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Traumatic brain injury is a leading cause of death and a major risk factor for the development of both memory and motor disorders. To date, there are no proven interventions to improve patient outcome after neurotrauma. A promising avenue of treatment has emerged in the use of non-invasive therapies for recovery after brain injury. A number of non-invasive brain stimulation techniques have been developed, such as transcranial direct current stimulation, transcranial magnetic stimulation and vagus nerve stimulation, as well as low intensity ultrasound stimulation and photobiomodulation therapy. However, standardized treatment regimens have not been developed. There is a clear need to better understand the underlying mechanisms of non-invasive therapeutics on brain injury pathology so as to more effectively guide treatment strategy. Here we review the current literature of non-invasive therapies in preclinical neurotrauma and offer insight into the potential mechanism of action and novel targets for the treatment of traumatic brain injury.
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Introduction

Traumatic brain injury (TBI) and stroke are leading causes of death and disability and can lead to the development of a range of cognitive impairments, such as mood and memory disorders (1–3). The complex pathophysiology following neurotrauma make treatment and predicting individual patient prognosis difficult (4, 5). Activity-dependent plasticity of neuronal circuits is considered a key component for successful recovery of function following brain and spinal cord injury (6). Brain plasticity has been a focal point of recovery programs following neurotrauma for many decades. However, no proven interventions have been established to improve patient outcome after brain injury. A promising avenue of treatment has emerged in the use of non-invasive therapies for TBI and stroke (7–9). The ability to non-invasively target key recovery mechanisms, such as enhancing neuroplasticity, reducing inflammation, and attenuating secondary injury cascades, offers a transformative therapeutic approach that avoids the risks and complications associated with invasive interventions. A number of non-invasive brain stimulation techniques have been developed, such as transcranial electrical stimulation (tES), transcranial magnetic stimulation (TMS), vagus nerve stimulation as well as low intensity ultrasound stimulation and photobiomodulation (8). While clinical studies have explored various treatment regimens, outcomes remain inconsistent due to factors such as the heterogeneity of injury, variations in stimulation parameters and the timing of interventions relative to injury onset (10). There is a clear need to better understand the underlying mechanisms of non-invasive therapeutics on TBI and stroke pathology so as to more effectively guide treatment strategy. Preclinical studies have the potential to offer insight into the mechanisms of action of non-invasive therapies, and will lead to the development of more effective clinical treatment. Here we review the current preclinical and clinical literature of non-invasive therapeutics in neurotrauma, focusing on the molecular mechanisms of action and identify key knowledge gaps to guide future research in traumatic brain injury and stroke.



Traumatic brain injury and stroke

TBI and stroke present significant challenges for patients, caregivers, and healthcare systems worldwide. TBI results from external mechanical forces such as falls, motor vehicle accidents, sports injuries, or military-related incidents, leading to immediate and often progressive brain damage characterized by neuronal death, inflammation, and disruption of the blood-brain barrier (1–3). In contrast, stroke arises from an interruption in cerebral blood flow due to ischemia or hemorrhage, causing localized brain injury and widespread functional deficits (11). Stroke is broadly classified into two main categories: ischemic, caused by thrombotic or embolic obstruction, and haemorrhagic, resulting from vascular rupture (12). The primary treatment strategy for TBI focuses on stabilizing the patient and minimizing secondary injury through interventions such as intracranial pressure management (13). For stroke, treatment emphasizes the rapid restoration of cerebral blood flow, typically achieved through thrombolytic therapy or surgical intervention (11). These acute-phase treatments are critical for improving outcomes; however, they are often inaccessible to patients when injuries occur outside of hospitals or in situations where immediate medical care is unavailable. As a result, many patients miss this vital acute window and instead enter the healthcare system during the late post-injury period, highlighting the need for effective long-term recovery strategies. Post-injury rehabilitation primarily involves physical and speech therapy, which provide sensorimotor input to the central nervous system (CNS), promoting neuroplasticity and CNS remodeling (14). These therapies play a pivotal role in improving functional deficits and enhancing patient quality of life after brain injury. Despite their importance, these programs face several challenges, including slow onset of benefits, high time demands, and low patient compliance (15). Innovative rehabilitation strategies are needed to enhance long-term recovery by targeting neuroplasticity and functional outcomes during the chronic post-injury period. These approaches should complement acute-phase and traditional rehabilitation treatments to improve adherence, recovery, and quality of life for patients with brain injuries like TBI and stroke.

TBI and stroke share pathophysiological mechanisms that exacerbate injury and complicate recovery. Both conditions initiate secondary injury cascades, including excitotoxicity, oxidative stress, inflammation, and apoptosis (16, 17). These processes amplify initial damage and contribute to long-term disabilities. Additionally, alterations in cerebral blood flow, impaired autoregulation, and inadequate oxygenation further compound the effects of the secondary injury, resulting in persistent cognitive deficits, motor impairments, and neurodegeneration (18). There is also an established interaction between these two conditions, where TBI is known to increases stroke risk through vascular injury, blood-brain barrier disruption, and a pro-inflammatory state that predisposes individuals to thromboembolism and hemorrhage (19, 20). Understanding the shared and unique pathophysiological mechanisms of TBI and stroke is essential for developing targeted therapies that improve patient outcomes. Globally, TBI affects an estimated 50–60 million individuals annually, while stroke is the second leading cause of death and a primary cause of disability, impacting approximately 13 million people each year (3, 21). Together, these conditions impose a profound healthcare burden, with global costs exceeding $400 billion annually (3). Despite the significant overlap in the pathophysiology of TBI and stroke, the research fields for these conditions often operate in isolation, with limited cross-disciplinary dialogue. This separation limits opportunities to leverage advancements in one field to inform treatment strategies in the other. Establishing a shared framework for discussing effective and ineffective treatments across these domains could foster collaboration, accelerate progress, and collectively advance therapeutic innovation for both conditions.



Transcranial electrical stimulation (tES) and brain injury

Transcranial electrical stimulation (tES) is a non-invasive brain stimulation technique that modulates cortical excitability and promotes neuronal plasticity (Figure 1) (22). It has been employed to treat a wide range of psychiatric and neurological conditions, including TBI and stroke, with promising but variable outcomes (7, 9, 23). In healthy subjects, anodal transcranial direct current stimulation (tDCS) has been shown to enhance motor learning, memory consolidation, and cognitive task performance by strengthening synaptic efficacy and long-term potentiation (LTP)-like processes (24). An intriguing concept involves utilizing tDCS to enhance recovery and rehabilitation by targeting specific cortical regions engaged in task-related learning. For instance, stimulation of Broca's area to facilitate improvements during language tasks (25), while stimulation of the parietal cortex may support learning in visual tasks (26). Similarly, applying tDCS to the primary motor cortex has shown promise in enhancing motor learning tasks (27), and targeting the prefrontal cortex could aid implicit learning and executive function tasks (28). By tailoring stimulation to the neural circuits directly involved in the rehabilitative activity, tDCS may optimize task-specific plasticity and functional recovery.
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FIGURE 1
 Molecular targets of transcranial electrical stimulation. Anodal and cathodal tDCS deliver a monophasic square waveform, while tACS delivers an alternating sinusoidal wave. All tES protocols produce an electric field which modulates neural activity via the regulation of ionic channel dynamics, leading to transcription changes in cellular signaling, and upregulation of growth factors which promote adult hippocampal neurogenesis and angiogenesis. tES produces anti-inflammatory effects via the up-regulation of eNOS which prevents tight-junction protein breakdown, preserving blood-brain barrier integrity.


