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Traumatic brain injury (TBI) represents a public health issue with a high mortality rate and severe neurological and psychiatric consequences. Mood and anxiety disorders are some of the most frequently reported. Primary and secondary damage can cause a loss of neurons and glial cells, leading to dysfunction of neuronal circuits, which can induce imbalances in many neurotransmitter systems. Monoaminergic systems, especially the dopaminergic system, are some of the most involved in the pathogenesis of neuropsychiatric and cognitive symptoms after TBI. In this work, we summarize the studies carried out in patients who have suffered TBI and describe alterations in the dopaminergic system, highlighting (1) dysfunction of the dopaminergic neuronal circuits caused by TBI, where modifications are shown in the dopamine transporter (DAT) and alterations in the expression of dopamine receptor 2 (D2R) in brain areas with dopaminergic innervation, thus establishing a hypodopaminergic state and (2) variations in the concentration of dopamine and its metabolites in biological fluids of post-TBI patients, such as elevated dopamine (DA) and alterations in homovanillic acid (HVA). On the other hand, we show a large number of reports of alterations in the dopaminergic system after a TBI in animal models, in which modifications in the levels of DA, DAT, and HVA have been reported, as well as alterations in the expression of tyrosine hydroxylase (TH). We also describe the biological pathways, neuronal circuits, and molecular mechanisms potentially involved in mood and anxiety disorders that occur after TBI and are associated with alterations of the dopaminergic system in clinical studies and animal models. We describe the changes that occur in the clinical picture of post-TBI patients, such as alterations in mood and anxiety associated with DAT activity in the striatum, the relationship between post-TBI major depressive disorders (MDD) with lower availability of the DA receptors D2R and D3R in the caudate and thalamus, as well as a decrease in the volume of the substantia nigra (SN) associated with anxiety symptoms. With these findings, we discuss the possible relationship between the disorders caused by alterations in the dopaminergic system in patients with TBI.
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1 Introduction

Traumatic brain injury (TBI) is a significant public health problem, affecting millions of people around the world each year. The consequences of a traumatic brain injury extend beyond the immediate physical damage and cause long-term cognitive, emotional, and behavioral complications. Among them, dysregulation of the dopaminergic system has attracted significant attention due to its profound impact on neuropsychiatric outcomes (Bales et al., 2009; Corrigan et al., 2010). Dopamine (DA), a key neurotransmitter, regulates mood, motivation, reward processing, and executive functions. Alterations in dopaminergic signaling are increasingly recognized as key contributors to the pathophysiology of mood and anxiety disorders, conditions frequently observed in TBI survivors (Schultz, 1998; Nieoullon, 2002).

The dopaminergic system includes several critical pathways, including mesolimbic, mesocortical, and nigrostriatal, integral to various neurological and psychological processes. The mesolimbic pathway, often associated with the brain’s reward system, is crucial to motivation and the experience of pleasure. In contrast, the mesocortical pathway is vital for executive functions and cognitive control, while the nigrostriatal pathway predominantly influences motor control but also affects cognitive and emotional responses (Grace and Rosenkranz, 2002; Dunlop and Nemeroff, 2007). Alterations in these pathways after TBI can lead to significant neuropsychiatric sequelae, including depression and anxiety disorders.

Depression and anxiety disorders are particularly prevalent among post-TBI patients, and several studies indicate high rates of comorbidity that complicate recovery and rehabilitation efforts (Green et al., 2008; Ruttan et al., 2008). The intricate interplay between TBI-induced structural brain changes and subsequent dopaminergic dysregulation underscores the complexity of treating these conditions. Furthermore, the chronic nature of these psychiatric disorders following traumatic brain injury highlights the need for a greater understanding of the underlying neuropathological mechanisms (Fleminger and Ponsford, 2005).

Relatively recent and excellent reviews on disorders associated with the deregulation of the dopaminergic system secondary to traumatic brain injury focus on cognitive disorders (Bales et al., 2009, 2010; Chen et al., 2017b; Lan et al., 2019; Verduzco-Mendoza et al., 2021). However, mood and anxiety disorders after traumatic brain injury have not been described thoroughly. So, in this narrative review, we aim to provide a comprehensive overview of the current understanding of dopaminergic dysregulation following TBI and its implications for mood and anxiety disorders. We include the most recent clinical studies and original studies in rodents on the alterations described in the dopaminergic system secondary to TBI, and we highlight those in which these may be related to mood and anxiety disorders secondary to TBI. We also include a brief description of the pathophysiology of TBI, mood, and anxiety disorders and a succinct review of the dopaminergic system.



2 Traumatic brain injury

TBI is defined as a disruption of brain function or any other pathological evidence that emerges from an external physical force that may result in temporary or permanent impairment (Khellaf et al., 2019; Capizzi et al., 2020). This condition represents a public health issue with a high mortality rate and severe neurological and psychiatric consequences in the short and long term, drastically reducing the quality of life of patients (Osborn et al., 2014; Perry et al., 2016; Dixon, 2017). The estimated annual incidence of TBI worldwide is 69 million people, representing 939 cases per 100,000, of which 55.9 million correspond to mild TBI and 5.48 million to severe TBI (Dewan et al., 2018). Likewise, it has been reported that the most affected populations correspond to young men between 15 and 25 years old, followed by older adults and infants. The leading causes of this issue are car accidents, falls, violence, and sports and recreational accidents (Azouvi et al., 2017).

TBI originates when the head is subjected to an external mechanical force that can cause any degree of injury to brain tissue (Agrawal and Branco, 2016). The primary injury determines the morbidity and mortality of TBI, originating at the time of trauma, or the secondary injury, whose effect appears later (Leker and Shohami, 2002). Primary injury, which occurs at the time of impact and is not reversible, includes tearing of white matter, cortical contusion, axonal damage, intracerebral, epidural, and subdural hematoma, subarachnoid hemorrhage, intraventricular hemorrhage, and diffuse edema. At the cellular level, early events of neurotrauma include microporation of membranes, misalignment of ion channels, and protein conformational changes (Maas et al., 2008). With further damage, blood vessels can tear, causing microbleeds and ischemia of brain tissue, which can be extensive or, more commonly, perilesional (Menon et al., 2010; Pinto et al., 2012; Agrawal and Branco, 2016).

Unlike primary injury, secondary injury, which corresponds to late effects (minutes to months), is a potentially reversible process through adequate therapy (Leker and Shohami, 2002). Secondary brain injury induces glial inflammatory responses as well as necrosis and apoptosis of neurons and glial cells, such as oligodendrocytes, leading to demyelination and loss or dysfunction of neuronal circuits (Pavlovic et al., 2019); this could induce an imbalance of monoaminergic systems involved in the pathogenesis of neuropsychiatric and cognitive symptoms after a TBI (Jenkins et al., 2016). In addition, brain injuries can progress for weeks or months after the initial damage extends to vulnerable brain regions, such as the prefrontal cortex, hippocampus, thalamus, striatum, amygdala, and forebrain nuclei involved in the subject’s cognitive and emotional functioning.



3 Psychiatric manifestations secondary to TBI

There is extensive literature about the cognitive change observed after TBI, including deficits in executive functions, attention, and working memory (Cristofori and Levin, 2015). However, changes in emotional processing after TBI have been less well described. Although they may result in poorly integrated self-representation and dysfunctional interpersonal relationships, increasing the patient’s vulnerability to developing affective disorders (Jorge, 2015). Acquired neurological injuries secondary to TBI are associated with a broad spectrum of pathologies in mood and other psychiatric manifestations (Donnemiller et al., 2000). Depression and anxiety disorders occupy first and second place among the most common neuropsychiatric disorders in post-TBI patients (Mallya et al., 2015; Braga et al., 2022).

Among TBI’s most common and difficult-to-treat long-term psychiatric complications are depressive disorders, with an estimated prevalence of 20 to 45% (Kreitzer et al., 2019). Anxiety disorders are more common in patients who have suffered a mild TBI than a severe one, in contrast to cognitive impairments that increase with the severity of the injury (Bryant et al., 2010; Corrigan et al., 2023). Although the mechanisms underlying the association of TBI and depressive behaviors are still unclear (Jahan and Tanev, 2023), there is evidence in various animal models that depression is associated with a functional deficit of monoamines (noradrenaline, NA; serotonin, 5-HT, and DA) in specific brain sites (Traeger et al., 2020).

