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Abstract

:

Evaluation of the chronic effects of spinal cord injury (SCI) has long focused on sensorimotor deficits, neuropathic pain, bladder/bowel dysfunction, loss of sexual function, and emotional distress. Although not well appreciated clinically, SCI can cause cognitive impairment including deficits in learning and memory, executive function, attention, and processing speed; it also commonly leads to depression. Recent large-scale longitudinal population-based studies indicate that patients with isolated SCI (without concurrent brain injury) are at a high risk of dementia associated with substantial cognitive impairments. Yet, little basic research has addressed potential mechanisms for cognitive impairment and depression after injury. In addition to contributing to disability in their own right, these changes can adversely affect rehabilitation and recovery and reduce quality of life. Here, we review clinical and experimental work on the complex and varied responses in the brain following SCI. We also discuss potential mechanisms responsible for these less well-examined, important SCI consequences. In addition, we outline the existing and developing therapeutic options aimed at reducing SCI-induced brain neuroinflammation and post-injury cognitive and emotional impairments.
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1. Introduction


As the primary relay center of neural transmission between the brain and the rest of the body, damage to the spinal cord can be a devastating event. Chronic evaluation of spinal cord injury (SCI) has focused on sensorimotor deficits, neuropathic pain, bladder/bowel dysfunction, loss of sexual function, and emotional distress [1,2,3,4,5]. Although clinical studies have reported that 40–60% of SCI patients show cognitive and emotional deficits [6,7,8,9,10,11,12,13], the cause of such changes has been debated because of potentially confounding factors such as concurrent traumatic brain injury (TBI). However, studies addressing this issue in SCI cases without TBI confirmed impairments in cognitive function [7,8,9,11,14,15]. Such cognitive/emotional impairments can compromise not only quality of life but also rehabilitation and recovery.



Prior research on physiopathology following SCI has focused on injured spinal cord and its anterograde and retrograde pathways to the brain. Conversely, limited work has examined potential effects of SCI on brain regions that impacts learning and memory or emotions. Identifying mechanisms responsible for these less-well-examined, important SCI consequences could provide targets for more effective therapeutic interventions that improve outcome. To date, our mechanistic understanding of this disease process is informed by clinical studies but requires deeper exploration using well-controlled experimental models. In this review, discuss the recent work on cognitive disorders following SCI and also attempt to highlight potential mechanisms that may explain how biochemical, physiological or behavioral changes induced by SCI affect brain circuitry. In addition, we address potential therapeutic options, with emphasis on reducing SCI-induced brain neuroinflammation for limitation of post-injury cognitive and emotional impairments.




2. Neuropsychological Abnormalities and Pathophysiological Alterations in the Brain in Patients with SCI


The current high volume of clinical evidence indicates substantial cognitive impairment in individuals with SCI and no association with level of injury [13]. Roth et al. reported that SCI patients can show decreases in attention span, concentration, memory function, and learning [11], suggesting a wide range of cognitive disabilities. These reported changes in psychological state may not be that surprising given the limited range of mobility that compromises active participation in social, occupational, physical, and leisure activities. A nationwide population-based cohort study in Taiwan found that SCI patients have a significantly higher risk for developing dementia, providing the epidemiologic evidence that SCI can contribute to cognitive decline [14]. Overall, SCI patients are 13 times more likely to develop cognitive impairments [16]. As SCI patients may have concurrent brain injury, some have questioned whether isolated SCI can itself cause cognitive decline and depression [17]. However, there is a high prevalence of major depression in both traumatic and non-traumatic SCI patients, which suggests that depression reflects physiological changes following SCI rather than concurrent traumatic brain injury [18]. Citing these epidemiological studies, the high prevalence of depression and dementia are increasingly recognized as serious secondary complications that can impede recovery of patients.



Mood disturbances are also common in SCI patients. Although the statistics differ across studies, the prevalence of depression, anxiety, and posttraumatic stress disorder (PTSD) are consistently increased in patients with chronic SCI [19,20]. In a study of chronic SCI patients in Australia, 46% reported symptoms indicative of mood disturbance [21]. Another study found that 63% of SCI patients experienced depression within 3 months of injury [22]. One recent study confirmed the high incidence of depression after SCI [23], but with notable sex differences (53.6% of women versus 25% of men); this striking gender variation requires confirmation. Follow-up studies showed that these disorders persisted throughout their lifetime, and intervention was only able to resolve a third of the patients’ mood disorders [24,25].