The primary mechanism by which tDCS exerts its effects is thought to involve changes in membrane polarization, where neuronal depolarization and hyperpolarization alter cortical excitability and synaptic plasticity (29, 30). A key feature of tDCS is its polarity-dependent effects. Anodal stimulation, involving the delivery of a positive current to the cortex, increases neuronal excitability by depolarizing the resting membrane potential (29). This depolarization brings neurons closer to their action potential threshold, enhancing their likelihood of firing in response to subsequent synaptic inputs. The excitatory effects of anodal tDCS are mediated primarily through voltage-gated sodium and calcium channels, which are more readily activated as the membrane potential shifts closer to the threshold (29, 31). In addition, calcium imaging has shown that tDCS induces astrocytic calcium release in the cortex (32). Together, these results show that that tDCS can also induce plasticity through astrocytic Ca2+/IP3 signaling. Conversely, cathodal tDCS, which applies a negative current to the cortex, induces hyperpolarization, moving the resting membrane potential further from the action potential threshold. This hyperpolarization diminishes the likelihood of neuronal firing, effectively dampening cortical activity. The inhibitory effects of cathodal stimulation may involve a reduction in sodium and calcium channel activity, as well as enhanced GABAergic signaling (33, 34). These mechanisms collectively suppress synaptic activity and may contribute to therapeutic benefits in conditions characterized by cortical hyperexcitability, such as epilepsy (35). TBI is believed to induce a chronic state of excitability that increases the risk of epilepsy (36). While anodal tDCS may help reduce inflammation and improve cognitive deficits shortly after injury, cathodal tDCS could be more effective in addressing TBI-induced epilepsy, which tends to develop much later after injury.

Sodium and calcium ion channels play a critical role in TBI and stroke. These signaling pathways mediate excitotoxicity and ionic imbalance during the acute phase, influencing secondary injury cascades and inflammation during the subacute phase, and contributing to long-term maladaptive synaptic remodeling (18). Expression of the voltage-gated sodium channel Nav1.3 has been shown to be upregulated following TBI (37). Targeting of the Nav1.3 by pharmacological inhibition immediately after a fluid percussion injury significantly reduces edema and neurodegeneration (38). Subsequently, blocking Nav1.3 after injury can also lead to improved spatial memory in the Morris water maze (38). Ischemic stroke often leads to a failure in the Na+/K+-ATPase pump, leading to cell necrosis and apoptosis. Ionic homeostasis imbalance has been a focal point of many stroke therapies, targeting multiple ion transporters and channels (39). tDCS-mediated changes to ionic balance, particularly through modulation of calcium and glutamate excitotoxicity, can reduce neuronal damage and improve outcomes following ischemic stroke, emphasizing the therapeutic potential of interventions aimed at restoring ionic homeostasis (40).

A second potential mechanism of tDCS is through the release of neurotransmitters. Research using in vitro electrophysiology has demonstrated that an electric field can modify the conductance of voltage-dependent sodium channels within the axon terminals (31). Vasu and colleagues show that a weak electrical field modified the opening and closing dynamics of voltage-dependent sodium channels within the axon terminals (31). These modified sodium channels subsequently amplified the terminal polarization, which lead to presynaptic vesicles release (31). In addition to direct effects on membrane potential, anodal tDCS influences the balance of excitatory and inhibitory neurotransmitter systems. Anodal stimulation enhances glutamatergic signaling, promoting excitatory synaptic transmission, while concurrently reducing GABAergic inhibition in the stimulated region. This shift in excitatory-inhibitory balance not only increases neuronal firing rates but also facilitates functional connectivity between cortical areas, supporting improved task performance and learning. Cathodal stimulation in healthy participants reduces GABA and glutamate, exerting an inhibitory effect (41). Application of a cathodal tDCS protocol in the acute phase of TBI or stroke could limit the release of excitatory neurotransmitters, reducing the excitotoxic damage (42). Indeed, cathodal stimulation applied in the very early stage of experimental ischemic stroke shows a protective effect (43). tDCS could be combined into a multimodal treatment strategy, where cathodal stimulation targets acute injury by inhibiting neuronal activity and preventing excitotoxic damage. In contrast, anodal stimulation could facilitate recovery, enhancing synaptic activity during rehabilitation.

The disruption in neural circuits following traumatic injury often involves the dysregulation of neurotransmitters (44). Cellular death, coupled with neural circuit dysregulation can lead to the excessive release of glutamate following neurotrauma (45, 46). Increased glutamate within the synaptic cleft binds to NMDA receptors leading to an increase in Ca2+ and causing the secondary excitotoxic cascade (47). NMDA receptors play a crucial role in normal brain function, including synaptic plasticity and memory formation (48). tDCS modulates NMDA receptor activity, leading to changes in neuronal excitability and plasticity (49). In healthy humans, administration of the NMDA receptor antagonist DMO eliminates the after-effects induced by both anodal and cathodal tDCS, suggesting a role of NMDA signaling in modulating tDCS-induced neuromodulation (29, 33). NMDA receptors are a novel target of neural modulation by tCDS in TBI pathology. However, specific experiments examining the role of NMDA in the mediating the effects of tDCS following traumatic injury are needed. The imbalance of cortical excitation and inhibition, particularly involving glutamate and GABA, is a key factor in the changes in neuronal circuits following TBI (46). The reduction in inhibitory synapses after TBI can contribute to the loss of local inhibition (50). Targeting of the excitatory/inhibitory balance may therefore be a key molecular mechanism of tDCS treatments.

Dopamine is another key neurotransmitter that is disrupted following injury (44). Indeed, TBI has been linked to the development of parkinsonism and increases the risk of Parkinson's disease (PD) (51). PD is characterized by the progressive degeneration of nigrostriatal dopaminergic neurons, which results in significant decreases in tyrosine hydroxylase (TH) expression, a key enzyme in dopamine synthesis. This reduction in TH impairs dopamine neurotransmission (44). Decreased TH expression and dopamine transporter levels in the substantia nigra have been reported following CCI-induced TBI (52, 53). tDCS treatment enhances striatal dopamine release, which leads to improvements in attention and executive function. In healthy patients, tDCS targeting the dorsolateral prefrontal cortex increases dopamine within the right ventral striatum. This increase in dopamine is associated with improved performance in attention and executive function (54). Together, suggesting that tDCS-induced activation of dopaminergic cells may be an underlying mechanism involved in improving cognitive function post-injury (54). Indeed, evidence from pharmacological studies has shown that targeting dopaminergic pathways is a promising therapeutic strategy for managing TBI-related outcomes (55). Treatment of Amantadine hydrochloride, a dopamine reuptake inhibitor, improves cognition function after TBI (55, 56).