Regarding DA, Bales et al. (2009, 2010) proposed a hypothesis where changes in the neurotransmission of this molecule are reflected in the development of cognitive and behavioral dysfunction and emotional lability in subjects who suffered a TBI. Sequelae observed may depend on the extent of the injury on the dopaminergic pathway(s) involved. Alterations of the nigrostriatal pathway include deficits in working memory and emotional and behavioral issues, usually correlated with low concentrations of DA; manifestations observed as dysfunction of the mesolimbic and mesocortical pathways are depression, anxiety, and substance abuse, associated with loss of DA homeostasis (Chen et al., 2017b, 2018). Some of the behavioral or personality disorders secondary to TBI are attributed to executive dysfunction associated with diffuse axonal damage and interruption of corticostriatal connectivity (Pischiutta et al., 2018), but the neural bases of these problems and others have remained uncertain; similarly, changes in mood, anxiety or depression associated with TBI can be the outcome of events as prominent as diffuse axonal damage or interruption of neuronal circuits within dopaminergic pathways (Chen et al., 2017b).

These data underpin the importance of dopaminergic transmission in post-TBI disorders. However, it is worth noting that there potentially exists a significant heterogeneity of mechanisms leading to depression/anxiety following TBI (Jahan and Tanev, 2023).

Likewise, another factor to consider is the patient’s neuropsychiatric state before the TBI. It has been described that the rate of neuropsychiatric disorders is much higher among patients with TBI than among subjects without TBI, even before the TBI occurs (Albrecht et al., 2020). Besides, it is worth noting that injuries occurring in a psychologically traumatic context could independently confer risk for mood disorders. In a recent study of patients with mild TBI or with orthopedic injuries not involving the head, it was reported that patients with mild TBI were more likely to report Posttraumatic Stress Disorder (PTSD) and/or major depressive symptoms, especially those with prior mental health problems, or when the TBI was associated with an assault or other violent cause (Stein et al., 2019).



4 Mood or affective and anxiety disorders

The mood has been defined as the internal and sustained emotional state or tone of a person that gives “color” to their perception of being part of the world, whereas the affective state is the expression of the mood, being interpreted by the clinician as the patient’s state of mind. Some authors have suggested combining both elements in a new name: “emotional expression,” and many others use them interchangeably (Sadock et al., 2015). Anxiety is an anticipatory response to a future threat; it differs from fear in responding to an imminent threat.

Mood or affective disorders are described as overt disturbances in emotions (severe dips called depression or ups and downs called hypomania or mania). According to the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5), mood disorders are categorized into (1) bipolar and related disorders and (2) depressive disorders (Spijker and Claes, 2014; Sekhon and Gupta, 2023). Even though anxiety is a common symptom in some depressive disorders, anxiety disorders are considered a family of mental disorders different from affective disorders, according to the DSM-5.



5 Mood and anxiety disorders associated with traumatic brain injury

For many TBI survivors, sensorimotor and neurological consequences developed over time can lead to mood and anxiety imbalances that severely affect their quality of life. These behavioral changes vary depending on the type of injury and the type of injured brain tissue. Protracted recovery after a traumatic brain event has been consistently linked with the emotional capacity of individuals to cope with possible physical (mobility), psychiatric, and social impairments (Yehene et al., 2020). Also, the ability to accept a possible disability prevents the normal reintegration of patients into society (Yehene et al., 2020).

Depressive disorders associated with TBI are generally classified, according to the DSM-5, as mood disorders due to another medical condition, with subtypes: (1) major depression, (2) prominent depressed mood, and (3) mixed features. TBI-related bipolar disorders are subdivided into (1) manic or hypomanic episodes, (2) manic features, or (3) mixed characteristics (Jorge, 2015). At the same time, anxiety disorders fall under the “due to another medical condition” classification.

Various studies report that during the months after TBI, anxiety and post-traumatic stress frequently occur and can persist for several years, significantly deteriorating the quality of life of patients and the people around them (Whelan-Goodinson et al., 2009; Huang et al., 2020; Robert, 2020).

Depression is a mood disorder that causes persistent sadness, constant negative thoughts, apathy, lack of energy, cognitive distortions, nihilism, and inability to enjoy everyday life events (Guillamondegui et al., 2011). In patients with TBI, depression is one of the most common disorders. Its treatment can be challenging since its etiology is uncertain and multifactorial and can develop through multiple pathways that are not necessarily the product of the primary brain lesion (Juengst et al., 2017). The risk of developing depressive disorders in adults who have suffered moderate to severe TBI has been reported to range from 66 to 73% in the first 6 months after the trauma (Abdullah et al., 2018; Ryttersgaard et al., 2020; Eliasen et al., 2021; Sameh et al., 2021). In 2016, Perry reviewed 57 studies and reported an odds ratio of 2.14 for the relationship between depression and having suffered a TBI (Perry et al., 2016). Some studies have focused on a specific age group; namely, in the elderly (≥65 years), the risk ranges between 16 and 29% (Vadlamani and Albrecht, 2020), while in the pediatric population, 33 to 50% (Laliberté Durish et al., 2018). Although anxiety is the most common affective disorder diagnosed within the first 12 months after TBI (Lamontagne et al., 2022), its onset can arise several years later (Albicini and McKinlay, 2018). The incidence of this condition ranges between 11 and 17% in adults after the occurrence of a TBI (Osborn et al., 2016; Albrecht et al., 2017; Abdullah et al., 2018; Ponsford et al., 2020), whereas the incidence in children and adolescents between 5 and 18 years old is 8% (Albicini et al., 2020).

Despite the devastating and disabling consequences of these disorders, their follow-up is often not adequate in clinical practice, especially for those patients who have suffered a mild TBI. Mood and anxiety disorders resulting from brain injury are multifactorial. Therefore, to propose pharmacological treatment, it is necessary to identify the involved neurobiological systems succeeding TBI (Juengst et al., 2017). For example, structural and functional changes that occur after TBI due to the initial mechanical damage induce the interruption of neural circuits, mainly in the prefrontal cortex (Koenigs and Grafman, 2009), the hippocampus (Hercher et al., 2009), the striatum (Carlson and Dixon, 2018; Leconte et al., 2020), and the thalamus (Osborn et al., 2014). These brain nuclei are closely related to dopaminergic neurotransmission (Hasler et al., 2008).



6 Dopaminergic system

DA is one of the most important neurotransmitters in the central nervous system (CNS), and its dysregulation has been consistently associated with the development of diverse neurological and psychiatric diseases (Klein et al., 2019).

DA is synthesized in the cytosol of dopaminergic neurons when tyrosine hydroxylase (TH) catalyzes the addition of a hydroxyl group at the meta position of tyrosine to produce L-3,4-dihydroxyphenylalanine (L-DOPA). Subsequently, L-DOPA is decarboxylated by the enzyme DOPA decarboxylase (DDC), synthesizing DA (Harsing, 2008; Meiser et al., 2013). Once DA is synthesized in the neuronal cytoplasm, it is stored in synaptic vesicles within presynaptic terminals by vesicular monoamine transporter-2 (VMAT2), located in the membrane of cell vesicles where it is stored and protected from intraneuronal deamination (Mulvihill, 2019). Once released, DA excites dopaminergic neurons through interactions with postsynaptic receptors and undergoes a reuptake process to stop signaling via the DA transporter (DAT; Mulvihill, 2019). DAT is a transmembrane protein expressed exclusively in dopaminergic neurons (Harsing, 2008). The remaining DA still in the cytosol is degraded by the action of monoamine oxidase (MAO) through an oxidative deamination process (Meiser et al., 2013). Also, DA can be taken up by surrounding glial cells. Glia readily degrades DA by the enzymatic action of MAO and by catechol-O-methyl transferase (COMT). The primary metabolites derived from DA degradation are dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA; Myöhänen et al., 2010).