The concept that SCI causes remote pathophysiological changes in the brain has largely been restricted to localized brain regions associated with sensorimotor modulation pathways. Magnetic resonance imaging (MRI) studies showed that SCI causes extensive long-term reorganization of the cerebral cortex [26,27,28], and complete thoracic SCI patients have decreased grey matter volume in primary motor cortex that is consistent with neuronal loss and/or atrophy [29]. Functional MRI confirmed axonal degeneration and demyelination in the cortex after cervical SCI [30]. Furthermore, prospective longitudinal functional MRI studies reported that SCI can cause progressive reduction in grey matter volume not only in the sensorimotor cortex but also in the regions not directly connected to the injury site; the latter include the cerebellar cortex, medial pre-frontal cortex, and anterior cingulate regions that are critical for the processing of emotional relevant information or modulation of attentional states [29,31,32,33,34]. Perhaps consistent with these observations, SCI has been found to cause impairments in distributed cortical/subcortical networks that are engaged in information processing functions [9]. Moreover, myelin-sensitive MRI parameters measured at one year after SCI were reduced not only within, but also beyond, the atrophic lesion area [31]. Progressive ventricles enlargement and cerebrospinal fluid volume increases provide additional information on the neurodegenerative processes in the brain after SCI [35]. Collectively, these findings support the hypothesis that widespread profound alterations to the brain occur after SCI, which may contribute to the development of cognitive and mood disorders.




3. Experimental Evidence of SCI-Mediated Impairment of Cognition and Depression as Well as Brain Pathology


Experimental models of SCI show that rodents develop cognitive and mood disabilities that parallel those seen in human patients. The first experimental observation potentially suggesting a connection between SCI and worsening brain function used projectile injury to the thorax of pigs wearing body armor [36]. The authors found significant mitochondrial swelling and vacuolated cytoplasm in the hippocampus of the injured group, concurrent with learning and memory impairment. However, due the nature of the insult, the changes reported in this study may not be exclusive to the spinal cord—rather, the transmission of impact force caused by the body armor may have directly affected the brain. Observation of depression-like behavior in contusion SCI was noted by Luedtke et al., who showed abnormalities using a tail suspension test for depressive-like behavior, which could be reversed by administering the anti-depressant drug fluoxetine [37]. Studies from our laboratory [38,39,40] demonstrated that male mice and rats subjected to lower thoracic contusion injury suffered not only from long-term deficits in locomotor function but also gradual loss of cognitive abilities as late as eight weeks after injury. We implemented a battery of behavioral tasks designed to minimize the confounding effects of motor deficits on cognitive performance, including non-spatial recognition memory evaluated by a novel object recognition (NOR) test and hippocampus-dependent spatial working memory examined by the Y maze testing [40]. We found that SCI caused significant impairment in spatial and non-spatial learning, in addition to loss of memory retention. Subsequent work from our group demonstrated that SCI in male mice display increased anxiety-like behavior in an open field test, as well as increased anhedonia in a sucrose preference test, both indicative of anxiety/depression-like behavior [40]. These findings highlight the potential utility of preclinical modeling to try to elucidate key mechanisms and pathology of SCI-induced behavioral alterations.



Following SCI, the blood–spinal cord barrier (BSCB) is disrupted, which is detrimental to tissue recovery [41,42,43]. Yet, whether the blood–brain barrier (BBB) is also compromised following SCI remains unclear. Evans blue, a small molecule that binds rapidly to albumin, provides a useful way to characterize the breakdown of endothelial barriers [44,45]. In addition, low molecular weight (MW) inert tracers like NaF has high sensitivity for determining the breakdown of microvessels in injured CNS [45]. Recently, we examined the permeability of not only the BSCB in injured thoracic spinal cord and lumbar tissue, but also the BBB in the brain after SCI in male mice using both Evans blue and NaF dyes. As indicated in Figure 1, SCI mice exhibited significantly increased permeability of BSCB at injured site beginning 24 h; this peaked at three days and remained elevation at seven days. BSCB permeability was also increased at lumbar regions up to seven-days post-injury. However, neither cervical spinal cord nor the brain sub-regions (cerebral cortex and hippocampus) showed increased BBB permeability.



However, consistent with the clinical pathology, increased activation and functional reorganization in the somatosensory cortex could be observed in the immediate aftermath of SCI [46,47]. Of the few studies that examine neuronal function in the brain after SCI, signs of neurodegeneration, mitochondrial swelling, and vacuolated cytoplasm were observed in the hippocampus along with elevated levels of injury biomarkers in the cerebral spinal fluid [36,48]. In addition, rodent models of experimental SCI also induce neuronal atrophy. Increased brain expression of Calbindin-D (28 K), caspase-3, and Bax protein are associated with increased neuronal apoptosis in the primary motor cortex [49,50,51]. Cell loss in this region was shown to reduce motor evoked potentials, indicating that SCI alters the excitability and functionality of upper motor neurons [49]. Interestingly, injecting/transplanting brain derived neurotrophic factor (BDNF)-secreting cells at the SCI lesion site ameliorated pyramidal neuron loss in the rhesus macaque, providing further mechanistic insight into SCI-induced brain injury, and suggesting that mitigating injury in the spinal cord via of supplementation of neurotrophic factors or otherwise may limit or even prevent neuronal damage in the brain [52]. However, additional examination is needed as reports from subsequent studies have been mixed, with some showing no observable neuronal loss in the cortex following SCI [53,54]. Reasons for these disparate results are not fully understood; however, injury severity, time after injury, and differences in experimental modeling can all affect pathological outcomes. Further investigation of the underlying mechanisms is needed to fully understand SCI-induced cognitive and mood disorders.




