A–C)—100 µm. 
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Figure 4. Besides prevention of SCA (suction cortical ablation)—which caused the neuronal loss, HBOT (hyperbaric oxygen therapy) impends dendrite degeneration of immature neurons in the SGZ (subgranular zone) as well. (A,B) In the control sections, DCX-stained immature neurons are in the SGZ, with dendrites branching in the inner- and mid-third of the granule cell layer (GCL) until the molecular layer. (C) The reconstructed neuron in the control group. (D,E) SCA causes the loss of neurons in the inner blade. (E) Higher magnification of the outer blade reveals that neurons in the SGZ show significant morphological changes manifested by dendritic shrinkage and reduction of arborization. (F) Reconstructed neuron after SCA. (G,H) HBOT protects neurons in the SGZ and prevents dendritic degeneration. (I) Reconstructed neuron following HBOT. Rectangles indicate where the high-magnification images are taken. Scale bars: (A,D,G)—50 µm, and (B,C,E,F,H,I)—10 µm. 
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Figure 5. DCX (doublecortin) and TUJ1 (beta-III tubulin) immunoreactivity in the hippocampal DG (dentate gyrus) of control, SCA (suction cortical ablation), and HBO (hyperbaric oxygenation)-treated SCA animals. DCX (green) and TUJ1 (red) staining were used to visualize newborn neurons in the brain sections from controls (A–F), animals undergoing SCA (G–L), and HBOT (hyperbaric oxygen therapy) (M–R). (D–F) Higher magnification images of control sections revealed DCX/TUJ1-positive cells in the SGZ (subgranular zone), IT (inner-third) of the GCL (granule cell layer), with dendrites extending toward the MT (mid-) and OT (outer-third) of the GCL (arrowheads). A few DCX/TUJ1-positive cells were located in the OT of the GCL and molecular cell layer (MOL) (white asterisks). In the hilus, we detected some intensely stained DCX/TUJ1-positive cells with large cell bodies (white arrows) and others with round/oval morphology (yellow arrows) that were mostly TUJ1-positive (J–L). Higher magnification indicates that SCA reduced the number of DCX/TUJ1-positive immature neurons in the SGZ compared to control sections (D–F). (M–O) After HBOT, concentrated DCX/TUJ1 immunoreactivity is seen around the lesion site (green asterisks), (P–R) in the SGZ (arrowheads) and in the hilus (yellow arrows) as well. Rectangles indicate where the high-magnification images are taken from. C—control; SCA—sensorimotor cortex ablation. SCA + HBO—SCA animals treated with hyperbaric oxygen. Scale bars: (A,G,M)—100 µm; (D,J,P)—50 µm. 
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Figure 6. Effect of SCA (suction cortical ablation) and HBOT (hyperbaric oxygen therapy) on cell proliferation in the hippocampal DG (dentate gyrus). The proliferation marker Ki67 was used to quantify the number of dividing cells (red fluorescence), while DCX (a marker of immature neurons, green fluorescence) was used to identify cells of neuronal lineage. The higher magnification images of control sections were counterstained with DAPI (blue) to visualize cell nuclei. (A–C, inset) The Ki67 signal was restricted to the nuclei of cells (red fluorescence, A,C insert). In contrast, (A,B, inset), the DCX signal was mainly located in the cell cytosol (green fluorescence) and the cellular processes arising from the SGZ (subgranular zone) until the MOL (molecular cell layer) (green fluorescence, (A,B, arrowheads). SCA reduced Ki67+/DCX+ (D, yellow fluorescence), DCX+ (E, green fluorescence), and Ki67+ (F, red fluorescence) immunoreactivity in SGZ. In contrast, HBOT increased the number of DCX+ neurons with processes extending until the MOL (G,H arrowheads) and increased Ki67 cells in SGZ, hilus, and MOL (I, red fluorescence, asterisk). C—Control, SCA—Suction cortical ablation, SCA + HBO—SCA animals treated with hyperbaric oxygen. (J–L) Cells that were Ki67+/DCX+ (yellow fluorescence), DCX+ (green fluorescence), and Ki67+ (red fluorescence) were counted along the entire SGZ of the DG. While the number of all counted cells was drastically reduced after SCA, following HBOT, the number of proliferating immature neurons was at the same level as observed in the controls. In contrast, the overall proliferation of all Ki67-positive cells increased. Bars represent mean ± SD. The level of significance was analyzed using One-way ANOVA with Tukey’s multiple comparisons post hoc test (* p < 0.001 SCA vs. C, $ p < 0.001 SCA + HBO vs. C, # p < 0.001 SCA + HBO vs. SCA). Scale bar 50 µm (A–I). 
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Table 1. The number of branching points, dendrite total length, and average segment length in the neurons of control, SCA and HBOT brain sections.
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C