The hippocampus has been identified as a region where postnatal neurogenesis continues throughout life (57). These adult born neurons play a critical role in supporting cognitive function, such as learning and memory (58). Neurogenesis has been suggested as a possible therapeutic target for both brain injury as well as other neurological disorders (59). Following traumatic brain injury, there is an acute increase in cell proliferation and a loss of immature neurons (59, 60). This initial increase in cell proliferation ultimately leads to a depletion of the proliferative capacity of the neurogenic niche, contributing to a decrease in hippocampal neurogenesis in the late post-injury phase (61). In addition, the dendritic complexity of newborn neurons is also reduced following TBI (62). This disruption in morphology contributes to malformed synaptic integration of new born neurons, leading to impaired cognition (62). In wild-type mice, neurogenesis within the subventricular zone is upregulated following tDCS treatment (63). Notably, repeated tDCS treatments result in widespread increases in hippocampal neurogenesis. Markers of cell proliferation (Ki67), neuronal differentiation (DCX), and cell survival (BrdU/NeuN) all show significant increases after 10 days of tDCS treatment (64). Furthermore, the ability of tDCS to enhance neurogenesis is mediated through GABAergic signaling, as tDCS treatment reduces GABAergic inhibitory tone (64). Pharmacological restoration of GABAergic inhibition prevents the pro-neurogenic effects of tDCS on adult hippocampal neurogenesis (64). In a rodent stroke model, tDCS administered 3 days after ischemia was shown to induce neurogenesis within the subventricular zone (65). This increase in neurogenesis was associated with an accelerated recovery of motor function (65). Hippocampal neurogenesis plays a pivotal role in maintaining the excitatory and inhibitory balance of neuronal circuits by integrating newly formed neurons into existing networks. Immature neurons, which exhibit heightened excitability due to their lower threshold for synaptic input, contribute to the plasticity and adaptability of neural circuits (66). This increase in excitability temporarily shifts the excitatory-inhibitory balance, facilitating circuit remodeling and supporting learning and memory. Taken together these findings suggest, GABAergic regulation of neurogenesis is a molecular mechanism for tDCS treatment in TBI and stroke pathology.

Enhancing the expression of growth factors represents a promising mechanism by which tDCS promotes neuroplasticity and facilitate recovery (Figure 1). Specifically, tDCS appears to enhance memory and support neuronal plasticity by upregulating growth factors, such as brain-derived neurotrophic factor (BDNF) (67). In a mouse model of stroke tDCS treatment increases neuronal spine density and accelerates motor function recovery (68). These findings identify BDNF-TrkB signaling as a key mediator and molecular mechanism underlying the effects of tDCS on neuroplasticity. Elevated BDNF levels following tDCS treatment correlate with improved spatial memory performance in the Barnes maze (69). Supporting these findings, ex vivo slice physiology studies indicate that direct current stimulation augments synaptic plasticity through BDNF and TrkB activation in the mouse motor cortex (70). The ability of growth factors to mediate the effect of non-invasive brain stimulation for injury-related brain pathology is a potential avenue for future investigations. Growth factors act directly upon neurogenesis processes, influencing cell proliferation and fate determination. Increased expression of growth/differentiation factor-5 (GDF5) and platelet-derived growth factor subunit A (PDGFA) is observed following tDCS in a mouse model of ischemic stroke (71). These findings align with earlier studies demonstrating that electromagnetic fields increase gene expression involved in the synthesis of growth factors (72).

Disruption of cerebral blood flow, a hallmark of TBI and stroke, highlights the cerebrovasculature as a promising target for tDCS-based interventions (Figure 1). In a CCI model of TBI, repeated administration of anodal tDCS over 4 weeks increases cortical cerebral blood flow in both injured and sham-control mice (73). Specifically, tDCS enhances arteriolar dilation, increases capillary flow velocity, and improves tissue oxygenation, indicating enhanced microvascular function (73). These cerebrovascular improvements are associated with improved motor performance and spatial working memory (73). Additionally, tDCS enhances cerebrovascular reactivity and improves the regulation of microvessel cerebral blood flow (74). Given the role of nitric oxide in mediating cerebral hemodynamics, endothelial nitric oxide synthase, a critical regulator of cardiovascular function, may serve as a non-neuronal therapeutic target of tDCS (74). Interestingly, mice receiving tDCS 3 weeks post-injury exhibit better recovery compared to those receiving stimulation starting 1 week after TBI, suggesting that the timing of intervention is critical (73). Prophylactic stimulation has also been proposed as a treatment strategy for high-risk individuals. For instance, the application of tDCS prior to injury improves motor and cognitive outcomes (75). This neuroprotective effect is attributed to the regulation of calcium and glutamate levels, which reduces excitotoxicity (75). These findings indicate that microvascular hemodynamic dysfunction represents a viable molecular target for tDCS and highlight its potential efficacy in the late post-injury period (73, 74).

Oscillations in neuronal activity are a fundamental feature of brain function, spanning frequencies from ultra-slow (0.05 Hz) to ultra-fast (500 Hz) (76). These rhythmic patterns of activity regulate cognitive processes, with memory closely linked to theta and gamma rhythms, and attention associated with alpha rhythms (77). Disruptions in neural synchronization are a hallmark of cognitive dysfunctions seen in neurological conditions such as TBI and stroke (78). Sharp-wave ripples (SWRs), high-frequency oscillations crucial for memory consolidation and hippocampal-cortical communication, are particularly susceptible to these disruptions, often correlating with deficits in memory and executive function following brain injury (79). While tDCS has shown promise in modulating neural activity to support recovery, its effects tend to diminish shortly after stimulation (69). This limitation may stem from the monophasic nature of tDCS, which does not fully align with the dynamic oscillatory patterns underlying cognition. Emerging evidence suggests that interventions targeting oscillatory activity, such as transcranial alternating current stimulation (tACS), may help restore these disrupted rhythms and improve functional outcomes (80). tACS offers an enhanced treatment strategy by delivering a sinusoidal current that better interacts with intrinsic neuronal oscillations, providing a more precise tool to influence synchronization and plasticity (81, 82).

The polarity-dependent effects of transcranial electrical stimulation are mediated through complex neurobiological mechanisms, including modulation of membrane potential, ion channel activity, neurotransmitter release, and synaptic plasticity (Figure 1). These mechanisms underpin the potential of tDCS and tACS as transformative tools in neurorehabilitation for TBI and stroke. However, despite the growing clinical adoption of tACS, there is a significant gap in preclinical research comparing its efficacy to tDCS and elucidating their differential impacts on neuronal oscillations and SWRs. Future research must address these gaps by investigating the optimal treatment windows, long-term effects, and washout periods for both tDCS and tACS. By bridging the divide between clinical and preclinical studies, we can more effective establish standardize treatment strategies to enhance recovery after brain injury.