6.1 Dopaminergic receptors

Five types of dopaminergic receptors (D1R, D2R, D3R, D4R, and D5R) belonging to the family of G protein-coupled receptors have been identified, located on dendrites, cell bodies of neurons, and axons or nerve terminals. These receptors are divided according to differences in their characteristics and signaling mechanisms. The family of D1-like receptors includes subtypes D1R and D5R, being associated with the increase of cyclic adenosine monophosphate (cAMP) through Gs proteins, stimulating the activation of adenylate cyclase (AC) in the striatal and retinal membranes. D1R is closely related to motor function, growth, development, reward, sleep, impulse control, reproductive behavior, working memory, and learning (Rodrigues et al., 2007; Ortiz et al., 2010; Ayano, 2016). The highest density of D1R is found in the mesolimbic, nigrostriatal, and mesocortical areas, which include the substantia nigra (SN), olfactory bulb, nucleus accumbens (NAc), caudate, putamen, and nucleus striatum (Ayano, 2016).

Conversely, D5R is expressed mainly in the SN, hypothalamus, hippocampus, and sympathetic ganglia. Various data indicate that these receptors are involved in nociceptive, affective, and endocrine processes regulated by DA (Ayano, 2016).

The family of D2-like receptors is formed by dopaminergic receptors D2R, D3R, and D4R; these are coupled to a Gi protein, which inhibits AC. D2R modulates working memory, reward-motivational functions, renal functions, gastrointestinal motility, vasodilation, and locomotion. These receptors have a higher expression in the SN, the olfactory bulb, the caudate, the putamen, the ventral tegmental area (VTA), and NAc (Ayano, 2016). In comparison, D3R is involved in endocrine function, emotions, and regulation of motor functions. They are expressed mainly in the islands of Calleja, the septal region, the medial and lateral geniculate nuclei of the thalamus, the medial mammillary nucleus of the hypothalamus, and Purkinje cells of the cerebellum (Ayano, 2016). Finally, D4R is related to cognitive and emotional functions and the reward system. They are expressed mainly in the SN, the hippocampus, the amygdala, the thalamus, the hypothalamus, the cerebral cortex, the sympathetic ganglia, and the globus pallidus (GP; Harsing, 2008).



6.2 Dopaminergic neurotransmission

Dopaminergic innervation is the most prominent in the brain. Four main dopaminergic pathways have been identified (Figure 1).

[image: Figure 1]

FIGURE 1
 Main dopaminergic pathways in the brain and associated functions.



6.2.1 Nigrostriatal pathway

Here, dopaminergic projections are originated in the substantia nigra pars compacta (SNc) and are projected rostrally to be widely distributed in the basal ganglia (caudate nucleus and putamen) (Ko and Strafella, 2012). In this pathway, DA cell bodies send ascending projections to the striatum, playing an essential role in movement, especially in motor function control and learning new movement skills (Ayano, 2016).



6.2.2 Mesolimbic pathway

Within the mesolimbic pathway, dopaminergic projections originate in the mesencephalon’s VTA. They are projected towards the mesocortical and limbic system (through the NAc) for their subsequent dissemination in the amygdala, the piriform cortex, the septal nuclei sides, and the NAc. These neurons are closely involved in several primary CNS functions, including voluntary movement, feeding, affection, reward, sleep, attention, working memory, and learning (Beaulieu and Gainetdinov, 2011). This pathway regulates pleasure by releasing DA in ludic situations and stimulating the body to seek a pleasant activity or occupation (Ayano, 2016).



6.2.3 Mesocortical pathway

In the mesocortical pathway, dopaminergic fibers also arise from the VTA and project to the frontal cortex and septohippocampal regions. DA in this region regulates cognitive and emotional behavior. DA levels in the brain, especially in the prefrontal cortex, help improve working memory and attention (Björklund and Dunnett, 2007; Ayano, 2016).



6.2.4 Tuberoinfundibular pathway

The tuberoinfundibular pathway originates in the arcuate nucleus of the hypothalamus (arcuate and paraventricular nuclei) and projects to the pituitary gland (the median eminence). In this pathway, DA inhibits prolactin release.





7 Evidence of alterations in the dopaminergic system associated with traumatic brain injury


7.1 Clinical studies in human subjects

Table 1 summarizes studies carried out in patients with TBI (mild, moderate, or severe) and alterations in the dopaminergic system at the central nervous system level. The approach taken in these includes (1) the dysfunction of the dopaminergic neuronal circuits and (2) modifications in the concentration of DA and its metabolites.



TABLE 1 Alterations of the dopaminergic system in patients with TBI.
[image: Table1]


7.1.1 Dysfunction of dopaminergic neuronal circuits

The physiological changes in the dopaminergic system after TBI are closely linked to the direct mechanical damage of projection pathways. These pathways produce DA from brainstem nuclei, the retrorubral region (A8) of the VTA (A10), and the SNc (A9). These nuclei project towards the striatal, subcortical, and cortical regions via nigrostriatal, mesolimbic, and mesocortical pathways. Structural imaging suggests that TBI can disrupt these dopaminergic pathways, with magnetic resonance (MR) studies indicating that even 7 months after a moderate to severe TBI, patients show a diminished anisotropy index in most white matter tracts, axonal injury, and volume reduction of frontal lobes, striatum, and cerebellum, highlighting the long-term effects of TBI on the dopaminergic system.

Wagner et al. in 2014 reported decreased DAT and elevated expression of D2R in various brain regions, including the caudate, putamen, and ventral striatum, as determined using positron emission tomography (PET), in patients with moderate to severe TBI and executive function deficit, based on neuropsychological tests, suggesting the establishment of a hypodopaminergic state (Wagner et al., 2014). Jenkins et al. (2020) analyzed the alterations of the DAT, using single photon emission computed tomography (SPECT), in 43 patients with moderate to severe TBI in the chronic phase (more than 6 months from the lesion) and with cognitive difficulties. They found that patients with TBI present a decrease in DAT in the caudate nucleus, which has been related to hypodopaminergic states and motor alterations other than Parkinson’s disease in the early stages (Table 1).

On the other hand, an asymmetric depletion in DAT expression in the striatum 48 days after a moderate to severe traumatic brain injury has been reported and evaluated by SPECT, suggesting a heterogeneous disruption of the nigrostriatal pathway with low cognitive functioning and moderately severe disability (Womack et al., 2020; Table 1).

In Donnemiller et al. (2000) (Table 1) determined the function of the DAT and the D2R in the striatum by SPECT and the presence of cortical and subcortical lesions by cranial computerized tomography (CCT) or MR in 10 patients with TBI (1 with Glasgow Coma Scale, GCS = 15, 1 with GCS = 12 and 8 with GCS less than or equal to 8), all in the chronic phase with an average time of 140.8 ± 94.2 days since the injury. On SPECT images, abnormal patterns of reduced tracer uptake were observed in the striatum in all patients, with an average 45% reduction in DAT binding and an average 73% reduction in D2R compared to controls. The degree of post-traumatic dysfunction of DAT and D2R in the striatum was unrelated to the severity of the injury initially assessed by GCS. Therefore, the authors concluded that the anatomical and functional alterations of the nigrostriatal or frontostriatal pathways could be more related to the clinical pictures presented by the patients, such as akinetic-rigid characteristics (Donnemiller et al., 2000); in this study, no alterations in behavior or mood disorders were reported; however, it was shown that, regardless of the GCS, there are alterations in the dopaminergic pathways in patients who have suffered a TBI but the depicted clinical pictures can also be the consequence of slow-onset and subtle events, such as receptor modifications, the interaction of DA with its receptors, changes in DAT, or the generation of sustained or alternating hypodopaminergic states (Figure 2).

[image: Figure 2]

FIGURE 2
 Effect of TBI on dopaminergic pathways. The main dopaminergic pathways and changes described after a TBI are shown. See text for further details. Section 7.1 for human data and section 7.2 for animal models.




7.1.2 Changes in the concentration of DA and its metabolites

Furthermore, it is worth noting that several authors have reported alterations in the levels of DA and its metabolites in the biological fluids of patients post-TBI (Table 1). For example, Wagner et al. (2007a) studied 63 patients with severe TBI. They found elevated levels of DA and HVA in the patients in the 5 days following the TBI, which agrees with the study by Markianos et al. (1992), who had reported elevated levels of HVA in the cerebrospinal fluid (CSF) of 24 patients in coma after head injury, not like the report by Vecht et al. (1975), who found decreased HVA levels in patients sampled in the first hours post-trauma. Likewise, different reports in plasma from patients who have suffered a TBI indicate elevated levels of DA compared to controls (Hamill et al., 1987; Woolf et al., 1987, 1988; Yang et al., 1995; Singh et al., 2022). There are even some reports of increases in DA metabolites in the urine of patients who have suffered a TBI (Feldman et al., 1993; Johnson et al., 1993).




