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Backgrounds: Transcranial direct current stimulation (tDCS) is a non-invasive brain stimulation technique for the treatment of several psychiatric disorders, e.g., mood disorders and schizophrenia. Therapeutic effects of tDCS are suggested to be produced by bi-directional changes in cortical activities, i.e., increased/decreased cortical excitability via anodal/cathodal stimulation. Although tDCS provides a promising approach for the treatment of psychiatric disorders, its neurobiological mechanisms remain to be explored.

Objectives: To review recent findings from neurophysiological, chemical, and brain-network studies, and consider how tDCS ameliorates psychiatric conditions.

Findings: Enhancement of excitatory synaptic transmissions through anodal tDCS stimulation is likely to facilitate glutamate transmission and suppress gamma-aminobutyric acid transmission in the cortex. On the other hand, it positively or negatively modulates the activities of dopamine, serotonin, and acetylcholine transmissions in the central nervous system. These neural events by tDCS may change the balance between excitatory and inhibitory inputs. Specifically, multi-session tDCS is thought to promote/regulate information processing efficiency in the cerebral cortical circuit, which induces long-term potentiation (LTP) by synthesizing various proteins.

Conclusions: This review will help understand putative mechanisms underlying the clinical benefits of tDCS from the perspective of neurotransmitters, network dynamics, intracellular events, and related modalities of the brain function.
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INTRODUCTION

Transcranial direct current stimulation (tDCS) is a non-invasive method that modulates neural activities in the brain by delivering low-amplitude (usually no more than 2 mA) over a short period (no more than 30 min) between electrodes (anode and cathode). At least, one of the electrodes is placed on the scalp, through which electronic currents penetrate the skull to enter the brain and facilitate or inhibit spontaneous neural activities in the vicinity of electrodes (Yokoi et al., 2018; Figure 1).


[image: Figure 1]
FIGURE 1. Schematic diagram (Left) and experimental setup (Right) for tDCS. (Left) The anode and cathode electrodes are positioned over the left dorsolateral prefrontal cortex and over right supraorbital region, respectively. The direction of current flow is from the anode to cathode. (Right) An administrator controls the stimulator (a). Anodal (b) and cathodal (c) electrodes of 35-cm2 in size are placed on F3 and right supraorbital region, respectively. A head strap (d) is used as needed to increase reproducibility.


Effectiveness of tDCS in the treatment of major depressive disorder (MDD) has been reported (Yokoi et al., 2018). Thus, a meta-analysis has shown a moderate effect of tDCS on depressive symptoms in patients with acute depression (Hedges'g = 0.37) (Shiozawa et al., 2014). Also, there has been a series of reports showing the ability of tDCS to ameliorate positive/negative symptoms of schizophrenia (Kim et al., 2019). For example, hallucinations (positive symptoms) (Hedges'g = 0.86) and negative symptoms (0.41) have been found to be improved by multi-session tDCS on the frontal or frontotemporal lobe (see montages in Table 1) twice daily for 5 days (Kim et al., 2019). Moreover, meta-analysis for cognitive function in patients with schizophrenia indicates the ability of multi-session tDCS on the prefrontal cortex (see montage in Table 1) to improve working memory (Hedges'g = 0.49), an important cognitive domain (Narita et al., 2020; Table 1).


Table 1. Meta-analyses of the effects of tDCS.
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In spite of accumulated evidence for the efficacy of tDCS in treating psychiatric disorders, particularly schizophrenia and mood disorders, its mechanism of action has not been fully elucidated (Stagg and Nitsche, 2011). Therefore, the current review aimed to provide an overview of the actions of tDCS, especially anodal stimulation, on neurotransmission and neural networks in the brain, to help understand the mechanisms underlying its therapeutic effects.

The effect of tDCS on psychiatric symptoms has been mainly reported in studies using anodal stimulation over the frontal cortex. On the other hand, where the cathodal electrode is placed has not been uniform, indicating anodal stimulation has attracted interests to consider the mechanism of tDCS (Fregni et al., 2020). As the clinical benefits of tDCS have been found when multi-sessions are applied (Shiozawa et al., 2014; Kim et al., 2019; Narita et al., 2020), emphasis was placed on long-term changes of neural events produced by tDCS.