Transcranial magnetic stimulation (TMS) and brain injury

Transcranial magnetic stimulation (TMS) has emerged as a promising therapeutic approach for a number of neurological and psychiatric disorders, including TBI and stroke (83–85). TMS can be thought of as similar to tES, whereby neuromodulation is achieved through the inhibition or excitation of cortical circuits. However, instead of a current passed through the tissue from an anode to cathode or vice versa, a pulsed magnetic field is used to modulate membrane potential (Figure 2) (86). This magnetic field can then either excite or inhibit neuronal tissue depending on the stimulation frequency (87). High-frequency stimulation (>3 Hz) facilitating long-term potentiation, and low-frequency ( ≤ 1 Hz) inducing long-term depression (88, 89). Particular attention has focused on repetitive treatment paradigms, termed repetitive TMS (rTMS). These multiple sessions of rTMS are delivered for several days or weeks (Figure 2) (84, 90). Clinical studies have highlighted the potential for rTMS to facilitate the post-stroke rehabilitation of motor impairment (91), dysphagia (92) and cognitive impairment (93) as well as depression (94). TMS shows promise in aiding recovery from brain injury by enhancing neural plasticity and promoting functional reorganization. However, although both human and animal studies have shown promising results, the specific therapeutic target of TMS remains unclear.
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FIGURE 2
 Molecular targets of transcranial magnetic stimulation. TMS produces a magnetic field which is capable of inducing LTP and LTD plasticity. Where high-frequency stimulation produces an excitatory effect and low-frequency stimulation inhibiting neural circuits. Regulating synaptic function through LTP-LTD plasticity leads to the stabilization of neural circuits following injury. TMS also attenuates neuroinflammation and preserve the blood-brain barrier integrity by the reduction of pro-inflammatory cytokines and apoptosis preventing further peripheral immune cell infiltration.


Brain injury is often characterized by dysfunction in monoaminergic and glutamatergic neurotransmitter systems, suggesting that the therapeutic benefits of rTMS may arise from its ability to regulate these critical signaling pathways. Glutamate-mediated excitotoxicity is a well-established mechanism in the secondary injury cascade following brain injuries, leading to neuronal damage and disrupting the balance between excitatory and inhibitory neurotransmission (95). Preclinical studies support the role of rTMS in modulating neurotransmitter activity: in wild-type mice, high-frequency rTMS delivered over multiple sessions upregulates mRNA expression of glutamate and GABA transporters, such as EAAT4, GLAST, GLT-1, GAT2, and GAT4, within the cerebellum, suggesting a restoration of excitatory-inhibitory balance (96). Similarly, rTMS targeting the frontal or caudal cortex in rats has been shown to elevate dopamine and glutamate levels in the nucleus accumbens, further demonstrating its potential to regulate key neurotransmitter systems (97). In neurodegenerative diseases such as Alzheimer's, where neurotransmitter dysfunction is a hallmark of the disease, rTMS has demonstrated its ability to enhance cholinergic activity, vital for learning and memory. Specifically, TMS targeting the prefrontal cortex and hippocampal networks improves cholinergic signaling and boosts brain-derived neurotrophic factor (BDNF) levels, as observed in the 3xTgAD mouse model of Alzheimer's disease (98). These changes correspond to improved cognitive performance and highlight the therapeutic potential of TMS in targeting hippocampal and cortical regions (98). Similarly, in Parkinson's disease, TMS improves motor symptoms, possibly by increasing dopamine release in the basal ganglia (99). These neurotransmitter-driven mechanisms suggest that TMS could facilitate recovery in brain injury by restoring balance in disrupted neurochemical systems.

LTP represents a key mechanism by which TMS-induced neurotransmitter modulation translates into sustained therapeutic benefits. By enhancing the release of neurotransmitters such as glutamate and modulating receptor activity, TMS not only restores excitatory-inhibitory balance but also creates an environment conducive to LTP. This process enables the strengthening of synaptic connections, which is critical for recovery in conditions such as TBI, stroke, and neurodegenerative diseases. During the post injury period the hippocampus undergoes atrophy and exhibits chronic LTP deficits (100). Disruption to hippocampal LTP and LTD contribute to the development of cognitive deficits observed following TBI (101). Ca2+/calmodulin-dependent kinase II (CaMKII), a gene known to be involved in LTP, has been shown to be decreased following brain injury (90). Interestingly, administration of TMS for 4 weeks has been shown to be sufficient to restore CaMKII expression to control levels in a CCI model of TBI (90). These findings suggest that repeated TMS acts to promote synaptic plasticity by stabilization of LTP and LTD through Ca2+ ion channel dynamics. It is possible that TMS improves recovery following TBI through the induction of LTP-like plasticity, and thereby overcoming injury-induced deficits in hippocampal LTP. Understanding how TMS drives LTP provides valuable insights into its potential to facilitate lasting neurorehabilitation.

TMS enhances the release of neurotransmitters such as glutamate and modulates receptor activity, restoring excitatory-inhibitory balance but also fostering an environment conducive to LTP. After brain injury, the hippocampus undergoes atrophy and exhibits chronic deficits in LTP, which contribute to cognitive impairments (100, 101). Disruption of hippocampal LTP and LTD following TBI has been linked to reduced expression of the synaptic plasticity gene CaMKII (90). TMS administered over 4 weeks restored CaMKII expression following TBI, suggesting its potential to stabilize LTP and LTD through modulation of Ca2+ ion channel dynamics (90). This enhancement of synaptic connections is essential for brain injury recovery, and the ability of repeated TMS to promote synaptic plasticity and stabilization could play a significant role in long-term recovery outcomes.

Alongside modulating neurotransmitter signaling, TMS has been shown to influence neurotrophic growth factors. Including BDNF, which has been hypothesized as being a key player in mediating the efficacy of rTMS (102). Indeed, repetitive TMS has been shown to enhance cortical plasticity in the prefrontal cortex through BDNF-TrkB signaling as well as TrkB-NMDA receptor interaction (103). The extracellular signal-regulated kinase (ERK2) and phosphoinositide 3-kinase (PI-3K) activity in the prefrontal cortex increases following TMS (103). In the context of brain injuries, TrkB signaling facilitates the functional recovery after traumatic injury (104), however this does not occur in anesthetized rats where high-frequency TMS stimulation decreases BDNF and GluR1 (105). These findings demonstrate that the brain state, i.e., wakefulness, has a crucial effect on lasting outcomes of rTMS treatment. This is an important point for future studies, as it is often technically difficult to administer TMS or tES in freely moving animals and therefore many studies perform the stimulation under anesthesia. The development of customized devices capable of enabling non-invasive stimulation in awake, behaving animals will serve as a valuable tool for future preclinical research. Indeed, most commercially available TMS coils are designed for clinical use in humans and are then adapted for small animal studies (106). Although, the development of rodent equivalent rTMS devices poses many technical challenges, such as overheating and coil rupture (107). Several studies have made progress in developing miniaturized setups to allow for improved focal stimulation in rodents (107–109).

TMS also attenuates neuroinflammation. In a weight drop model of TBI, rTMS delivered over 4 days was sufficient to decrease glial fibrillary acidic protein (GFAP) levels in the hippocampus, a marker of astrocyte injury (110). A behavioral recovery was also observed in the same animals, with improvements in motor learning and object recognition (110). In a hemicerebellectomy model of TBI, rTMS was shown to reduce both apoptotic cell death and inflammation within the cortex (111). The reduction in neuronal death was mediated by blocking cytochrome-c release, a key regulator of apoptosis (111). Interestingly, both astrocyte and microglial activation was reduced up to 1 month post injury, suggesting a prolonged anti-inflammatory effect of rTMS in TBI (111). In a similar injury related study, neuropathic pain was modeled by chronic constriction of the sciatic nerve (112). TMS delivered for 14 days restored the anti-inflammatory cytokine IL-10 to control levels (112). Theta-burst TMS has also been shown to ameliorate the infiltration of peripheral immune cells and reduce pro-inflammatory cytokines in a rodent stroke model (113). Theta-burst TMS improved microvascular perfusion and neovascularization (113). Blood-brain barrier permeability was preserved through increased expression of scaffold and tight junction-associated proteins including Zonula Occludens-1 and Claudin-5, which are key components that regulate blood-brain barrier integrity following TBI (113).