7.2 Animal model studies

Similarly, studies in animal models have reported that TBI induces an imbalance in dopaminergic transmission in brain regions that comprise dopaminergic pathways (Figure 2). Since, Edvinsson et al. (1971) reported a significant decrease in DA levels in the brains of rabbits after 48 h of inducing a TBI by inserting a small pressure cannula into the brain (Edvinsson et al., 1971). Subsequent studies have reported changes in specific regions. For example, in SN (Table 2), the predominant findings show reductions in TH levels, regardless of whether the model used was a rat (Hutson et al., 2011; Sauerbeck et al., 2012; Van Bregt et al., 2012; Acosta et al., 2015; Tan et al., 2015; Liu et al., 2017) or mouse (Selvakumar et al., 2020; D'Amico et al., 2021), this decrease in TH is observed from one to 78 days after TBI. Only Schmidt and Grady (1995), who did not do a quantitative analysis, did not find changes in TH. Yan, who used a severe TBI, reported a delayed increase in TH 28 days after TBI, interpreting it as a possible compensatory response (Yan et al., 2007). Despite the changes described in TH, no significant changes were reported in DA. Regarding some DA metabolites such as HVA, Van Bregt et al. (2012) reports a decrease, while Liu et al. (2017) find an increase. In all cases, immunohistochemistry was used to analyze TH; some studies even use stereology and/or WB for better quantification. The sample sizes (3 to 10) are those commonly reported in these studies.



TABLE 2 Alterations of the dopaminergic system in substantia nigra secondary to TBI in rodent models.
[image: Table2]

Regarding the striatum, it is worth highlighting that there are many more reports (Table 3). Some authors report an increase in DA in the first hours after injury (McIntosh et al., 1994; Massucci et al., 2004; Muthuraju et al., 2014), while in chronic stages, the release and levels of DA decrease (Shin et al., 2011; Huang et al., 2014), as well, TH diminish its expression as the injury time elapses (McIntosh et al., 1994; Massucci et al., 2004; Wagner et al., 2005a; Shin et al., 2011; Huang et al., 2014; Chen et al., 2015; Tan et al., 2015). Also, it has been reported that after a TBI, there is a significant decline of DAT in the striatum (Wagner et al., 2005a,b; Karelina et al., 2017), a decrease or no change of HVA and DOPAC (Shin et al., 2011; Chen et al., 2015). It is also worth noting that the changes observed depend on the magnitude of the damage. In this sense, Chen found a significant decrease in DA release in mild and severe injuries; However, this decrease is temporary in mild injuries (Chen et al., 2015).



TABLE 3 Alterations of the dopaminergic system in the striatum secondary to TBI in rodent models.
[image: Table3]

It is worth noting that, in general, HPLC-ECD was used to report DA levels, and the sample sizes referred to are those generally reported in these studies. However, some authors find increases in DA in the first hours post-TBI, and others find decreases.

In the cerebral cortex (Table 4), there is greater diversity in the reports. Some authors find an increase in DA levels, not only in the acute phase (Massucci et al., 2004) but also in the chronic phase (Kobori et al., 2006; Tanaka et al., 2019); likewise, some authors report that there are no changes in DA levels (Tsuda et al., 2020; Hu et al., 2023) or even find decreases (McIntosh et al., 1994; Rana et al., 2020). Similarly, there are reports of an increase in TH (Kobori et al., 2006), a decrease (Edut et al., 2014), or no changes (Kaukas et al., 2021). Yan et al. (2001) using a model of controlled cortical impact (CCI) in Male Sprague–Dawley rats, did not find changes in TH expression in the first 14 days but observed an increase at 28 days (Yan et al., 2001). Once again, it is worth noting that the results reported are not homogeneous despite using the same analysis techniques. In particular, in this table, the observations also depend on the subregion of the cerebral cortex analyzed.



TABLE 4 Alterations of the dopaminergic system in cerebral cortex secondary to TBI in rodent models.
[image: Table4]

Regarding NAc (Table 5), Chen et al. (2017a, 2018) find a decrease in DA release and reuptake in the core and shell and more significant changes in the core, while Huang et al., 2014 do not find differences in total DA. Regarding TH, there is a report of an increase in its expression at 49 days post-TBI (Kaukas et al., 2021), and concerning the expression of D1R, Bhowmick et al., 2021 describe a decrease at 2 days post-TBI, while Vonder Haar et al., 2019a finds an increase after 25 days.



TABLE 5 Alterations of the dopaminergic system in the nucleus accumbens secondary (NAc) to TBI in rodent models.
[image: Table5]

Concerning other regions analyzed (Table 6), there are only a few reports, for example, in the brainstem or specifically the locus coeruleus (LC), where no changes in DA are reported (McIntosh et al., 1994; Tsuda et al., 2020), or in VTA, where there is only one report in which a decrease in TH is referred, 49 days after the TBI (Karelina et al., 2017). Another less studied region is the hippocampus, where some authors report that there are no changes in DA levels (Tsuda et al., 2020) or it decreases (Hu et al., 2023), while in the hypothalamus, there are reports of increased DA (McIntosh et al., 1994).



TABLE 6 Alterations of the dopaminergic system in some cerebral areas secondary to TBI in rodent models.
[image: Table6]

Although the animal models described in Tables 2–6 are rats and mice, it is worth noting that Kumar and Singh, using a TBI model in Drosophila melanogaster (fruit flies), found a decrease in DA levels 24 h post-TBI (Kumar and Singh, 2023).




8 Potential mechanisms linking TBI mood and anxiety disorders to alterations in the dopaminergic system

As shown in the previous sections, extensive literature validates the alterations of the dopaminergic system after TBI (Tables 1–6) as well as the association of TBI with mood disorders and anxiety (Whelan-Goodinson et al., 2009; Bryant et al., 2010; Guillamondegui et al., 2011; Osborn et al., 2014; Jorge, 2015; Perry et al., 2016; Juengst et al., 2017; Abdullah et al., 2018; Laliberté Durish et al., 2018; Robert, 2020; Ryttersgaard et al., 2020; Eliasen et al., 2021; Sameh et al., 2021). Likewise, several reports indicate that deregulation of the dopaminergic system may be one of the mechanisms for the development of mood and anxiety disorders (Nestler and Carlezon, 2006; Dunlop and Nemeroff, 2007.

In this section, we outline and underscore the potential biological pathways, neuronal circuits, and molecular mechanisms that could be involved in mood and anxiety disorders following TBI and their association with dopaminergic system alterations.


8.1 Impact of TBI on dopaminergic pathways


8.1.1 Nigrostriatal pathway

TBI often damages this pathway, leading to motor deficits and cognitive dysfunction. Inflammation and oxidative stress can reduce DA levels and alter receptor density in the striatum, contributing to Parkinsonism-like symptoms (Dunlop and Nemeroff, 2007; Gao L. et al., 2022). In this sense, it is worth highlighting the recent studies by Gao L. et al. (2022) (Table 1), who reported a decrease in the SN volume of patients who had suffered TBI. They used MR to analyze patients with mild, moderate, and severe TBI who reported anxiety and depressive symptoms. They found a decrease in the size of the SN, particularly the left SN, and reduced functional connectivity in the left SN. The functional connectivity between the left SN and left angular gyrus was positively associated with anxiety symptoms and negatively associated with depressive symptoms (Gao L. et al., 2022). Also, there is evidence in rodent models suggesting that the decreased DA levels after TBI in different brain regions are closely related to the appearance of depression-like behavior; there are reports describing that after a controlled cortical impact or fluid percussion, the preference for sucrose consumption of animals is diminished, and the time of immobility recorded in the forced swim test increases; these behavioral data correlate with altered DA levels in the rat striatum (Nestler and Carlezon, 2006; Tan et al., 2015). Alternatively, the studies by Impellizzeri et al. (2016) and D'Amico et al. (2021) described a decrease in TH and DA in the SN and midbrain associated with a decrease in the time in the open arm of the Elevated plus maze.