4. Neuroinflammation and Neurodegeneration in the Brain after SCI


Chronic inflammation occurs in pain regulatory areas such as brainstem and thalamus after SCI, with posttraumatic hyperesthesia associated with plasticity or electrophysiological alterations [55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71]. Chemokines CCL2 and CCL3 are chronically expressed in thalamus, hippocampal CA3 and dentate gyrus (DG), and periaqueductal gray matter after severe SCI [61]. Our recent autoradiography studies [39] in male rats after SCI, using a new translocator protein 18 kDa (TSPO) ligand [125I] IodoDPA-713 [72] (a new probe for imaging inflammation in clinical PET studies), revealed that cortex, thalamus, hippocampus, cerebellum, and caudate/putamen all showed chronic brain inflammation. Moreover, flow cytometry analysis demonstrated that moderate/severe SCI in C57BL/6 male mice caused significantly increased levels of proinflammatory cytokine IL6 in the brain (Figure 2). These data complemented microscopy findings showing chronic microglial activation in brain after SCI [38,39,40,73,74]. Glial activation was confirmed in the sub-granular zone and molecular layer of the DG in the hippocampus in a severity-dependent manner; such activation was only found in moderate and severe SCI, but not mild [73]. Moreover, increased levels of IL1α and TNFα were observed in the hippocampus of rats with anxiety/depressive-like behavior after SCI [75]. Modulating inflammation has recently been shown to improve mood in patients with SCI [76]. Thus, isolated thoracic SCI in rats and mice causes widespread progressive chronic neuroinflammation, leading to neurodegeneration in key brain regions associated with cognitive dysfunction and depression. However, the precise molecular mechanisms underlying these changes have not been elucidated.



Neurogenesis, the process of generating new neurons from neural stem cells, is usually restricted to fetal and peri-natal time periods in the developing brain and ends shortly after birth. In the adult brain, however, neurogenesis may still be observed in the subgranular zone of the DG in the hippocampal and in the subventricular zone in the lateral wall of the lateral ventricles [77]. Psychiatric and neurodegenerative disorders are often associated with altered neurogenesis [78,79], some theorize cognitive deficits in the elderly result from a gradual decrease in hippocampal neurogenesis during the aging process [80]. Impaired neurogenesis is also seen in the hippocampus with chronic stress and depression [81,82]. With regard to SCI, the data are less clear. Glial activation has been shown to reduce neurogenesis [83]. By extension, SCI-induced brain inflammation could also impact neurogenesis. Several studies reported decreased neurogenesis in the brain at chronic time periods after SCI [38,40,73,84]. Another study, however, found an increase of gliogenesis in the brain following SCI, whereas neurogenesis remained unaltered [85]. This could reflect differences in timing and location, as the former examined the effects of a cervical injury at 90 days after SCI, whereas the latter investigated effects of a thoracic injury at 42 days after SCI. Injury severity may also play a role. Indeed, Jure et al. reported that although severe and moderate SCI reduced neurogenesis, mild SCI did not [73]. To this end, our laboratory has shown that discrete regions of the brain exhibit significant signs of cell cycle arrest and decreased numbers of immature neurons in the male murine hippocampus after SCI to the T10 segment [38,40]. These findings, combined with the widely explored theory of impaired neurogenesis being one of the underlying mechanisms of cognitive decline, may provide an explanation as to why SCI patients have a significantly higher risk of dementia. Although adult neurogenesis is clear in rodents, whether and to what extent adult neurogenesis occurs in humans remains controversial [86,87].




5. The Influence of Aging on SCI-Mediated Cognitive Impairments


According to the report from the National Spinal Cord Injury Statistical Center (NSCISC), the average age at the time of injury has increased from 29 years in the 1970s to approximately 42 years in currently (https://www.sci-info-pages.com/facts.html). Moreover, today individuals with SCI have an average life expectancy of more than 30 years; however, given that such injuries now occur more frequently in older persons than previously, they are more susceptible to problems associated with ageing and dementia. Indeed, cognitive functioning is negatively correlated with age in individuals with SCI [13].



It is well known that ageing potentiates inflammation and neurodegeneration at the injury site, and impairs recovery from CNS trauma [88,89,90,91,92]. Aging is also an important pathogenic factor in other neurodegenerative disorders, including Alzheimer’s disease (AD) [93,94]. Recent large-scale longitudinal population-based studies [14,16,20] showed that patients with SCI are at higher risk of developing dementia than non-SCI patients, indicating that SCI is a potential risk factor for dementia. Therefore, it is intriguing to investigate the mechanisms of SCI-induced dementia or its relationship to age of onset or age-related neurodegenerative disorders such as AD. On the other hand, elderly patients with impaired cognitive function are at risk of sustaining falls [95,96], which are an important cause (30%) of SCI (NSCISC). Furthermore, patients with dementia such as AD, could have higher risk of falls [97,98,99], and therefore increased risk of SCI. Thus, there may be an emerging confluence of SCI and dementia in the elderly population that represents a significant unmet healthcare challenge. We and others [37,38,39,40,49,51,73,74,75] show that cognitive impairments and depression are detected weeks to months after isolated thoracic experimental SCI and that progressive neuronal loss and microglial activation occur in brain regions involved in memory and learning. Extending these observations, using aging and aged animals should help elucidate underlying mechanisms and generate new treatment approaches.