Both clinical and preclinical studies underscore TMS as a promising therapeutic tool for promoting recovery after TBI and stroke. Preclinical evidence suggests that TMS exerts its primary therapeutic effects by regulating neuronal activity fostering LTP and LTD plasticity, and stabilizing neural circuits disrupted by injury. In the early post-injury period, TMS mitigates secondary damage by reducing neuroinflammation and preserving blood-brain barrier integrity, thereby preventing peripheral immune cell infiltration and protecting against further inflammatory insults (Figure 2). Furthermore, the ability of TMS to target long-term synaptic plasticity highlights its potential to address chronic motor and cognitive impairments that often persist well beyond the acute phase. These findings collectively position TMS as a versatile intervention capable of supporting both early stabilization and long-term rehabilitation in brain injury recovery.



Low intensity ultrasound stimulation and brain injury

Low-intensity ultrasound has been proposed as an avenue for the treatment of CNS disorders, for review see (114). Low-intensity ultrasound is fundamentally different from the other neuromodulation techniques previously discussed, which utilized electrical currents to generate an electric or magnetic field. Ultrasonic stimulation involves the application of sound waves to generate mechanical forces to effect cellular and molecular structures within the targeted tissue. The non-invasive nature and potential for targeted delivery make ultrasound stimulation a promising avenue for TBI treatment. Ultrasound produces a sound wave that causes mechanical vibrations that passes through the tissue. These vibrations can stimulate mechanosensitive ion channels within neurons (Figure 3) (115, 116). The mechanosensitive cation channel Piezo1 is a key regulator of ultrasonic stimulation of neuronal activity (117), and is functionally expressed in different brain regions and CNS cell types (118). Mechanistically, low-intensity low-frequency ultrasound has been shown to activate Piezo1, which in turn increases Ca2+ influx and up regulates c-Fos expression and neuronal activity (117). Piezo1 is gated by membrane curvature and therefore changes in the membrane structure activate this ion channel (119, 120). Interestingly, recent studies have shown that Piezo1 plays a key role in mediating hyperemic CNS blood flow, which is critical for maintaining brain health. Activation of Piezo1 initiates a mechano-feedback mechanism that facilitates blood flow recovery, while endothelial-specific genetic modifications of Piezo1 lead to impairments in complementary memory tasks (121). Furthermore, Piezo1 has been identified as essential for the proper development and function of meningeal lymphatic vessels. Transgenic activation of Piezo1 has been demonstrated to enhance cerebrospinal fluid (CSF) outflow by improving lymphatic absorption and transport (122). These findings suggest that non-invasive ultrasound could enhance Piezo1-mediated lymphatic and glymphatic flow, potentially aiding in the removal of waste proteins. This represents an area of research that remains unexplored in the context of TBI. Indeed Amyloid β (Aβ) peptides are associated with the development of TBI induced cognitive impairments (123), and their formation can disrupt membrane mechanics (124, 125). Furthermore, Aβ monomers have been shown to inhibit Piezo1 function (126). Together, these findings suggest that Piezo1-Aβ interaction may also be a molecular target of the low-intensity ultrasound stimulation in TBI (Figure 3). Mechanoreceptor receptor activity within the spinal cord and brainstem also play a key role in the neuronal representation of touch (127, 128). Targeted up regulation of mechanoreceptors within the spinal cord and brain stem may also be a potential avenue to treat the somatosensory impairments caused by traumatic injury.
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FIGURE 3
 Molecular targets of Low-intensity ultrasound stimulation. Low intensity ultrasound stimulation targets the mechanoreceptor Piezo1. Piezo1 detects changes in the mechanical force of the cellular microenvironment. Piezo1 helps to regulate intracellular calcium homeostasis and preventing further inflammatory signal cascade.


In addition to its effects on mechanoreceptors, ultrasonic stimulation ameliorates the post injury inflammatory environment. Indeed, the majority of TBI preclinical studies have focused on the anti-inflammatory effects of ultrasound stimulation. As previously discussed, the blood-brain barrier is known to be disrupted after brain injuries (129). Tight junction proteins such as claudin and occludin degrade, causing a break down in the blood-brain barrier integrity (130). This increase in permeability then leads to an increase in cerebral edema. Cerebral edema is a major contributing factor for patient outcome following brain injury (130). In a rodent model of blood-brain barrier disruption, ultrasound stimulation significantly reduced the level of brain edema, as well as neuronal death and apoptosis (131). A similar result was also observed in a CCI model of TBI (132). Ultrasonic stimulation led to a reduction in cerebral edema and a decrease in neutrophil infiltration as well as microglia and MMP-9 activity (132). This finding was support by another study using a weight-drop model of TBI, where Evans blue absorption was significantly reduced 5 h post injury in mice treated with ultrasound (133). Together, indicating that the ultrasonic stimulation reduced the degree of blood-brain barrier disruption after injury. These neuroprotective effects have also been observed up to 1 month post injury in a CCI model of TBI (134). Ultrasound stimulation may also attenuate inflammation through the regulation of cytokine signaling. Low-intensity ultrasound has been shown to promote OX-A/NF-κB/NLRP3 signaling pathway (135). Repetitive stimulation with low-intensity ultrasound in vitro has also been shown to modulate GABA levels via TRPA1, which is expressed in astrocytes (136). Together these finding suggest that ultrasound stimulation may regulate neuronal function and recovery via astrocyte-neuronal interactions.

Ultrasonic stimulation can also enhance cell proliferation and differentiation, as well as protein synthesis. Low-intensity ultrasound has been shown to promote the release and upregulation of growth factors, such as BDNF and VEGF (137). In addition, it has been demonstrated to enhance the phosphorylation of TrkB, Akt and CREB. Interestingly, this effect was inhibited when BDNF signaling was down regulated (137). In vitro, ultrasound has been shown to enhance the expression of BDNF in astrocyte culture, through activation of TrkB-Akt and calcium-CaMK signaling pathways (138). Suggesting BDNF as a key regulator of ultrasonic stimulation. Upregulation of growth factors promote non-neuronal cell growth. Ultrasound stimulation has been shown to facilitate the production of pro-angiogenic factors. Low intensity ultrasound promotes the formation of new blood vessels, which in turn improves local blood supply and oxygenation, facilitating recovery after injury. Low intensity ultrasound stimulation targets multiple neuroprotective mechanisms, such as reducing pro-inflammatory cytokines and preserving the blood-brain barrier integrity as well as the up-regulation of growth factors (Figure 3).