8.1.2 Mesolimbic and mesocortical pathways

The brain nuclei composing the mesocortical and the mesolimbic pathways play a predominant role in reward systems (Nestler and Carlezon, 2006; Turner et al., 2007; Heshmati and Russo, 2015), major depression (Heshmati and Russo, 2015), Parkinson’s disease (Wen et al., 2013) and chronic stress (Tye et al., 2013). These nuclei are highly susceptible to the effects of TBI, and their dysregulation can lead to anhedonia, decreased motivation, and executive dysfunction, which are common in post-TBI depression and anxiety (Dunlop and Nemeroff, 2007; Gao L. et al., 2022).

The mesolimbic pathway’s involvement in reward and motivation is crucial for understanding TBI-induced depression. Reduced DA signaling in the NAc can lead to anhedonia, a core symptom of depression. TBI patients may exhibit decreased responsiveness to rewarding stimuli and reduced motivation to engage in previously pleasurable activities (Dunlop and Nemeroff, 2007; Gao L. et al., 2022).

It has been suggested that the mesolimbic dopaminergic system, especially VTA, which projects and releases DA to NAc, plays a fundamental role in the development of anxiety disorder (Small et al., 2016). In support of the above, one study reported that after TBI induced by repeated bursts in mice, DA release increased in the NAc for 30 days after injury (Schindler et al., 2017); in addition, another study reported that a mild TBI generated by repeated impacts using rotational acceleration induced an alteration in the mesolimbic reward system by decreasing TH immunoreactivity in the olfactory tubercle (Vonder Haar et al., 2019b). Meanwhile, Tanaka et al., 2019, reported an increase in DA in the prefrontal cortex associated with a decrease in the time in the open arm of the Elevated plus maze.

Furthermore, it is worth emphasizing that the executive dysfunction often observed in patients with TBI highlights the role of the mesocortical pathway in cognitive functions. Disrupted dopamine signaling in the prefrontal cortex can lead to deficits in attention, working memory, and cognitive flexibility, contributing to the overall burden of psychiatric symptoms following traumatic brain injury.



8.1.3 Hypothalamic-pituitary-adrenal axis

The interaction between dopaminergic and stress-responsive systems, such as the HPA, is significant in TBI. Dysregulated DA signaling can alter the stress response, leading to heightened anxiety and stress sensitivity. Elevated cortisol levels typical in TBI patients can further impair dopaminergic function, exacerbating anxiety symptoms (Dunlop and Nemeroff, 2007; Gao L. et al., 2022).

Murine models have shown that anxiety levels increase after a traumatic brain event, as the exploration time in the open field test and the permanence in the open arms of the elevated cross maze test decreases, as compared to control groups; together, with a considerable increase in serum corticosterone levels that are indicative of increased anxiety as a result of TBI (Fromm et al., 2004; Sönmez et al., 2007; Wagner et al., 2007b; Jones et al., 2008; Baykara et al., 2012, 2013; Almeida-Suhett et al., 2014; Broussard et al., 2018; Beitchman et al., 2020).




8.2 Molecular mechanisms


8.2.1 DA synthesis and release

TBI can impair DA synthesis and release. Oxidative stress and inflammation may reduce TH, the rate-limiting enzyme in DA synthesis. Mitochondrial dysfunction post-TBI decreases ATP production, further impairing DA synthesis and release (Dunlop and Nemeroff, 2007; Gao L. et al., 2022). However, direct measurements of DA in biological fluids of patients post-TBI describe an increase in DA in the acute phase. For example, Wagner et al. (2007a) found increased levels of DA in CSF during the first 5 days after severe injury. However, already in 2014, using PET studies, the same author suggested that patients develop a hypodopaminergic state 1 year after trauma (Wagner et al., 2014). Regarding studies in experimental models of TBI, very few describe alterations in the dopaminergic system and include evaluations of depressive behavior or anxiety. These describe decreases in TH in SN associated with depression-like behavior (Tan et al., 2015; Selvakumar et al., 2020) or anxiety (Impellizzeri et al., 2016; D'Amico et al., 2021) as well as a decrease in DA levels in the striatum (Tan et al., 2015), or an increase in DA in the prefrontal cortex associated with “anxiety” type behaviors (Tanaka et al., 2019).



8.2.2 Receptor dysregulation

Post-TBI, changes in DA receptor density and sensitivity are common. Upregulation of D2 receptors in response to decreased DA availability can lead to increased sensitivity to dopaminergic drugs and altered signaling, contributing to psychiatric symptoms (Dunlop and Nemeroff, 2007; Jolly et al., 2019). However, this appears to be region-specific. In Jolly et al. (2019) (Table 1) studied in moderate to severe TBI patients the relationship between post-traumatic depression, manifested as major depression disorder (MDD) and evaluated the availability of D2R/D3R and the microstructure of white matter. They observed that all patients with TBI had a decreased availability of receptors in the caudate and thalamus compared with the control groups, and this decrease was more significant in the TBI group with MDD.

In contrast, the TBI group without MDD presented a greater availability of the amygdala receptors than the control group. Another result was that the group with TBI and MDD presented more significant evidence of axonal damage compared to the TBI group without MDD in tracts that connect the limbic system. Changes in D2R and D3R receptors have also been reported, with differential expression in the caudate and amygdala and abnormalities in the limbic system, suggesting that compensatory changes in the dopaminergic system may be protective against the development of post-TBI major depression (Jolly et al., 2019). Regarding studies in experimental models of TBI, only one article describes a decrease in D1R in the nucleus accumbens associated with depression-like behavior (Bhowmick et al., 2021). Some authors report D2R changes in various brain regions but do not carry out tests for depression or anxiety-type behaviors.



8.2.3 Transporter and metabolism alterations

DAT function may be compromised post-TBI, impairing DA reuptake, and altered synaptic DA levels. Changes in MAO and COMT activites can further dysregulate DA signaling (Dunlop and Nemeroff, 2007; Gao L. et al., 2022).

Newberg et al. (2014) (Table 1), reported that higher striatum DAT binding, evaluated by SPECT, was associated with more depressive symptoms, analyzing a sample of patients who had suffered a mild TBI over 6 months and continued symptoms (Newberg et al., 2014).

In experimental TBI models, DAT expression decreases have been reported in SN (Impellizzeri et al., 2016; D'Amico et al., 2021) and striatum (Wilson et al., 2005) associated with anxiety-type behaviors. Additionally, various authors have reported decreased DAT expression in the striatum from 1 day to 28 days post-TBI.




8.3 Insights from pharmacological treatments

Regarding pharmacological treatments for depression after traumatic brain injury, recent reviews agree that there is insufficient evidence to recommend prescribing any specific drug or drug (Plantier et al., 2016; Hicks et al., 2023). However, they also suggest pharmacological treatment may be effective in reducing depressive symptoms in those with depression following TBI (Slowinski et al., 2019), considering that depression often develops following TBI and greatly disrupts the lives of survivors and their families. In the absence of a solid evidence base for any specific drug, tentative trials of anti-depressant medication weighing vulnerability to risk factors seem appropriate (Hicks et al., 2023).

Several studies agree that some serotonin (citalopram or sertraline) or norepinephrine and DA (methylphenidate) reuptake inhibitors may be effective in reducing depressive symptoms in patients with TBI (Lee et al., 2005; Pangilinan et al., 2010; Gao C. et al., 2022). In particular, DA-enhancing medications are especially suggested to treat cognitive disorders following a TBI (Writer and Schillerstrom, 2009; Traeger et al., 2020), although drugs such as amantadine, which, among other effects, restores DA levels in the striatum, decreases degeneration and apoptosis of DAergic neurons in the SN, and significantly ameliorates depression-like behavior both in patients and in animal models (Sami and Faruqui, 2015; Tan et al., 2015; Chen et al., 2017b).

It has also been pointed out that some natural extracts, such as 2-Pentadecyl-2-Oxazoline, increase DA levels (Boccella et al., 2020) or sinomenine that acts through the D2R ameliorates behavioral alterations in animal models of TBI (Hong et al., 2022). Likewise, it has been documented that the placebo effect, which represents a powerful and effective treatment for various post-TBI complaints, among other mechanisms of action, increases DA levels (Polich et al., 2018). Alternatively, the beneficial effect of listening to music effects of music lies in its ability to control stress and anxiety in post-TBI patients, which can stimulate DA production in the brain (Basile, 2023). Furthermore, a study reported that TBI induced by the accelerated impact model in rats produced depression-like behavior 14 days after trauma. These mood and anxiety disorders were reversed by the administration of bupropion (DA reuptake inhibitor), suggesting that they were closely related to dopaminergic neurotransmission (Mahesh et al., 2010).