6. Potential Mechanisms for SCI-Mediated Brain Pathology


6.1. Anterograde and Retrograde Mechanisms


Although mounting evidence now indicates that SCI causes a significant change in brain function, the underlying anatomical pathways and molecular mechanisms are not clear. Anterograde and retrograde connections between the spinal cord and various brain regions certainly exist. The contusion site may also affect distal brain regions via the production and diffusion of chemokines. For instance, the chemokine cysteine-cysteine chemokine ligand 21 (CCL21) was shown to be produced in lumbar dorsal horn neurons around the SCI lesion site, but was also found in the thalamus, cerebral cortex, and hippocampus at later time points [39,40,55,100,101]. Subsequent work by De Jong et al. demonstrated that neuronal CCL21 is sorted into large dense-core vesicles and transported into axons, providing evidence for the directed transport from one neuron to another [100]. Indeed, it is now accepted that CCL21 is transported from/throughout neuronal processes into presynaptic structures [101]. This would suggest that chemokines can be transported in an anterograde manner to the areas distant from the lesion site. In addition to CCL21, SCI increases expression of CCL2 and its receptor CCR2 in the thalamus, hippocampus, and periaqueductal gray matter at chronic time points after injury [61]. Further examination is needed to determine the functional role of these and potentially other chemokines once they reach the brain via anterograde (e.g., through spinothalamic pathways) transport.




6.2. Distal Release of CCL21


Neuronal CCL21 is a potent microglial-activating chemokine [55,100,101,102,103,104]. We and others have reported [39,40,55,57] that SCI triggers up-regulation of CCL21 in a number of brain regions including thalamus, hippocampus, and cerebral cortex; increased thalamic CCL21 levels are associated with microglial activation and hyperpathia. CCL21 is not detected in healthy neurons, glia cells, or other non-neuronal cells in the brain [105]. That CCL21 is specifically expressed in injured neurons and that may act as a signal from damaged neurons to microglia were reported in 2001 [103]. Subsequent studies [100,101,104,106] confirm that CCL21 is synthesized by damaged neurons, transported by axons, and released to activate microglia-a phenomenon that has also been observed in humans [107,108]. Thus, CCL21 in the CNS is exclusively expressed in injured neurons and can cause neuroinflammation at sites distant from the injury site. In SCI [55], thalamic levels of CCL21 are rapidly reduced after spinal cord blockade using lidocaine, supporting the view that SCI elevates CCL21 levels in the brain. Increased CCL21 in more distant neurons after SCI [40,55,57] may reflect subsequent damage to second order neurons by the induced microglial activation. It is plausible that (1) activated microglia by CCL21 release pro-inflammatory cytokines that are toxic to surrounding neurons, leading to more distant CCL21 release through their axonal transport, consistent with the evidence for elevated CCL21 signals in broad brain regions at later time-points after SCI [40]; (2) such delayed increases of CCL21 in more distant regions are associated with progressive chronic neuroinflammation [39]. An alternate hypothesis is that activated microglia release microparticles, which contain pro-inflammatory molecules that can contribute to the spread of brain inflammation. It is known that microparticles are extracellular vesicles that play a critical role in cell-cell communication, including between immune cells and their targets. We recently reported [109] that microglial-derived microparticles can mediate progressive, spreading neuroinflammation after TBI. A schematic diagram for CCL21 axonal transport and its effects on microglial activation is illustrated in Figure 3.



Although CCL21 is up-regulated under pathological conditions, the responsible receptor for the CCL21-dependent microglial activation is unclear [105,110,111]. There are two known receptors for CCL21 in mice: CCR7 and CXCR3 [112]. CCR7 is not found in microglia under basal conditions, but it can be induced in vitro and in vivo [103,113,114,115]. In contrast, CXCR3 is constitutively expressed in cultured microglia and in acutely isolated microglia [114]. However, neither the deficiency of CCR7 nor CXCR3 had a major impact on development of neuropathic pain, in contrast to the striking phenotype in the absence of their ligand CCL21. In agreement with earlier studies [102,105,106,110], we were not able to detect CCR7 mRNA or CXCR3 mRNA in the brain, even after SCI. Thus, neither in vitro nor in vivo studies have clearly defined a functional role for CCL21 signaling in microglia. However, the underlying mechanisms of CCL21-triggered detrimental microglial activation and associated functional outcomes, including cognitive deficits are intriguing for future investigation.