Transcranial photobiomodulation and brain injury

Transcranial near-infrared light has been proposed as a treatment of neurodegenerative diseases, including TBI (139). Transcranial photobiomodulation, low-level or low-energy laser therapy utilizes far-red and near-infrared light (600–1,400 nm) to penetrate tissue to effect cellular processes (140). The primary mechanism of action involves photon absorption by cytochrome c oxidase within the mitochondria (Figure 4). This photon absorption leads to an increase in ATP production and subsequent up regulation of transcription factors (140, 141). The increase in cellular activity contributes to improved metabolic functioning (142, 143). CCI-induced injury disrupts Ca2+ homeostasis, leading to an increase in Ca2+ absorption within the mitochondrial membrane (144). The increase in Ca2+ ion uptake inhibits respiratory chain-linked electron transfer and energy transduction (Figure 4) (144). These findings are in agreement with previous work that pharmacologically targeted mitochondrial dysfunction after TBI. Administration of a mitochondrial uncoupling prodrug 24 h after a CCI-induced injury, improved mitochondrial bioenergetics as well as reducing oxidative stress markers (145). In addition, low-energy laser irradiation has been reported to reduce scar formation in a rodent model of myocardial infarction (146). Interestingly these results correlated with an increase in ATP levels within the ischemic area. It was suggested that the laser-irradiated myocardial cells may experience a slower rate of injury induced degeneration due to an increase in ATP production (146). Together these studies suggest that photobiomodulation improves TBI recovery by facilitating mitochondrial function. Understanding the relationship between injury induced changes in metabolism and functional outcomes is essential for the development of effective therapies for TBI (147).
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FIGURE 4
 Molecular targets of photobiomodulation. Photobiomodulation enhances ATP production via cytochrome c activity in the mitochondrial membrane, improving calcium homeostasis and protecting against oxidative stress as well as stimulating growth factor transcription and cell proliferation.


The balance between endogenous pro-oxidative and anti-oxidative enzymes is critical for many key cellular processes (148). Oxidative stress occurs when this balance in disrupted and excessive levels of pro-oxidative enzymes are produced. Oxidative stress plays a critical role in brain injury pathology (149, 150). In the case of TBI, there is an excessive production of reactive oxygen species (ROS). The increase in pro-oxidative enzymes significantly contributes to the secondary injury cascade (151). The overproduction of ROS causes damage to DNA as well as lipid peroxidation and protein oxidation (152). ROS can downregulate scaffold and tight junction-associated proteins, such as ZO-1 and claudin-5 (130, 153). The protein oxidation of ZO-1 and claudin-5 leads to an increase in membrane permeability, resulting in an increase in cerebral edema and the infiltration of peripheral immune cells (154). Low-level laser therapy has been shown to reduce oxidative stress in cortical neuronal cultures (155). Huang and colleagues demonstrated that 810 nm laser suppressed ROS production induced by oxidative stress and rescued primary cortical neurons from apoptosis (155). Nitric oxide is a key regulator of vasodilation (156). Endothelial nitric oxide synthase (eNOS) is essential for maintaining vascular function (156). Disruption to eNOS due to brain injuries contributes to impaired cerebral blood flow and oxygenation (157). Photobiomodulation has also been shown to increase nitric oxide production (158). The up regulation of nitric oxide following injury helps to improve cerebral blood flow and oxygenation. Light-induced increase in mitochondria ATP coupled with a reduction in reactive oxygen species protect endothelial cells within the microvasculature from further injury. The therapeutic effect of low-level laser therapy also extends beyond metabolic processes. Near-infrared light can stimulate neurogenesis (139, 159). Xuan and colleagues reported a dose-dependent effect of laser stimulation on cell proliferation (160). Administration of a low-level laser stimulation for 3 days after CCI-induced injury resulted in an increase in cell proliferation, whereas stimulation for 14 days showed a similar level of proliferation as control mice (160). In a subsequent study, BDNF, a key regulator of neurogenesis was also increased following laser stimulation. (161). Previous studies have utilized primary observation tests, such as the Neurological Severity Score, to measure functional outcomes (162–164). Indeed, photobiomodulation administered after TBI has been shown to improve Neurological Severity Scores, suggesting improved recovery (162–164). However, detailed experiments that investigate specific neural circuits involved in complex behaviors, such as learning and memory, executive function as well as emotional regulation are needed.



Vagus nerve stimulation (VNS) and brain injury

The vagus nerve is a major component of the parasympathetic nervous system and is involved in the innervation of multiple organ systems. It has been shown to play a key role in the immune response, as well as a mediator of the gut-brain-axis (165, 166). The vagus nerve has therefore become the focus of many treatment strategies for a number of disorders, including brain injuries (167, 168). Vagus nerve stimulation (VNS) is distinct from the other types of non-invasive treatments as the primary mechanism of action is electrical stimulation of the peripheral nervous system, whereas tDCS, TMS and ultrasound as well as photobiomodulation have directly targeted the brain (Figure 5). VNS has shown promise in improving cognitive function and reducing neuropathology in animal models of brain injury and stroke (169, 170). However, the specific mechanism remains to be fully understood.
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FIGURE 5
 Molecular targets of vagus nerve stimulation. VNS stimulation initiates several anti-inflammatory processes from the periphery. Targeting the water channel Aquaroin-4 as well as reducing pro-inflammatory cytokines and oxidative stress. VNS also stimulates the release of the gastrointestinal peptide ghrelin, which supports neuronal function and recovery.


Oxidative stress plays a key role following brain injury and therefore serves as a therapeutic target of VNS. Tang and colleagues, administered VNS 30 min after injury, in a weight drop model of TBI. VNS was shown to reduce tissue damage as well as brain water content (171). Similar findings were reported when VNS was administered 2 h or 24 h after injury (172). VNS delivered during the early post-injury period and continued for 14 days was also shown to facilitate behavioral recovery, with improvements in motor learning and hippocampal-dependent spatial memory (173, 174). Malondialdehyde, a marker of oxidative stress, is known be elevated following TBI (171). However, mice treated with VNS displayed significantly reduced levels of malondialdehyde, suggesting a reduction in oxidative stress. Furthermore, VNS reduced expression of NF-κB, a key regulator of inflammation, in both the cytoplasm and nucleus (171). In addition, the nucleotide-binding domain (NOD)-like receptor protein 3 (NLRP3) was also down-regulated. Expression of apoptosis-associated speck-like protein (ASC) and caspase-1 was also significantly downregulated by VNS (171). Together, these findings suggest that a key target of VNS is the down-regulation of pro-inflammatory signaling pathways (Figure 5).

VNS may also target endothelial cell function. VNS has also been shown to attenuate cerebral vascular permeability and decrease the up-regulation of aquapoirn-4 after injury, in a weight drop model of TBI. Aquapoirn-4 (AQP4) is known to be upregulated following neurotrauma and has been linked to p-tau accumulation (175). Moreover, previous studies have suggested dysregulation of AQP4 as a contributing factor for cognitive impairments following TBI (175). Injury-induced dysfunction of blood-brain barrier permeability would allow albumin and other plasma proteins into the CNS, thereby directly impacting the inflammatory response by further activating astrocytes and microglia (Figure 5) (176).