On the other hand, it has been shown that the administration of nomifensine maleate (DA reuptake inhibitor) and quinpirole (D2R agonist) decreased the immobility time in the forced swim test, which suggests that drugs enhancing dopaminergic transmission function as antidepressant therapy in rats (Basso et al., 2005).



8.4 Insights from epigenetic studies

Furthermore, it is worth remembering that the secondary damage after TBI includes epigenetic and/or genetic expression changes (Chen et al., 2018). Although several authors point out that the study of genes that influence outcomes following TBI is still in its early stages, various genetic polymorphisms associated with the pathophysiology and outcome following TBI have been identified (McAllister, 2009; Bennett et al., 2016; Chen et al., 2018). For example, it has been documented that the apolipoprotein E genotype and TBI have combined effects, resulting in dementia later in life (Puccio and Alexander, 2015). More recently, considerable attention has focused on genes associated with mild and repetitive TBIs, particularly among combat veterans and professional athletes (Fesharaki-Zadeh, 2019). Although suggesting that a “good” or “bad” allele of a specific gene may predispose an individual to better or worse outcomes following injury, it is becoming increasingly apparent that recovery from TBI is polygenic, involving the interaction of numerous genes from multiple pathways (McAllister, 2015).

In particular, about the polymorphism in genes related to the dopaminergic system, those that code for COMT, D2R, ankyrin repeat, and kinase domain containing 1 (ANKK1) and DA transport (SLC6A3) or VMAT have been analyzed in TBI outcomes context (Jordan, 2007). It has been described that the polymorphism of some of them may influence cognitive deficits following TBI. However, their involvement in changes in mood disorders following a TBI needs to be more documented. Only one preliminary report suggests that combining certain COMT and ANKK1 alleles may contribute to worse behavioral performance than the carriage of either risk allele alone (Myrga et al., 2016).




9 Discussion

TBI represents a significant public health problem due to high mortality rates and the development of neurological and psychiatric sequelae, including mood, affective, and anxiety disorders that often cause long-lasting disability. It is even pointed out that there is an association between the severity of TBI and cognitive disorders (Shuanglong et al., 2024). The studies shown in this review emphasize that TBI causes alterations in the dopaminergic system, which are associated with mood disorders, including depression and anxiety disorders. For example, after TBI, alterations in the levels of dopamine, its receptors, DAT, and the enzymes involved in its metabolism have been observed, as well as structural and functional changes in the neuronal circuits that connect brain areas specialized in emotional processing with significant dopaminergic innervation and dopaminergic receptors presence, such as the prefrontal cortex, basal ganglia (SN), amygdala and VTA, which could contribute to the development of post-traumatic depression.

It should not be overlooked that the body’s response to TBI is dynamic and can cause immediate or slowly progressive injuries, regardless of severity. The above is relevant because it implies that the appearance of affective or mood disorders could become established gradually as the pathophysiological processes are established in the neuronal circuits involved.

After a TBI, a functional deficit of the monoaminergic circuits occurs, highlighting the dopaminergic system. This deficit varies depending on the pathways or brain regions affected and with time post-TBI. The pathophysiological processes secondary to TBI are associated with chronic neuroinflammation, the generation of oxidative stress, alterations in metabolism, and the destruction (immediate or progressive) of the regions that synthesize dopamine, leading the subject to a hypodopaminergic state, characterized by alterations in DA and DAT and TH concentrations and changes in receptor expression; which together could be a protection mechanism; by increasing circulating levels of dopamine and reducing reuptake systems (Jahan and Tanev, 2023). Each of the dopaminergic pathways presents a different susceptibility to the pathological processes associated with TBI and, therefore, could explain the wide range of clinical signs and symptoms in affected patients, among which are working memory deficits, depression, anxiety, addictions, and behavioral or personality disorders.

Alterations in dopaminergic pathways, caused directly as a response to primary brain injury may participate in developing the neuropsychiatric problems addressed here. However, these alterations can also derive from the progression of the secondary lesion, initiating a positive feedback cycle that will determine the patient’s clinical evolution. As an example of the above, after a TBI, there is an uncontrolled release of ions and neurotransmitters that can cause edema and transient cell membrane depolarization. Uncontrolled transmission leads to a metabolic crisis, where there is mitochondrial damage, decreased ATP production, induction of oxidative stress, increase in reactive oxygen species, and the generation of nitric oxide, patterns that have been observed in both depression and in TBI (Hong et al., 2022). These facilitate neuroinflammation, alter cellular activity, and can damage macromolecules, such as DNA, proteins, and lipids. Elevated levels of pro-inflammatory cytokine have been observed in patients with TBI and depression (Bodnar et al., 2018). The same inflammatory process causes deregulation of the endocrine system, such as the alterations observed in the HPA axis (Luo et al., 2015) and in GH levels (Pavlovic et al., 2019), aggravating metabolic crises. Damage and repair mechanisms, including changes in gene expression, induction of glial inflammatory responses, structural remodeling of proteins, cells, and circuits, and proliferation of neurons and glia, play a decisive role in developing neurobehavioral disorders, including mood disorders. Disruption of cellular processes and persistent low-grade neuroinflammation may predispose some people to depression after TBI (Jahan and Tanev, 2023).

It would be very simplistic to attribute that the depression produced after a TBI is due solely to alterations in the dopaminergic system and not to a multifactorial phenomenon. Various studies indicate that mood disorders are associated with milder levels of TBI (García-Guerrero and Pérez-Moreno, 2014; Uiterwijk et al., 2022), which is very difficult to attribute exclusively to damage to the dopaminergic system. Although damage to this system caused by TBI is an important factor in mood alterations, it must be considered that they have multiple origins, such as an imbalance in aminergic neurotransmission, especially serotonergic neurotransmission, neuroinflammation, and neuroendocrine dysregulation. of the hypothalamic–pituitary–adrenal axis.

An aspect worth highlighting is that there are many more reports of male patients in the clinical studies referred to here. Perhaps this is not surprising given that there is a higher proportion of men who suffer from TBI. However, it has been reported that compared to males, female patients have poorer cognitive recovery and more severe symptoms of depression and anxiety after a TBI (Cnossen et al., 2017; Liu et al., 2024). Likewise, in studies in animal models, those carried out only in males largely predominate.



10 Conclusion

Studies discussed in this chapter, in human subjects, as in animal models, provide evidence of a relationship between TBI and mood, affective, and anxiety disorders associated with lesion location. However, it is worth highlighting that although numerous studies, both clinical trials and animal models, show alterations in the dopaminergic system after a TBI, only some of them include tests of mood or affective state, and there are practically no reports that correlate the magnitude or intensity of these two types of variables. Likewise, more studies on animal models need to be conducted, including both males and females.

Nevertheless, these data reinforce the importance of continuing to study the modifications of dopaminergic transmission after a traumatic brain injury and its relationship with psychiatric disorders.
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injury (= 10), poly system trauma

(n=7) and medical/surgical patients in

an intensive care unit (1=29).

61 patients (50 male), aged 17 to

95 years (median 25 years), who had

suffered traumatic brain injury within

the preceding 48h

33 patients with TBI (24 men and 9 GCS:3-11

women)

98 patients within 6h after closed head 72 patients were

injury. unconscious and
26 were
conscious at the
time of

admission.

Evaluation and monitoring
post-TBI

MRI data were collected using a Siemens
Prisma 3.0 Tesla MRI system.

‘The volume of SN and the global
functional connectivity of the SN and VTA

was analyzed

Plasma adrenaline (A), noradrenaline
(NA), and dopamine (DA) leves were

determined

Single-Photon Emission

ioflupane
DAT in caudate and putamen
5.94years (0.5 to 30.5 years) post-TBI

SPECT with "lioflupane at baseline and
25h after a single dose of methylphenidate
(enteral route) They measured the DAT in
striatum and substantia nigra

48 days post-TBI

D2/D3 in relation to major depression
disorder and axonal pattern damage.
PET ('C) PHNO, MRI, diffusion tensor
imaging in caudate and tonsil

1510372

months post-TBI

SPECT with both *"Ic Exametazime to

measure cerebral blood flow (CBE) and

lupane to measure dopamine

transporter (DAT) binding.