6.3. Systemic Immune Functions


Another serious complication in SCI patients is systemic immune dysfunction. The peripheral immune response is complicated, with some studies reporting an increase in systemic inflammatory activation and others showing impaired immunological responses. SCI induces systemic increases in immune cells and pro-inflammatory factors [116]. Free radical production increases significantly in neutrophils isolated from SCI patients compared to control subjects [117]. Expression of the NADPH oxidase subunit gp91(phox) and nitric oxide synthase are increased in blood [117]. SCI increases the NOD-like receptor family, pyrin domain containing 3 (NLRP3) inflammasome formation, in peripheral tissues [118]. Pro-inflammatory cytokine levels of TNFα, IL-1β, and IL-6 are increased in serum after rat spinal cord ischemia injury model [119]. SCI can also disturb neuroendocrine functions, by activating the hypothalamic-pituitary-adrenal axis, causing systemic inflammation by inducing production of macrophage migration inhibitory factors from pituitary gland [120]. Collectively, increased free radical production, inflammasome activation, and cytokine production may exacerbate leukocyte infiltration in the brain and promote excessive microglial activation and chronic inflammation [116].



Contrary to systemic immune activation, SCI can also impair systemic immune function. In clinical studies, SCI survivors have increased morbidity for infections due to the development of SCI-induced immune depression syndrome (SCI-IDS), which is a system-wide deficit of immune surveillance [121]. SCI-IDS is thought to be caused by severing thoracolumbar spinal cord projections, disrupting sympathetic nervous system signaling [122]. Hallmarks of SCI-IDS include splenic atrophy, leukopenia, reduced anti-microbial activity, and impaired humoral immunity. Although SCI-IDS may have a positive effect by reducing the potential for auto-immune damage to the CNS [123], these complications compromise the patient’s immunity, resulting in higher cost of care and rehospitalization incidences. Importantly, pathological changes to the immune system as a whole may promote brain inflammation and significantly impede neurological recovery after SCI.




6.4. Chronic Neuropathic Pain


Chronic neuropathic pain, a common secondary complication of SCI, also plays a major role in the development of depression [18,124]. In the context of clinical cases, persistent pain has been reported in approximately 65% of people affected by SCI [3]. In a cohort study by Perry et al., approximately half of the individuals undergoing rehabilitation after SCI reported “moderate” or “severe” pain [125]. Persistent pain experienced by SCI patients is thought to exacerbate cognitive dysfunction and be detrimental to recovery. In fact, Murry et al. found that post-SCI pain significantly correlated with neurological behavior, and can be used as a predictor of cognitive function, emotional function and quality of life [15]. In a recent Swedish survey, neuropathic pain was one of the most critical factors contributing to the low quality of life reported by SCI patients, surpassing bladder dysfunction, problematic spasticity, pressure sores, and sexual dysfunctions [126]. However, whether pain directly affects cognition is still debated. Post-SCI pain may indirectly lead to cognitive decline and poor recovery by promoting immobility and sleep disturbance. Lack of physical activity is known to be a risk factor for cognitive impairment and dementia whereas moderate to high level of physical activities protect against cognitive impairments [127,128]. Given that most of SCI patients cannot participate in physical activity at an adequate level and only 50% of SCI patients engage in any physical activities during leisure time, it is not surprising that SCI patients are at higher risk of developing cognitive impairments [129,130].



In addition to the lower quality of life that patients experience due to pain and cognitive-emotional disturbance after SCI, depression can also impede the physical rehabilitation process and exacerbate health problems associated with SCI [15]. One study reported approximately one-third of SCI patients have symptoms of depression up to 10 years after injury while others found up to 78% of rehabilitation patients reported chronic pain [131,132]. Despite the difference in frequency, both studies consistently found SCI patients are more anxious and depressed than control subjects [133]. Avluk et al. reported a positive correlation between pain severity and the development of depression [134]. While the exact mechanisms remain to be seen, it is plausible that stress caused by persistent pain underlie these changes in neurological condition. Studies show a strong positive association between usual pain intensity and psychological distress, with significant differences in usual pain severity when those with and without possible clinical levels of anxiety and depression were compared [131,135]. This bidirectional relationship suggests that pain can lead to depression, and that depressed patients may be more sensitive to the pain. Indeed, a study combining rat models of chronic constriction injury and chronic mild stress showed that depressive-like behavior was associated with a heightened aversion to painful stimuli, implying depression can cause increased sensitivity to pain [136]. Those results suggest the possibility of a positive feedback loop wherein chronic SCI pain increases physiological distress and depression, which in turn increases sensitivity to pain. Together, with pain and depression impact cognitive function and recovery. A nationwide study conducted in Canada found that chronic SCI patients diagnosed with neuropathic pain and depression had increased risk of cardiovascular disease, such as heart disease and stroke [137]. Depression is also associated with a two-fold risk of dementia [138,139]. This may be partially due to reduced physical activities and leisure activities in depressed patients [140]. Thus, chronic pain not only increase the prevalence of depression in SCI patients, but depression may also lead to the development of dementia in SCI patients.