Both the blood-brain barrier and the blood-cerebrospinal fluid barrier are ideally positioned to mediate vagus nerve-gut microbial signals, constituting a gateway for gut-brain communication (165). Another potential mechanistic pathway of VNS is through the gastrointestinal peptide ghrelin (Figure 5). VNS has been shown to influence the regulation of ghrelin, which plays a key role in appetite control, metabolism and neuroprotection (177). Modulating vagal afferent pathways can alter ghrelin secretion, impacting metabolism as well as cognitive function through ghrelin's effects on brain circuits involved in neuroplasticity and mood regulation (178). Ghrelin has been demonstrated to exert neuroprotective effects following TBI and ischemic stroke (179). It has been demonstrated to improve neuronal cell survival, memory deficits, and reduce brain injury and functional recovery after TBI and hemorrhagic shock (180, 181). More specifically, ghrelin has been shown to attenuate intracerebral hemorrhage by inhibiting NLRP3 inflammasome activation and promoting the Nrf2/ARE signaling, a key regulator of oxidative stress (182). Pro-inflammatory cytokines, such as IL-1β and TNF-α are significantly elevated following TBI (176, 183). Indeed, these cytokines form the basis of the injury-induced inflammatory response and as such have been the focus of many treatment strategies. Previous work has shown that treatment of VNS following brain injury prevents the injury-induced increase of TNF-α, in a weight drop mouse model of TBI (184). This neuroprotective effect was mediated through ghrelin, where VNS increased serum ghrelin and decreased TNF-α following TBI. Indeed, administration of a ghrelin receptor agonist attenuated the neuroprotective effects of VNS on TNF-α (185). Taken together, these findings suggest that ghrelin is a promising therapeutic target of VNS intervention for TBI as well as other brain injuries.

Long-term loss of arm function is a common motor deficit after ischemic stroke, and significantly contribute to reduced quality of life. Both preclinical and clinical studies demonstrate that VNS combined with rehabilitation training improve recovery of motor function after ischemic stroke (186). In a study conducted by Pruitt et al., VNS was paired with rehabilitation following TBI in a CCI model (187). VNS paired with physical training over a period of 5 weeks significantly increased recovery of both forelimb strength and success rate on the isometric pull task compared with rehabilitative training without VNS (187). In a rodent model of stoke, VNS enhances plasticity in the corticospinal motor networks, leading to increases in synaptic connectivity to musculature of the rehabilitated forelimb. Importantly, the function benefits generalized to another untrained motor task. In addition, the therapeutic effect persisted up to a month after treatment cessation (188). In a clinical study, patients with arm weakness 9 months after ischemic stroke received a rehabilitation program combined with vagus nerve stimulation (189). VNS administered with rehabilitation training improves motor impairment and function compared to only physical therapy (189). It is possible that VNS-induced plasticity is regulated by norepinephrine and serotoninergic signaling. 190 showed that both norepinephrine and serotonin were required for VNS-dependent enhancement of motor cortex plasticity (190). Noradrenergic signaling has also been implicated as a potential mechanisms by which VNS attenuates injury recovery (191). These findings highlight the significance of combing targeted plasticity enhancing therapy, such as VNS or indeed other forms of stimulation such as tES, with rehabilitation programs to improve chronic motor deficits, such as upper limb impairments after TBI or stroke.



Conclusions and future directions

The complex pathophysiology following TBI and stroke make treatment and predicting individual patient prognosis difficult (4, 5). However, the development of non-invasive therapies offers a path toward rehabilitation. These techniques are safe and simple to administer with relatively little to no adverse side effects (7–9). However, the field of non-invasive brain therapy is still in its infancy with many fundamental questions remaining unanswered. We propose a number of avenues for future investigations.



Acute and chronic post-injury treatment

The timing of therapeutic intervention may determine the most effective molecular target. Generally speaking, treatment strategies for brain injuries can be divided into two phases. The first focusing on the early post-injury period, which targets apoptosis and edema to ameliorate inflammation and prevent the second injury cascade. The second focuses on the synaptic dysfunction and the ensuring cognitive deficits that emerge in the late post-injury period. While many non-invasive stimulation techniques, such as TMS and tES have demonstrated benefits during the acute and chronic phases, it remains unclear whether certain techniques are more effective when applied at specific time points. Future studies could directly compare different stimulation modalities administered during the same post-injury periods. For example, experiments could assess whether early administration of TMS, tES or Ultrasonic stimulation better reduces edema and neuroinflammation. Additionally, these same stimulations could be administered during the chronic injury phase their effects on restoring synaptic plasticity and cognitive performance compared. Such comparative studies would be instrumental in identifying optimal interventions parameters. In addition, the targeting of eNOS and AQP4 during the early post injury period may provide both a protective mechanisms of blood-brain barrier integrity as well as enhancing the capacity of fluid clearance which may prevent a runaway injury cascade and immune cell infiltration. Future studies could determine the effective time window for targeting eNOS and AQP4 post on recovery outcomes at later post injury time points. It is likely that the therapeutic effect of interventions which target the blood-brain barrier follow the natural injury time course, where protection and support of the blood-brain barrier is most effective before its functional capacity is over run by an injury cascade. Future experiments are needed to characterize blood-brain barrier repair following non-invasive stimulation throughout the acute and chronic injury period.



Treatment duration

Little is known about the specific molecular pathways that mediate the therapeutic effects of non-invasive brain stimulation, or how long treatment should be continued to achieve lasting benefits. Determining how to sustain or prolong these effects is critical. In the case of treatment-resistant depression, it has been suggested that increasing the number of rTMS sessions can lead to improved outcomes (192). Future studies should investigate whether similar principles apply in the context of brain injury. Specifically, research could explore how varying the duration and frequency of stimulation promotes recovery and whether these parameters are more beneficial for reducing inflammation or enhancing cognitive function. Given the heterogenous nature of brain injury, a universal optimal stimulation parameters may not exist. Indeed, the most effective stimulation parameters will likely be determined by the brain region that is targeted for recovery. Future work could determine stimulation parameters for different brain regions, such as prefrontal compared to temporal cortex. The potential to combine non-invasive stimulation with pharmacological interventions to enhance efficacy is a relatively unexplored area. There is a clear need to better understand the underlying mechanisms through which non-invasive therapies influence TBI and stroke pathology, in order to more effectively guide clinical applications.



Neuroimmune interactions as therapeutic targets

It is well established that brain injuries disrupt typical neuroimmune interactions (193). Indeed, our understanding of the contribution and crosstalk between the CNS and peripheral immune cells following TBI has increased in recent years (194). Of particular focus is the role of the meninges and the glymphatic/lymphatic system in neurotrauma. Not only do the meninges harbor immune cells that contribute to a vast array of responses, the meningeal lymphatic vessels (mLVs) that reside within them play a crucial role as the waste-removal system in draining CSF, ISF, and CNS-derived molecules from the brain parenchyma to the deep cervical lymph nodes (dCLNs) (194). TBI damages mLVs up to 2-months post injury, and influences adaptive immune responses at the meningeal interface (195–197). However, stratification of the level of damage to the LVs, subsequent lymphangiogenic recovery, and the impact of CSF flow and LV drainage on the removal of proteins such as Aβ after injury remain to be fully characterized. Even less is known about how non-invasive transcranial therapies, whose therapeutic action must pass through the anatomical structure of meninges, influence glymphatic and neuroinflammatory responses after injury. Future research could investigate how meningeal immune cells respond to non-invasive stimulation. Moreover, what stimulation modality best facilitates meningeal and lymphangiogenic recovery is another unanswered question. More experiments are needed to advance our understanding of the influence of non-invasive therapies within the meningeal interface.