NEUROPHYSIOLOGICAL UNDERSTANDING OF TDCS

Anodal stimulation with tDCS (1–2 mA) by itself is not strong enough to depolarize the membrane potential of neurons to the firing threshold, and only increases the rate of spontaneous combustion and their excitability (Nitsche and Paulus, 2000; Philip et al., 2017; Figure 2). Conversely, cathodal stimulation is thought to deepen the resting membrane potential, making it difficult for neurons to depolarize, which reduces spontaneous combustion rates and excitability of neurons (Nitsche and Paulus, 2000; Philip et al., 2017; Figure 2). Importantly, these effects of tDCS depend on the intensity and duration of stimulation (Nitsche and Paulus, 2000), and radial electric field (Seo and Jun, 2019).
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FIGURE 2. Schematic diagram of changes in neuron potential by tDCS. Anodal stimulation with tDCS (1–2 mA) is not strong enough to depolarize the membrane potential of neurons to the firing threshold. Conversely, cathodal stimulation is thought to deepen the resting membrane potential and make it difficult for neurons to depolarize.


Electrophysiological understanding of tDCS may be facilitated by the stimulation-dependent model (Fertonani et al., 2011). In this model, anodal stimulation is considered to promote depolarization of neurons, and cathodal one causes hyperpolarization to suppress it. Moreover, electrical stimulation affects multiple neurons and increases their membrane potentials to induce depolarization. These events in the vicinity of neural membranes has been proposed to explain the ability of tDCS to improve brain functions (Silvanto et al., 2008).

Increased excitability of local neurons by anodal stimulation is thought to increase blood flow around the stimulation site, and induce subsequent metabolic changes. Specifically, blood-flow changes through tDCS on the prefrontal cortex have been measured by functional near-infrared spectroscopy (fNIRS) (Merzagora et al., 2010). In this study, the increase of oxygenated hemoglobin concentrations under the anodal electrode was significantly larger than those for the cathode. This is thought to reflect the ability of anodal stimulation to induce metabolic changes among neurons (Merzagora et al., 2010).



BIOCHEMICAL EFFECTS OF TDCS

Changes in neurotransmissions by anodal stimulation have been reported in relation to metabolic changes in the brain. Here, we review the accumulated evidence for the effect of stimulation of the motor cortex in patients with chronic pain and those receiving post-stroke motor rehabilitation (Medeiros et al., 2012; Tables 2, 3). For example, the effect of anodal stimulation is suppressed by carbamazepine (sodium channel inhibitor) (Liebetanz et al., 2002), indicating that inhibition of intracellular influx of extracellular sodium ion suppresses anode-induced depolarization of neurons, and subsequent excitements.


Table 2. Effects of concomitant medication on anodal tDCS on the motor cortex of healthy subjects (adapted from Medeiros et al., 2012).
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Table 3. Pharmacological actions.
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Glutamate receptor subtypes governing excitatory synaptic transmissions include AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) and NMDA (N-methyl-D-aspartate) receptors, both of which are coupled with ion-channels. The AMPA receptor is involved in the intracellular influx of sodium ion during neuronal depolarization, causes transient action potentials, and accounts for most of the excitatory synaptic transmissions. On the other hand, the NMDA receptor is involved in the intracellular influx of calcium ion during depolarization, produces prolonged action potentials, and mediates neural circuits governing memory and learning. Therefore, actions on NMDA receptors, inducing plasticity of neurons, play a dominant role in improving symptoms of psychiatric disorders. Accordingly, dextromethorphan (NMDA receptor inhibitor) suppresses the effect of anodal stimulation (Liebetanz et al., 2002; Nitsche et al., 2003, 2004a), while d-cyclo-serine (partial NMDA receptor agonist) prolongs it (Nitsche et al., 2004b). This is in line with the observations that NMDA receptor agonists enhance excitatory synaptic transmissions, while NMDA receptor inhibitors suppress it (Liebetanz et al., 2002; Nitsche et al., 2003, 2004a,b). Also, GABA (gamma-aminobutyric acid: γ-aminobutyric acid), a neurotransmitter that inhibits synaptic transmissions, may play a role. Thus, lorazepam, a GABA receptor agonist, delays the effect of anodal stimulation (Nitsche et al., 2004c). On the other hand, the anodal stimulus itself causes a local decrease in GABA concentrations in the cortex (Stagg et al., 2009, 2011).

Monoamine neurotransmitters, such as dopamine, serotonin, and acetylcholine have been reported to mediate the effect of tDCS (Nitsche et al., 2006, 2009; Kuo et al., 2007, 2008; Monte-Silva et al., 2010; Thirugnanasambandam et al., 2011). For example, sulpiride, a dopamine receptor blocker (Nitsche et al., 2006), suppresses the effects of anodal stimuli, while levodopa, a dopamine precursor (Kuo et al., 2008; Monte-Silva et al., 2010), locally enhances excitement of certain synaptic transmissions (Kuo et al., 2008). These findings suggest that the action of tDCS may include regulation of dopamine transmissions. Also, citalopram, a serotonin reuptake inhibitor, enhances anodal stimulation (Nitsche et al., 2009). Regarding acetylcholine transmissions, rivastigmine, a cholinesterase inhibitor, suppresses the effect of tDCS (Kuo et al., 2007). In sum, the direction of influence on actions of anodal stimulation varies depending on monoamine neurotransmitters.