It is important to recognize that chronic pain is prevalent in SCI patients and significantly correlates with cognitive decline and depression. However, to what degree chronic pain causes those problems requires further investigation. The presence of unremitting pain may lead to dementia, cognitive dysfunction, and depression by altering patients’ behavior such as reducing physical activity and sleep quality. This differs from direct anterograde or retrograde signaling or altering physiological alternation such as inducing systemic inflammation; adding another layer complexity to how SCI induces cognitive and mood dysfunctions. Careful observation should be made to determine whether focused efforts on pain management in SCI patients can have extended benefits on cognitive and emotional well-being and vice versa.





7. Potential Therapeutic Intervention


7.1. Anti-Depressants


Due to the detrimental effects that mood disorders have on SCI patients, mood stabilization and maintaining good mental health is of the utmost importance to recovery and rehabilitation. As described above, depression is associated with decreased physical activity and increased risk of developing dementia [139,140]. Anti-depressant drugs can be advantageous in treating SCI-mediated depression, including improving mood status and quality of life following surgery, and reducing risk of delirium and suicide [141]. Venlafaxine may be more appropriate for patients with SCI presenting with depression and/or nociceptive pain [142,143,144]. In addition, antidepressant medications have been predicted to treat SCI pain. Some reports show an increased effectiveness of tricyclic antidepressants (TCA) on severe depression in SCI patients compared to those without SCI [145]. TCA may also be effective in ameliorating SCI-induced pain. An eight-week clinical trial showed that the TCA medication amitriptyline was significantly more effective at ameliorating neuropathic pain in SCI patients compared with diphenhydramine [146]. However, the efficacy of antidepressants in SCI pain management is still debated. The antidepressant duloxetine was reported to alleviate dynamic and cold allodynia but had no effect on tactile or pressure pain thresholds [147].



In experimental SCI models in rat, there is no correlation between locomotor functional recovery, assessed with the Basso, Beattie, and Bresnahan (BBB) scale, and performance on the depression tests including the sucrose preference, forced swim, open field, social exploration, and burrowing tasks [37], indicating the characterization of depression does not depend on motor recovery. One promising anti-depressant proven in experimental SCI is fluoxetine. The combined treatment of fluoxetine and treadmill gait training shows better BBB scale score in SCI rats than non-treated group or groups treated with fluoxetine or treadmill gait training alone [148]. Fluoxetine is a selective serotonin reuptake inhibitor that allows higher extracellular serotonin concentrations and prolonged activation of serotonin receptors. This might be one reason fluoxetine improve BBB score since serotonin receptor activation is known to contribute to motor function recovery after SCI [149]. Furthermore, fluoxetine is known to induce the production of neurotrophic factors and affect brain physiology. High dose fluoxetine (21 days of daily i.p. injections of 25 mg/kg) increased BDNF production and hippocampal neurogenesis in rats following SCI [150]. However, there were no synergistic effects of combining exercise and fluoxetine treatment on neurotrophic factor expression. Although BDNF concentrations did not change in the spinal cord with either physical activity or fluoxetine treatment, IGF-1 levels and cytogenesis were significantly decreased with high dose fluoxetine alone [150]. However, a low dose of fluoxetine (5 mg/kg/day) that has been shown to be subthreshold for increasing motor activity significantly decreased immobility in the forced swim test in depressed SCI rats without altering locomotor functional recovery [37]. These findings indicate fluoxetine has differential effects on the spinal cord and brain, including anti-inflammatory actions. Furthermore, whether improved mood by fluoxetine treatment affects cognitive function following SCI remains unclear. Ultimately, a better understanding of modifiable risk factors underlying cognitive impairment and depression in SCI subjects could lead to the development of more-effective interventions to treat these symptoms.




7.2. Cell Cycle Activation Inhibition


Although anti-depressants may potentially alleviate the symptoms of post-SCI depression, further research on the molecular mechanisms driving this neurological condition could yield more promising methods of treatment or prevention. One of these potential mechanisms involves cell cycle activation (CCA), which has been experimentally proven harmful after neurotrauma [151]. CCA is known an important secondary injury mechanism after TBI or SCI [57,60,152,153,154,155,156,157,158,159,160,161,162,163,164,165,166,167] that contributes to early posttraumatic neuronal cell death as well as to chronic neuroinflammation that leads to delayed progressive neurodegeneration. Using experimental SCI contusion models, we showed that treatment with cyclin-dependent kinase (CDK) inhibitors reduces neuronal death and microglial/astrocyte reactivity, attenuates lesion volume, and improves motor recovery [57,155,156,157,158,160]. Our recent data indicate that CCA increased not only in the lesioned spinal cord but also in various brain regions (thalamus, cortex, hippocampus) following SCI [38,39,57]. The expression of cell cycle genes are increased in multiple brain regions, where mRNA levels of cyclin A1, cyclin A2, cyclin D1, and PCNA genes were significantly increased as early as first few days after SCI and remained elevation at three months post-injury [38]. Cyclin D1 protein levels were also elevated in these regions [38,57]. Among initiating factors for CCA, the E2F1 transcription factor showed elevations in the hippocampus 24 h after injury in both rat and mouse, consistent with our previous report in the injured spinal cord [160]. E2F1-3 are members of the activator sub-family of E2F transcription factors and play a key upstream role in CCA [168,169]. Thus, E2Fs may represent a potential target to modulate these pathways. Importantly, early treatment with CR8, a potent inhibitor of multiple CDKs after injury largely prevented both the posttraumatic neuroinflammation and progressive neurodegeneration in the brain, as well as long-term cognitive dysfunction and depressive-like behavior [38,39]. As CCA activation causes cell death of post-mitotic cells (neurons, oligodendroglia) as well as activation and proliferation of mitotic cells (microglia, astrocytes) with neuroinflammation and secondary neurotoxicity [161], the effectiveness of CCA inhibitors likely involves multiple cell types.