PET

Using ['C] pCFT for DAT and ['C]
raclopride for D2R. The activity was
analyzed in caudate, ventral striatum,
putamen, and cerebellum.

MRI

I-year post-TBI

HPLC was used to determine CSF levels of
DA, DOPAC, and HVA during the first

5 days after injury.

DAT patients’ genotypes were obtained

using previously banked samples of CSF

SPET

(PLp-CIT and *LIBZM).
Semiquantitative activity of DAT and D2R
by binding in the striatum.

cer

MRI

141£94.2days post-TBI

Serum A, NA and DA levels were
measured at 3 and 7 days after injury.

GCS was recorded on admission and GOS

1 month after injury.

Daily measurements of urinary A, NA,
metanephrine, normetanephrine, DA, and
cortisol,and with plasma levels of insulin,
glucagon, and C-reactive protein during
15d.

Catecholamine Urinary levels of A, NA,
ated.

DA were deters

Main metabolites of the neurotransmitters
NA, DA, and serotonin,
methoxyhydroxyphenylglycol (MHPG),
homovanillic acid (HVA), and
S-hydroxyindoleacetic acid (SHIAA)
respectively; were estimated by HPLC with
electrochemical detection in CSF samples,
Blood samples were used to determine
circulating free and total (free plus
conjugated) NA, A, and DA

Blood samples for NA, A, and DA

measurement

Blood samples for determinations of NA;
Aand DA levels were obtained

immediately upon arrival of the patient.

Concentrations of HVA and SHIAA were
measured in the lumbar cerebrospinal
fluid.

Dopaminergic system observations and
clinical correlation

Patients with TBI reported more anxiety and depressive
symptoms.
‘Smaller SN and reduced functional connectivity in the left SN,

were seen in individuals with TBL

Patients with GCS 3 to 4 had markedly increase in baseline
mean A, NA, and DA levels as compared with control, while
patients with better GCS (11-12) had mildly elevated levels.
GOS follow-up of .73  2.26 months. Was negatively correlated
with A and DA level at admissic

No data are presented regarding the mood or aniety in the
patients.

All patients were in the chronic phase of TBI and presented
cognitive difficulties. A decrease in DAT was observed mainly
in the caudate nucleus, with involvement of the putamen,
different from what was observed in patients in the early phase
of Parkinson's disease.

No data are presented regarding the mood or aniety in the

patients.

Patients were evaluated at week 16 post TBI, with low cognitive
functioning (Rancho Los Amigos < IV) and moderately severe
disability (Disability Rating Scale 7). Heterogeneous
disruption of the nigrostriatal system was documented, and it
was observed that the administration of methylphenidate is
associated with a decrease in DAT density, which is important
for a positive clinical response.

No data are presented regarding the mood or anxiety in the
patients.

Changes in D2/D3 receptors post-TBI, lower expression in the
caudate (mainly in patients with MDD) and higher expression

in the amygdala (patients without MDD).

Abnormalities in white matter connections within the
patients with MDD

ic

system, with more extensive damags

Higher s

um DAT binding was associated with more

depressive symptoms

Patients were included in the study 1 year after TBI, with
executive function deficits as determined by
neuropsychological testing. PET showed decreased binding to
DAT in the caudate, putamen, and ventral striatum and
increased D2R in the ventral striatum.

Regarding the mood or anxiety in the patients, it is only
mentioned that 4 of the subjects with TBI were taking
antidepressants.

DAT 10/10 genotype had higher CSF DA levels than patients
with either the DAT 9/9 or DAT 9/10 genotypes. Females with
the DAT 10/10 genotype had higher CSF DA levels than
females with the DAT 9/9 or DAT 9/10 genotypes, and sex was
associated with higher DOPAC levels.

No data are presented regarding the mood or anxiety in the

patients.

‘The patients were in the chronic phase and presented motor
d characteristics. I the striatum, a
45% reduction in DAT binding and a 73% reduction in D2R

were observed compared to control patients.

alterations with akinet

No data are presented regarding the mood or aniety in the

patients.

DA levels were significantly higher in TBI compared to the
control group. DA levels were not significantly related to
outcome.

No data are presented regarding the mood or anxiety in the
patients.

Urinary A, NA, DA levels were significatively increased respect
to controls.

No data are presented regarding the mood or anxiety in the

patients.

Urinary DA levels remained within the normal range, and the
increase noted i the first 7 days after injury continued, but was
less marked for the survivors, and then declined again

No data are presented regarding the mood or anxiety in the

patients.

‘The group of patients had highly significant elevated
concentrations of MHPG, SHIAA, and HVA compared with
controls (p <0.00L), after removing the differences that can
be accounted for age.

No data are presented regarding the mood or aniety in the

patients.

DA parameters remained normal.
No data are presented regarding the mood or anxiety in the

patients.

Levels of NA, A, and DA correlated highly with the admission
GCS score.
No data are presented regarding the mood or anxiety in the

patients.

In patients with a GCS of 3 to 4, NA and A levels increased
four-to fivefold and the DA level increased threefold above
normal.

No data are presented regarding the state of mood or anxiety
in the patients

‘The HVA levels decreased in patients, whether or not they
were given probenecid, which inhibits the active transport of
these acids from the brain. The decline of HVA was more
notable in patients with the longest duration of
unconsciousness.

No data are presented regarding the state of mood or anxiety

in the patients.

GCS, Glasgow Coma Scale; A, adrenaline; NA, noradrenaline; DA, dopamine; MHPG, methoxyhydroxyphenylglycol; HVA, homovanillic acid; and 5-HIAA, 5-hydroxyindoleacetic acid.

Additional information

Functional connectivity between left SN and
left angular gyrus was positively associated with
post-traumatic aniety symptoms and
negatively associated with depressive

symptoms.

Elevated A, NA and DA levels were an excellent
‘marker that exhibit the extent of brain injury

and predict the probability o recovery

“TBI risk factor for development of Parkinsoris
disease

Identification of a hypodopaminergic state
could allow clinical intervention.

‘They consider that TBI, rather than givinga
“static shock” to the dopaminergic system,
produces an accelerated degeneration of the
dopaminergic ibers.

“lioflupane SPECT is a promising tool to
determine the severity of the presynaptic DA
terminal and to monitor the pharmacokinetics
and pharmacodynamics of therapeutic

interventions targeting the DA system.

‘They suggest that compensatory changes in the
dopaminergic system may be protective against
the development of MDD after TBI

‘There was no clear association between CBF

and DAT binding in these patients

Results suggest that patients with TBI develop a
hypodopaminergic state.

Neuroimaging findings of TBI patients
included diffuse axonal injury, hemorrhagic
contusion, subdural hematoma, and

subarachnoid hemorrhage.

After severe TBI, patients’ CSF DA and HVA
levels—but not DOPAC levels—were higher

than reported control values

CCT and MRI evaluations demonstrated

cortical and subcortical lesions in all patients.
Structural lesions were only found in the
striatum of 1 patient.

Alterations in the transporter and the receptor
are independent of the severity of damage
determined by GCS

Serum NA and A levels were higher in patients
with lower GCS and in the group of patients

who did not survive.

Urinary levels of norepinephrine,
normetanephrine, and cortisol were higher in

patients with lower GCS scores.

NA and DA levels increased with time since

injury

‘The severity of the coma, as measured by the
Glasgow Coma Scale, correlated only with
the SHIAA level

In the patients with TBI o vascular brain
injury, significant inverse correlations were
present between the degree of neurological
dysfunction, as indicated by the GCS, and free
and total NA, A, and DA levels

In the 54 patients who survived beyond 1-wek,
significant correlations were present between
the length of hospitalization and NA and A
levels. Concentrations of NA and A were also
correlated with the duration of ventilatory
assistance

Circulating NA, A. and DA are excellent
‘markers that reflect the extent of brain injury

and that may predict the likelihood of recovery.