The above considerations overall lead to the concept that anodal stimulation enhances excitatory synaptic transmissions by stimulating glutamate transmissions and suppressing GABA transmissions in the cortex. On the other hand, it modulates the dopamine system, enhances and suppresses serotonin and acetylcholine transmissions, respectively. These effects of tDCS on monoamine transmissions are considered to be associated with change of the balance between excitatory and inhibitory inputs in the brain (Okun and Lampl, 2008).



NEUROANATOMICAL UNDERSTANDING OF THE EFFECT OF TDCS

Impaired functional connectivity between brain regions has been reported in patients with psychiatric disorders, such as schizophrenia and bipolar disorder (Yamada et al., 2020). In schizophrenia patients, a study using resting functional magnetic resonance imaging (fMRI) found a separation between the medial prefrontal cortex and the dorsolateral prefrontal cortex (Chai et al., 2011). Another study found changes of dynamic functional connectivity mainly in the thalamus and cerebellum, as well as frontal, temporal, occipital, fusiform, post-central, cuneus, supramarginal, and calcarine cortices in patients with schizophrenia or bipolar disorder. Specifically, functional connectivities involving the post-central, frontal, and cerebellar cortices are weakened across schizophrenia and bipolar disorder, while those involving the insular, temporal, frontal, fusiform, lingual, occipital, supramarginal cortices, as well as thalamus and cerebellum, are strengthened (Du et al., 2017). Kunze et al. systematically applied tDCS to a large-scale network model consisting of 74 brain regions to investigate the functional connectivity of dynamic states. They found alterations of the competitive interrelationship of functional networks by tDCS (Kunze et al., 2016).

Based on these findings, the mechanism of action of tDCS on neural circuits are summarized in Table 4. Anodal tDCS may enhance excitatory synaptic transmissions by changing the balance between glutamate and GABA activities (Clark et al., 2011; Stagg et al., 2014; Bachtiar et al., 2015; Hunter et al., 2015), leading to modification of functional connectivity between brain regions, including the stimulation site (Polanía et al., 2011; Stagg et al., 2014; Bachtiar et al., 2015; Hunter et al., 2015). Furthermore, the effects of tDCS may be extended in the brain, through an increased/decreased release of monoamine transmitters, such as dopamine, on neural circuits that do not necessarily involve the anodal stimulation site (Polanía et al., 2011; Hunter et al., 2015; Fonteneau et al., 2018). These neural events are thought to improve psychiatric symptoms and cognitive function (Fukai et al., 2019). In summary, anodal stimulation is likely to modify activity levels of both specific brain regions and multiple network systems (Luft et al., 2014).


Table 4. Changes in the brain networks by anodal tDCS.
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MECHANISM OF ACTION OF TDCS VIA LONG-TERM POTENTIATION AND GLIAL CELLS

Long-term potentiation (LTP), continuous enhancement of signal transduction between neurons, is thought to mediate the effect of tDCS (Figure 3). First, action potentials in presynaptic neurons are converted into chemical signals at the presynaptic membrane. Subsequently, neurotransmitters (glutamate, GABA, dopamine, serotonin, acetylcholine, etc.) are released into the synaptic gap. The process by which this neurotransmitter is transmitted to post-synaptic neurons is called the signal transduction cascade. In this cascade, various neurotransmitters activate/inhibit transduction cascades bound to G-proteins or ion-channels, leading to phosphorylation of cAMP-responsive element binding protein (CREB) and activation of genes in the nucleus of neurons. Also, the neurotrophic factor-bound transduction cascade may play a role by activating various kinase enzymes (Stephen, 2013). These signal transduction cascades enhance the synthesis of various proteins, such as neurotransmitter synthases, receptors, ion channels, and intracellular signal proteins. Facilitative actions of these proteins that regulate efficiency of neurotransmissions in the cerebral cortex circuit may explain the ability of tDCS to induce LTP (Figure 3).
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FIGURE 3. Putative mechanisms for the enhancement of long-term potentiation by tDCS. Various neurotransmitters activate/inhibit transduction cascades bound to G-proteins or ion-channels, leading to phosphorylation of cAMP-responsive element binding protein (CREB) and activation of genes in the nucleus of neurons. These signal transduction cascades enhance the synthesis of various proteins, such as neurotransmitter synthases, receptors, ion channels, and intracellular signal proteins. Facilitative actions of these proteins that regulate efficiency of neurotransmissions in the cerebral cortex circuit may explain the ability of tDCS to induce LTP.