7.3. Targeting Inflammation


A possible mechanism underlying the high dementia risk among patients with SCI is posttraumatic neuroinflammation and associated neurodegeneration. As the major cellular component of the innate immune system in the CNS, microglia play a critical role in the response to CNS trauma. In response to injury, microglia can produce neuroprotective factors, clear cellular debris and orchestrate neurorestorative processes that are beneficial for neurological recovery. However, dysregulated microglia can also produce high levels of pro-inflammatory and cytotoxic mediators that hinder CNS recovery [170,171]. Chronic neuroinflammation often continues for months to years after CNS trauma [170,171,172,173,174,175,176,177,178,179,180,181], contributing to delayed, progressive neuronal cell loss and neurological dysfunction. Chronic brain neuroinflammation after SCI is associated with progressive neurodegeneration in the brain regions associated with cognitive impairment [40]. Based on recent experimental work, an alternate hypothesis is that SCI-induced neuroinflammation affects hyperpathic pain, depression, and cognition. Considerable data also suggest that chronic neurotoxic inflammation may be a critical pathogenic mechanism in neurodegenerative disorders including AD [93,94]. SCI-mediated neuropsychological abnormalities are not necessarily “reactive” symptoms, but may reflect specific pathobiological changes that can be targeted [38,39,40,75]. Recent randomized clinical trials reported that targeting inflammation improves mood and neuropathic pain following SCI [76,182].



We and others have shown the importance of phagocytic NADPH oxidases (NOX2) in microglial activation and correlated production of pro-inflammatory factors, along with chronic neuronal cell loss and associated neurological dysfunction, after TBI or SCI [175,183,184,185,186]. Depletion or inhibition of NOX2 reduce reactive oxygen species (ROS) production and alter microglia/macrophage polarization balance toward the anti-inflammatory phenotype after neurotrauma [187,188,189], leading to neuroprotection. In a mouse SCI model, the combined use of the nonspecific apocynin and the AMPA receptor inhibitor NBQX resulted in reduced lesion volume and increased preservation of white matter and a greater overall improvement to functional recovery out to 6 weeks post-injury [190]. Systemically acute inhibition of NOX2 by NOX2ds-tat (a peptide that specific inhibits NOX2) can result in long-term alterations in function and microglial activity after SCI [186]. We have recently reported [188] that constitutive depletion or systemically inhibition of NOX2 significantly reduced mechanical/thermal cutaneous hypersensitivity and motor dysfunction after moderate contusion SCI at T10 in male mice. Thus, NOX2 signaling may be one of the key mechanisms of posttraumatic neuroinflammation after brain or spinal cord insults that can be effectively targeted by NOX2 inhibitors or gene knockout in TBI or SCI. Whether or not NOX2 activation contributes to subsequent brain inflammation and neurodegeneration following SCI is intriguing for future investigation.



Furthermore, targeting CNS resident microglial populations have been pursued as potential therapeutics for various neurodegenerative diseases [191], including neurotrauma, but most such approaches have lacked specificity and/or modest effectiveness in decreasing adult microglia. Genetic deletion of CX3CR1, a microglial chemokine receptor, promotes recovery after SCI, but this receptor is also highly expressed by infiltrating macrophages [192,193]. Recently developed transgenic mice (CX3CR1CreER/+:R26iDTR/+) permit depletion of resident microglia in the CNS but not blood CX3CR1+ cells [194]. Additionally, microglia are dependent on colony-stimulating factor 1 receptor (CSF1R) signaling for survival in the healthy adult brain [195]. Administration of CSF1R antagonists results in the rapid and continued elimination of virtually all microglia from the CNS, without significant effects on peripheral macrophage populations [195]. Mice lacking microglia, using this approach, are healthy, viable, and show no deleterious effects. Elimination of microglia is highly beneficial in CNS disease models [196,197,198,199], suggesting that CSF1R antagonists can be effective therapeutically for various CNS disorders associated with neuroinflammation. Crucially, CSF1R antagonists are in clinical trials for various cancers, and thus, these findings may be more readily translatable.