Synaptic signaling targets

Pathological signaling cascades of neurotrauma ultimately result in synaptic dysfunction. Understanding the mechanisms of synaptic dysfunction in TBI is crucial for developing therapeutic interventions that can mitigate these effects, protect neural tissues, and promote recovery. Ion channel dynamics is a target for improving synaptic dysfunction. The voltage-gated sodium channel Nav1.3 is upregulated following TBI (37, 38). Increased expression of the voltage-gated sodium channel leads to irregular neuronal excitability. Abnormalities in voltage-gated sodium, potassium and calcium channels have been associated with epilepsy (198, 199). In particular, Sodium channels Nav1.1, Nav1.2 and Nav1.3 play a key role in epileptic pathology (199). Indeed, this may be an avenue to reduce the risk of developing TBI-related epilepsy as well as other cognitive deficits. Modulating injury induced synaptic dysfunction via the regulation of ionic channel dynamics, such as Nav1.3 may be an effective strategy to stabilize the synapse and prevent abnormal generation of action potentials which lead to seizures as well as other cognitive deficits.

TBI disrupts calcium homeostasis and therefore calcium signaling is a key molecular target of non-invasive therapies. The initial injury induced influx of Ca2+ into the cell results in apoptosis. The cellular death, coupled with neural circuits dysregulation can lead to the excessive release of glutamate following neurotrauma (45, 46). This increase in glutamate then causes a further influx of Ca2+ through the NMDA receptor causing a secondary excitotoxic cascade (47). The increased Ca2+ ion within the cell is absorbed within the mitochondrial membrane (144). Which inhibits respiratory chain-linked electron transfer and energy transduction, impairing cellular function (144). Targeting of cytochrome c oxidase within the mitochondria has been shown to increase ATP production and rescue metabolic dysfunction (140, 141). Therefore, calcium homeostasis can be regulated through non-invasive therapy targeting mitochondrial function via cytochrome c oxidase activity.

Vascular endothelial cells are another site where calcium signaling can be targeted following TBI. Within the vascular endothelial cells, the mechanoreceptor Piezo1 senses mechanical force exerted on the cell membrane which leads to an influx of extracellular Ca2+ initiating an inflammatory signaling cascade (200). Apoptosis and injury-related changes in mechanical forces on the vascular endothelial cells can lead to the up-regulation of Piezo1 and a negative feedback loop of Ca2+ signaling (201). Changes within the microenvironment brought on injury, such as changes in blood flow and edema as well as a breakdown in tight-junction proteins can further affect the membrane mechanics therefore further activating Pizeo1 and accelerating inflammatory signaling (201). Piezo1 has therefore been suggested as an essential component for the transition of acute to chronic inflammation (200). Indeed, inhibiting Piezo1 has been shown to block the development of chronic inflammation. A future avenue of research could investigate the therapeutic benefit of targeting both cytochrome c oxidase within mitochondria as well as the Piezo1 channel within the vascular endothelial cells and astrocytic end feet help to regulate the Ca2+ signaling and subsequently preventing the secondary cascade and promoting recovery.



Growth factor targets

Growth factors have been the focus of many treatments for neurodegenerative diseases, including TBI for several decades (202). The BDNF-TrkB signaling pathway is a key regulator of plasticity and neurogenesis and has therefore received a lot of attention as a potential therapeutic target (67, 68). Many of the neuromodulation techniques produced robust changes in BDNF expression or signaling. Indeed, in the case of ultrasound stimulation, the therapeutic effect was diminished when BDNF signaling was inhibited (137). Non-neuronal growth factors are also a target for non-invasive therapies. Factors such as VEGF are protective for endothelial cells during injury (137). In addition, the release of VEGF during the early post injury period promote the formation of new blood vessels, which in turn improves tissue oxygenation (73). Targeting of growth factors can initiate multiple neuroprotective mechanisms leading to a reduction in inflammatory cytokines and preserving cerebrovascular function. Treatment timing might determine which growth factor is most effective. Non-neuronal growth factors, such as VEGF, may be most effective during the early post injury period, providing protective properties and supporting the natural recovery processes, such as vasodilation and angiogenesis. Where BDNF-TrkB may be most effective at supporting the synapse recovery. The up regulation of growth factors is a key mechanism that leads to increased neurogenesis and enhanced cognition recovery. Therefore, the modulation of growth factors may be a key mechanism by which stimulation can induce lasting effects on plasticity and recovery after treatment ends.



Translating preclinical findings

An important consideration is the degree that anesthesia affects the efficacy of non-invasive treatments. In many pre-clinical paradigm's rodents are anesthetized in order to administer treatment (105). Gersner et al., demonstrated that high frequency TMS had differing effects when administered to anesthetized rodents compared to awake animals (105). Combining head mounted miniaturized non-invasive stimulation with real time recording in awake behaving animals will help to delineate the effects of anesthesia and link neuronal function with therapeutic treatments. Furthermore, the field would be greatly advanced by establishing a common set of outcome measures used to monitor recovery, such as inflammation, blood-brain barrier integrity, synaptic function and behavior paradigms. This would create a common method by which different stimulation modalities and parameters could be compared.



Summary

TBI is a leading cause of death and disability with no proven interventions to improve patient outcome after brain injury. The development of novel therapies, such as non-invasive stimulation is a promising avenue for treatment, and different non-invasive treatments are being offered to TBI patients without a strong underlying premise. Preclinical research has the ability to give deeper insight into the potential mechanism of action and novel targets of non-invasive therapeutics for the treatment of TBI. Existing research already reveals that the therapeutic mechanisms of non-invasive therapies work through activating multiple neuroprotective mechanism which reduce edema and prevent blood-brain barrier breakdown and improve cerebrovascular dynamics (Figure 6). Furthermore, synaptic dysfunction is modulated through the regulation of ionic channel dynamics, driving LTP, transcriptional changes, upregulating growth factors and promoting adult hippocampal neurogenesis (Figure 6). Many mechanistic questions remain and more work is needed to identify key targets and their effective treatment time points in order to facilitate functional recovery. However, the combined effects of these mechanisms underscore the potential of non-invasive therapeutic strategies to enhance recovery and improve outcomes in patients with TBI.


[image: Figure 6]
FIGURE 6
 Mechanisms of action for non-invasive therapeutics in traumatic brain injury. Non-invasive therapies enhance the expression of Brain-Derived Neurotrophic Factor (BDNF) and its receptor, Tropomyosin receptor kinase B (TrkB), leading to improved synaptic plasticity and neuronal survival. This pathway plays a crucial role in the recovery and reorganization of neural networks following TBI. Therapeutics promote the proliferation and differentiation of neural progenitor cells in the hippocampus and other brain regions, contributing to the generation of new neurons. This process supports cognitive function and recovery of memory and learning abilities impaired by TBI. By modulating blood-brain barrier permeability, non-invasive interventions facilitate the clearance of excess fluid and inflammatory molecules from the brain parenchyma. This reduction in edema and inflammation mitigates secondary injury processes and supports overall neural health. The combined effects of these mechanisms underscore the potential of non-invasive therapeutic strategies to enhance recovery and improve outcomes in patients with traumatic brain injury.
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