	
SCA

	
SCA + HBO

	
p




	
SCA vs. C

	
SCA + HBO vs. C

	
SCA + HBO vs. SCA






	
DTL

	
261.08 ± 24.39

	
148.60 ± 21.25

	
211.51 ± 28.40

	
<0.001

	
<0.01

	
<0.01




	
ASL

	
19.08 ± 1.70

	
25.41 ± 2.84

	
20.46 ± 3.67

	
<0.01

	
0.69

	
<0.05




	
BP

	
6.56 ± 0.96

	
2.57 ± 0.53

	
4.83 ± 0.35

	
<0.001

	
<0.01

	
<0.001








All values are shown as mean ± SD. The level of significance was determined using One-way ANOVA with Tukey’s multiple comparisons post hoc test. DTL—dendrite total length in µm, ASL—average segment length in µm, BP—branching points. C—Control, SCA—Suction cortical ablation, and SCA + HBO—SCA animals treated with hyperbaric oxygen.
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Table 2. The list of the primary and secondary antibodies used for immunohistochemistry and immunofluorescence staining.
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	Antibody
	Source
	Dilution
	Company





	doublecortin
	Goat
	1:200
	Santa Cruz Biotechnology, Santa Cruz, CA, USA



	TUJ1
	mouse
	1:400
	Abcam, Cambridge, MA, USA



	NeuN
	mouse
	1:200
	Milipore, Burlington, MA, USA



	Ki67
	rabbit
	1:100
	Vector Laboratories, Burlingame, CA, USA



	anti-goat HRP conjugated IgG
	donkey
	1:200
	Santa Cruz Biotechnology, Santa Cruz, CA, USA



	anti-goat Alexa Fluor 488
	donkey
	1:200
	Invitrogen (Eugene, OR, USA)



	anti-mouse Alexa Fluor 555
	donkey
	1:200
	Invitrogen (Eugene, OR, USA)



	anti-rabbit Alexa Fluor 555
	donkey
	1:200
	Invitrogen (Eugene, OR, USA)







All micrographs of stained sections were made using a Carl Zeiss AxioVert microscope (Zeiss, Gottingen, Germany) at the following magnifications: 5×, 10×, 20×, 40×, and 63×.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
NeuN signal intensity
Lesion site ¢ OC m SCA @ SCA+HBO

# -

Fluorescence intensity (AU)

20

Inner blade of DG Outer blade of DG





nav.xhtml


  ijms-24-04261


  
    		
      ijms-24-04261
    


  




  





media/file2.png
MOL

GCL

4?); O)‘
GCL

<y

e

ARG g SEEN
At
s

MOL

//\47) Ox
>

3

»

of

g,

G 3
. s e L;'A\‘:-.af.‘ » kt % L‘“‘
Hilus Hilus Y % ok Hilus By

E PSS - L —






media/file5.jpg
DX cell counts D

oc msca @scamso

ks calfmm

Inecbiode oG Ovtr biade o 0G






media/file3.jpg
NeuN signal intensity

OC WSCA @ SCA+HBO

nner wladeof °6

Fluorescence intensity (A

e bl o

Innerblade of DG Outer blade of DG





media/file1.jpg





media/file7.jpg
SCA Control

SCA+HBO






media/file10.png
Lesion site

Lesion site

tesion site

wilus

nilus

wis






media/file12.png
Kie7'‘DCX* cell counts DCX* cell counts

60

w Y o
& = =

Number of Ki67* cells/mm

Number of DCX* cells/mm

Number of DCX*Ki67* cells/mm

o

SCA SCA+HBO SCA SCA+HBO SCA SCA+HBO





media/file9.jpg





media/file0.png





media/file8.png
SCA Control

SCA+HBO






media/file11.jpg
Wi

KI67'DCX" cell counts  DCX" cell counts Ki67" cell counts.

> ) I LK

C sca scamso SCA SCAMHBO SCA SCAMHBO






media/file6.png
DCX* cell counts D

OC mSCA BSCA+HBO

DCX+ cells/mm

Inner blade of DG Outer blade of DG