8. Conclusions and Perspectives


Across studies in human and experimental models, SCI-induced cognitive and mood disorders are consistently observed. fMRI imaging of the spinal cord reveals a reorganization of cortical networks in the brain following SCI in humans, including impairments in distributed cortical/subcortical networks that are engaged in information processing functions [9,200]. Recent preclinical work has begun to elucidate the underlying mechanisms of cognitive impairments following SCI, such as CCL21 release, neuroinflammation, and cell cycle pathways. However, the full picture of the connection between SCI and brain circuit dysfunction is yet to be uncovered. For example, anterograde and retrograde transport mechanisms are suggested to cause brain circuit dysfunctions after SCI, but the exact mechanisms involved are not yet understood.



In summary, cognitive dysfunction after SCI may reflect a combination of biochemical, physiological and behavioral alternations induced by SCI. Although potential clinical confounding factors include concomitant brain injury, psychological abnormality, as well as cardiovascular and sleep disorders, growing evidence demonstrates that SCI induces functional changes in the brain. Thus, it is important to view SCI as a brain degenerative disease in addition to a traditional understanding of SCI as a traumatic event. Future SCI rehabilitation efforts should better emphasize and examine the potential cognitive changes and mood disorders following SCI. Similarly, preclinical studies should further address these important translational issues in addressing injury mechanisms and therapeutic approaches to SCI.
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Figure 1. Blood–brain barrier (BBB) and blood–spinal cord barrier (BSB) permeability assay. A T10 spinal cord contusion injury (moderate/severe injury) was produced in young adult C57BL/6 male mice (2–3 months old) using the Infinite Horizon spinal cord impactor as previously described [38,40]. 100 μL of saline solution containing 10% sodium fluorescein and 2% Evans blue was injected by tail vein (100 μL/mouse) at 1 d, 3 d, and 7 d after SCI. At 30 min after dye injection, mice were perfused with 100 mL of saline and injured thoracic spinal cord (SPC), lumbar and cervical SPC, as well as cerebral cortex and hippocampus were dissected for fluorescent assay (sodium fluorescein at 485/528 nm, Evans blue at 470/680 nm). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. Sham. One-way ANOVA following Tukey’s multiple comparisons test. 
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Figure 2. Increased proinflammatory cytokine IL6+ microglia occur in the brain after SCI. A T10 spinal cord contusion injury (moderate/severe injury) was produced in young adult C57BL/6 male mice (2–3 months old) using the Infinite Horizon spinal cord impactor as previously described [38,40]. At seven days after injury, mice were perfused with ice-cold PBS, and the brain hemisphere was isolated for preparation of single cell suspension using standard FACS protocol. Cells were then incubated with Fc Block prior to staining with primary antibody-conjugated fluorophores: CD45-Bv421, CD11b-APC/FireTM750, and Zombie AquaTM viability dye. Cells were then subject to fixation/permeabilization for cytokine labeling (i.e., IL-6-PE). All reagents were obtained from BioLegend Inc. (A) A representative histogram shows the relative frequency of IL-6-positive brain-resident microglia at seven days after sham and SCI surgery. FMO: fluorescence minus one; SSC-A: side scatter-area. (B) The percentage of IL6-positive brain microglia is quantified. N = 4 (Sham) and 5 (SCI) mice. * p < 0.05 vs. Sham with Mann–Whitney test. 






Figure 2. Increased proinflammatory cytokine IL6+ microglia occur in the brain after SCI. A T10 spinal cord contusion injury (moderate/severe injury) was produced in young adult C57BL/6 male mice (2–3 months old) using the Infinite Horizon spinal cord impactor as previously described [38,40]. At seven days after injury, mice were perfused with ice-cold PBS, and the brain hemisphere was isolated for preparation of single cell suspension using standard FACS protocol. Cells were then incubated with Fc Block prior to staining with primary antibody-conjugated fluorophores: CD45-Bv421, CD11b-APC/FireTM750, and Zombie AquaTM viability dye. Cells were then subject to fixation/permeabilization for cytokine labeling (i.e., IL-6-PE). All reagents were obtained from BioLegend Inc. (A) A representative histogram shows the relative frequency of IL-6-positive brain-resident microglia at seven days after sham and SCI surgery. FMO: fluorescence minus one; SSC-A: side scatter-area. (B) The percentage of IL6-positive brain microglia is quantified. N = 4 (Sham) and 5 (SCI) mice. * p < 0.05 vs. Sham with Mann–Whitney test.



[image: Cells 09 01420 g002]







[image: Cells 09 01420 g003 550] 





Figure 3. A schematic diagram for the cysteine-cysteine chemokine ligand 21 (CCL21) axonal transport and its role in neuron-microglia signaling following spinal cord injury (SCI). (A) CCL21 in damaged neurons is sorted into vesicles that are transported via axons and reach presynaptic structures and secreted into parenchyma. (B) Distal release of CCL21 triggers microglial activation at distant site from the lesion, which release proinflammatory cytokines and microparticles reinforcing neuronal damage. The latter causes more distant CCL21 release through their axonal transport. 
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