Results suggest a decreased cerebral DA and

serotonin metabolism after head iniury.
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Animal species

Bodyweight,
Age,

Adult male Sprague—
Dawley rats, 275-325g
(n=4-5)

72 male Sprague-
Dawley rats
250-275g

63 adult Male Sprague-
Dawley rats
2-3months

Adult Male Sprague-
Dawley rats
350-375g

Male Fischer 344 rats
16weeks old

Male Sprague-Dawley
rats

Ten-week old
(n=12;sham or TBI).
Adult Male Sprague-
Dawley rats
250-280g

Male CD1 mice (25 to
30g)

10-12weeks

(n=10)

Adult male Sprague-

Dawley rats

Male Sprague-Dawley
rats, weighing 90+ 5g
(4weeks old)
(n=10in each group)
CS7BLI6 mice
(25~30gm),

10~ 12weeks

Male CD1 mice (25 to
30g)

(10 mice for each
group)

Experimental
model

FP

car

FP

EP

ccl

cal

cal

cal

P

car

CHI

car

TBI
severity

Mild to

moderate

Severe

Moderate

Moderate

Mild and

moderate

Not reported

Not reported

Not reported

Moderate

Not reported

Mild

Not reported

Time
post TBI

11-15d

1,7d

28d

11,182d

28d

30d

60d

7d

30d

284

48d

24,72h

30d

Dopaminergic
system changes

=TH
(Immunohistochemistry)

(It has not been quantitatively
analyzed)

=TH

1TH
(Immunohistochemistry, WB)
(n=6)

ITH
(Immunohistochemistry)
(n=6-10)

=DA, [HVA,

1 (DOPAC + HVA/DA)
(HPLC-ECD) (n=5)

ITH
(Immunohistochemistry-
stereology) (n=3)

ITH
(Immunohistochemistry)
(n=6)

ITH
(Immunohistochemistry-

stereology)

ITH
(Immunofluorescence)
(n=8)

I TH, IDAT
(Immunohistochemistry, WB)
(n=3)

ITH
=DA, =DOPAC THVA
(Immunohistochemistry-
stereology; HPLC-ECD)
(n=6)

ITHy tR2D

(Immunohistochemistry, WB)

ITH
(Immunofluorescence, WB)
(n=6)

ATH |DAT
(Immunohistochemistry)

(n=5)

Evaluation of
depressive
behavior or anxiety

Not reported

Not reported

Not reported

Not reported

Not reported

Not reported

1 Sucrose preference
(n=38)

Immobility time in FST
(n=8)

ITime in the open arm of
EPM

(n=10)

Not reported

Not reported

tmmobility time in TST
(n=6)

1Time in open arm EPM
(n=10)

Reference

Schmidt and Grady
(1995)

Yan etal. (2007)

Hautson et al. (2011)

Van Bregtetal, 2012

Sauerbeck et al
(2012)

Acosta etal. (2015)

Tan etal. (2015)

Impellizzeri et al.

(2016)

Liuetal. (2017)

Ko etal. (2019)

Selvakumar et al.

(2020)

DA
(2021)

ico etal,

E. fluid percussion; CCI, controlled cortical impact; CHI, closed head injury; TH, tyrosine hydroxylase. DA, dopamine; HVA, homovanillc acid; DOPAC, dihydroxyphenylacetic acid; DAT,
DA transporter; RD2, DA receptor type 2; HPLC-ECD, high performance liquid chromatography-electrochemical detection; W, western blot; FST, forced swimming test; EPM, elevated plus
maze; 1, increases. |, reduces, =, not changed.
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Animal species Experimental TBI severity Time Dopaminergic system  Evaluation of  Reference

Bodyweight, Age,  model post TBI  changes depressive
behavior or
anxiety

Male Sprague-Dawley rats ~ FP Mildand severe | 2,24h;7,14,  =DA, THVA+DOPAC/DA Not reported Huang etal.
(6-week old) 200-250g 28d (HPLC-ECD) (20149)
Sham, n=5; mild, (n=5-13)
severe n=15.
Youngadult male, Sprague-  FP Mildand severe | 2,24h DA release and reuptake core Not reported Chenetal
Davwley rats (6weeks old) 7,14,28,42,  and shell; greater changes in the (2017a)
200-250g s56d core. More evident 1-2weeks in
Sham, =28, mild, n post TBI severe
severe, n=42. (BSCV)

(n=14)
Male Sprague Dawley rats~ LEP Moderate nd 1DA release Not reported Chenetal

(BSCV) (018)

(n=12)
68 male Long-Evans rats car Mildand severe | 25d 1DIR (mild TBY), Not reported Vonder Haar
Sham, = 17; mild, n=23; (WB) etal. (20192)
severe, n=28.
Male and female Sprague CHI Injury confirmed | 49 1TH, {DAT (males) Not reported Kaukas et al.
Dawley rats. Animals at p35 bya significant (WB) (2021)

increase in (n=5-7)
righting reflex

Male C57/BL6 B Mild and 2d IDIR I sucrose preference | Bhowmick
9weeks old, 20-25g; moderate (WB) (n=6) etal. (2021)

(n=6)

ER, fluid percussion; CCI, controlled cortical impact; CHI, closed head injury; TH, tyrosine hydroxylase. DA, dopamine; HVA, homovanillic acid; DOPAC, dihydroxyphenylacetic acid; DAT,
DA transporter; RD2, DA receptor type 2 pserd0TH, ser40-phosphorylated tyrosine hydroxylase; VMAT, vesicular monamine transporter; FSCV, fast scan cyclic voltammetry: ELISA,
enzyme-linked immuno sorbent assay; EIA, enzyme immunoassay; HPLC HPLC-ECD, high performance liquid chromatography-electrochemical detection; WB, RT-PCR, reverse:
transcription & polymerase chain reaction. Western blot; FST, forced swimming test; EPM, elevated plus maze; 1, increases. 1, reduces, =, not changed.
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Brain Animal species Experimental ~ TBI Dopaminergic Evaluation of  Reference

region Bodyweight, model severity system changes depressive
Age, behavior or

anxiety

Brainstem 60 male Sprague-Dawley | FP Moderate | 1,6,24h, | =DA Not reported Mclntosh et al.
rats (weighing 300~ 714d  (HPLO) (1994)
350g) (n=6)

Locus Adult male Sprague- Repetitive blast- Mild 2dafter | =DA Not reported Tsuda etal

coeruleus Dawley rats (12- induced TBI thelast  (HPLC-ECD) (2020)
I4weeks old, 250-280g) bTBI
(n=7 per group)

Retrotuberal 40 male C57BL/6] mice  CCI Not 1,7,14d  IDAT mRNA Not reported Shimada et al

field 21-29g reported | 4d DAT mRNA (2014)

(In situ hybridization)
(n=5)

VIA Female Swiss Webster  CHI Mild 49d 1TH, = DAT Not reported relina e
mice (Immunohistochemistry) 017)
21d (n=7-9)

Hypothalamus 60 male Sprague-Dawley | FP Moderate  1,6h 1DA Not reported Melntosh et al
rats (300-350g) 24h, DA (1994)

7.04d (HPLO)
(n=6)

Hippocampus  Adult male Sprague- Repetitive blast- Mild 2dafier | =DA Not reported Tuda etal.
Dawley rats (12~ induced TBI thelast  (HPLC-ECD) (2020)
14weeks old, 250-280g) bTBI
(n=7 per group)

Sprague Dawley rats car severe 14d DA Not reported Huetal. (2023)
(220-240g, 8-9 weeks) (ELISA)
(n=3)

ER, fluid percussion; CCI, controlled cortical impact; CHI, closed head injury; TH, tyrosine hydroxylase. DA, dopamine; HVA, homovanilic acid; DOPAC, dihydroxyphenylacetic acid; DAT,
DA transporter; RD2, DA receptor type 2 pserd0TH, serd0-phosphorylated tyrosine hydroxylase; VMAT, vesicular monamine transporter; FSCV; fast scan cyclic voltammetrys ELISA,
enzyme-linked immuno sorbent assay; EIA, enzyme immunoassay; HPLC HPLC-ECD, high performance liquid chromatography-electrochemical detection; WB, RT-PCR, reverse:
transcription & polymerase chain reaction. Western blot; FST, forced swimming test; EPM, elevated plus maze; 1, increases 1, reduces, =, not changed.
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