Brain-derived neurotrophic factor (BDNF) may also mediate the development of LTP (Cocco et al., 2018). So far, multi-session anodal simulations on the left dorsolateral prefrontal cortex (DLPFC) has been shown to improve mood symptoms without significant change in BDNF concentrations in the blood of patients with major depressive disorder (Brunoni et al., 2015). Further study is warranted to see if tDCS affects BDNF levels in other psychiatric disorders.

Glial cells, including astrocytes, have been reported to be activated by tDCS (Ruohonen and Karhu, 2012). As these cells regulate the concentrations of chemical substances and neurotransmitters in the outer space of neurons, the mechanisms by which tDCS ameliorate psychiatric symptoms may involve some modalities other than direct actions on neuronal cells. For example, findings from animal studies suggest involvement of LTP and glial cells (see Table 5). In rats, anodal tDCS stimulation on hippocampal CA3-CA1 synapses has been reported to induce LTP (Ranieri et al., 2012). Also, tDCS increases cAMP accumulation in the polarized cortex (Hattori et al., 1990), and changes mRNA expressions, leading to the increase in the density of dendritic spines in subjects with strokes (Jiang et al., 2012).


Table 5. Animal studies on the mechanism of long-term potentiation (LTP) by anodal tDCS.
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Monai et al. reported that tDCS augments noradrenaline levels by increasing intracellular calcium ion concentrations through stimulation of α1 adrenergic receptors on astrocytes in genetically modified mice (Monai et al., 2016). Also, an increase in intracellular concentrations of calcium ions by tDCS has been found in human cells (Dubé et al., 2012), suggesting the involvement of astrocytes in the ability of tDCS to induce LTP.

BDNF binds to TrkB receptors that regulate the growth and synaptic activity of neurons, and are thought to be involved in the formation of LTP (Stephen, 2013). For example, anodal tDCS induces synaptic plasticity in vitro, which is dependent on enhanced BDNF-secretion and TrkB-activations (Fritsch et al., 2010). Moreover, Podda et al. (2016) reported that mice subjected to anodal tDCS exhibited hippocampal LTP and improvement of learning and memory. These effects have been reported to be associated with enhancement of acetylation of BDNF promoter I, expression of BDNF exons I and IX, and BDNF protein levels (Podda et al., 2016). The hippocampi of mice receiving tDCS also exhibit enhanced CREB phosphorylation, and phosphorylated CREB at Ser133 (pCREB133) binds to BDNF promoter I, and recruits of CREB-binding proteins. These findings suggest that anodal tDCS increases hippocampal LTP and memory via mechanisms related to BDNF genes (Podda et al., 2016; Yu et al., 2019).



CONCLUSIONS

In this review, we discussed the electrophysiological understanding of tDCS on the basis of the stimulation-dependent model. Biochemically, enhancement of excitatory synaptic transmissions through anodal stimulation is likely to facilitate glutamate transmission and suppress gamma-aminobutyric acid transmission in the cortex. Accordingly, tDCS may positively or negatively regulate dopamine, serotonin, and acetylcholine transmissions. These neural events may change the balance between excitatory and inhibitory inputs. In this way, anodal stimulation may modulate activity levels of multiple network systems.

LTP may also provide putative mechanisms underlying the ability of tDCS to treat psychiatric disorders. Future studies should consider other domains of symptoms of psychiatric conditions of schizophrenia and mood disorders, e.g., social cognition and meta-cognition (Nishida et al., 2018; Yamada et al., 2019), as a target of treatment with tDCS. Also, identifications of predictors for its therapeutic benefits in clinical settings deserve further endeavors (Bulubas et al., 2019).



LIMITATIONS

The current review is narrative and the articles were not systematically searched. Moreover, many of the papers presented in this review targeted healthy individuals rather than those with psychiatric disorders. It should be noted that patients with mental illnesses might respond differently to tDCS from healthy people. Furthermore, some articles included in this review were on the effect of tDCS over motor cortex. Further study is warranted to examine evidence for stimulation on prefrontal cortex that has been the main target of psychiatric disorders, such as depression and schizophrenia (Mezger et al., 2020).
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